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ABSTRACT

Context. Not all galaxies at cosmic noon (2 . z . 3) evolve in the same way. Particularly, it remains unclear how and to what extent
the local environment – especially the extreme overdensities of protoclusters – affects the stellar mass assembly of its constituent
galaxies at high redshifts. The imprint of these early processes is encoded in the galaxy stellar-mass function (SMF); comparing
SMFs across environments therefore reveals differences in evolutionary history.
Aims. We present the SMF of the Hyperion proto-supercluster at z ∼ 2.5, one of the largest and most massive protostructures in the
early universe. This dataset yields the most statistically robust SMF of a single protostructure at z & 2. By comparing the SMF of
the overdense peaks within Hyperion to the coeval field, we begin to answer the question of how early, and how strongly, a dense
environment tilts the balance in favor of massive galaxies
Methods. Given that Hyperion resides in the field of the Cosmic Evolution Survey (COSMOS), we combined the extensive COS-
MOS2020 photometric catalog with ground-based spectroscopy and new grism spectroscopy from the Hubble Space Telescope (HST).
The structure of Hyperion is defined based on a three-dimensional overdensity map, allowing us to place galaxies into (i) the highly
overdense peaks of Hyperion, (ii) the less-overdense outskirts of Hyperion, or (iii) a coeval field. We performed 100 Monte Carlo
realizations of the data to propagate redshift and stellar mass uncertainties, refitting galaxy properties in each realization. After
constructing SMFs for the outskirts and peaks of Hyperion, we normalized them to that of the field to highlight differences in the
underlying shape of the SMFs.
Results. The overdense peaks of Hyperion host a striking excess of massive galaxies relative to the field: the number densities of
log10(M∗/M�) ∼ 11 galaxies are ∼10× higher than the coeval field, whereas log10(M∗/M�) ∼ 9.5 galaxies are enhanced by only
∼3.5×. On the other hand, both the SMF of the outskirts of Hyperion and the SMF of Hyperion as a whole mirror the overall shape of
the coeval field.
Conclusions. Environmental effects that govern stellar mass growth are already well established by z ∼ 2.5. The densest regions of
Hyperion host galaxies that have already experienced accelerated stellar mass growth. Furthermore, this impact is largely masked in
the total SMF of Hyperion, highlighting the necessity of deep spectroscopic surveys when uncovering environmental trends at high
redshifts. These findings imply that high-redshift protostructures begin sculpting the high-mass end of the SMF well before the epoch
when local clusters experience widespread quenching, and may provide the appropriate laboratories for producing the elevated star
formation observed at cosmic noon.
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1. Introduction

It has long been understood that different galaxies can experi-
ence dramatically different evolutionary pathways, thus result-

? Corresponding author: dsikors@hawaii.edu

ing in distinct physical properties. This is particularly evident at
low and intermediate redshifts (z . 1.5) where galaxies residing
in dense cores of clusters at low redshifts tend to display higher
stellar masses (e.g., Kauffmann et al. 2004; Baldry et al. 2006;
van der Burg et al. 2020), lower star formation rates (SFRs; e.g.,
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Gómez et al. 2003; von der Linden et al. 2010; Muzzin et al.
2012; Tomczak et al. 2019; Old et al. 2020), and redder colors
(e.g., Peng et al. 2010; Lemaux et al. 2012; Nantais et al. 2016;
Lemaux et al. 2019; van der Burg et al. 2020) compared to their
counterparts in the coeval field. Under the assumption that these
two apparently different populations of galaxies formed with
similar initial properties, this bimodality implies the existence of
environmentally dependent processes that have profound effects
on the way galaxies evolve. However, the exact nature of the
dominant processes responsible for this differential evolution
and the time period in which they act remain elusive.

By cosmic noon (2 . z . 3), the picture seemingly flips.
Several studies now suggest that overdense environments are
conducive to higher star formation rate densities (SFRDs) than
the field (e.g., Lemaux et al. 2022; Staab et al. 2024). This is a
stark contrast to the local universe, and suggests a more complex
redshift-dependence of the environmentally dependent processes
driving galaxy evolution. Taken together with local trends, it
seems as though the same environments that eventually suppress
stellar mass growth in the local universe may in fact accelerate it
in the early universe.

Given that the key mechanisms spurring galaxy evolution
likely take place over prolonged timescales, catching them in the
act for any given galaxy is difficult. However, their integrated
impact is encoded in the stellar mass function (SMF), i.e., the
number density of galaxies as a function of stellar mass. In the
local universe, various studies focused on the SMF have con-
tributed to a better understanding of the processes driving the
observed bimodality of galaxies. In particular, Peng et al. (2010)
developed an empirical model in which environmental quench-
ing truncates star formation irrespective of mass, while mass
quenching limits growth in the most massive systems regard-
less of environment. At intermediate redshifts, studies such as
Tomczak et al. (2017) find the SMF depends strongly on envi-
ronment: overdense environments host an excess of higher stel-
lar mass compared to lower stellar mass galaxies, relative to the
field.

Owing to the sparseness of data, studies of SMFs in over-
dense environments at z & 2.0 have been few and far between,
and show a variety of results. Using narrowband imaging of Hα-
emitters, studies suggest an enhancement of higher-mass galax-
ies in protoclusters at z ∼ 2.2 and z ∼ 2.5 (Shimakawa et al.
2018b,a). On the other hand, Edward et al. (2024) find that a
composite SMF built from several 2.0 < z < 2.5 protoclusters
shows little deviation from the field. At even higher redshifts,
Forrest et al. (2024b) find the enhancement of high-mass galax-
ies is also present in the Elentári proto-supercluster at z ∼ 3.3,
particularly in its most overdense regions.

To this end, we present an analysis of the SMF within the
Hyperion proto-supercluster at z ∼ 2.5, the largest and most mas-
sive structure in the field of the Cosmic Evolution Survey (COS-
MOS; Scoville et al. 2007). By leveraging a combination of
the extensive COSMOS2020 photometric catalog (Weaver et al.
2022), a variety of ground-based spectroscopic surveys, and
new grism spectroscopy using the Hubble Space Telescope
(HST) as part of the HST-Hyperion Survey (Forrest et al. 2025;
Giddings et al. 2026), we constructed what is, to our knowledge,
the most statistically robust SMF of a single structure at z & 2.
In Section 2 we describe the various sources of data used in
this study. In Section 3 we describe the framework used for
defining protostructures before constructing the SMF of Hype-
rion in Section 4. Finally, we discuss the results in Section
5 and conclude in Section 6. Throughout this study all mag-
nitudes are presented in the AB system (Oke & Gunn 1983;

Fukugita et al. 1996). We also use a ΛCDM cosmology with
H0 = 70 km s−1 Mpc−1, ΩΛ = 0.73, and ΩM = 0.27.

2. Data

The Hyperion proto-supercluster is located within the foot-
print of the Cosmic Evolution Survey (COSMOS; Scoville et al.
2007), an extensively studied field with abundant photomet-
ric and spectroscopic data. This work takes advantage of these
datasets, along with targeted spectroscopy of Hyperion from
ground-based observatories and HST-grism observations. In this
section, we summarize the various data sources used in this study
and provide an updated picture of Hyperion.

2.1. COSMOS2020 photometry

The photometric measurements used in this work were taken
from the COSMOS2020 catalogs (Weaver et al. 2022). These
catalogs contain extensive data for ∼1.7 million objects spanning
∼2 deg2, including imaging in up to 40 bandpasses and phys-
ical properties estimated from two spectral energy distribution
(SED) fitting codes. For this work, we specifically use COS-
MOS2020 Classic Catalog v2.0 and physical parameters derived
with LePhare1 (Arnouts et al. 1999; Ilbert et al. 2006).

The COSMOS2020 photometry spans a wide wavelength
range, from the far-ultraviolet (FUV) to the mid-infrared (MIR).
While a more detailed summary of the instruments and band-
passes used in the catalog is provided in Table 1 of Weaver et al.
(2022), we briefly summarize the key data here. Space-based
imaging includes FUV and near-ultraviolet (NUV) data from
the Galaxy Evolution Explorer (GALEX; Zamojski et al. 2007),
optical data from the F814W band on HST’s Advanced Cam-
era for Surveys (ACS; Leauthaud et al. 2007), and MIR data
from channels 1–4 of the Infrared Array Camera (IRAC) aboard
Spitzer (Ashby et al. 2013, 2015, 2018; Steinhardt et al. 2014).
Ground-based imaging includes NUV data from the u and u∗
bands via the MegaCam instrument on the Canada-France-
Hawai‘i Telescope (CFHT; Laigle et al. 2016; Sawicki et al.
2019), optical data from 7 broad-, 12 medium-, and 2 narrow-
bands via Subaru/Suprime-Cam (Taniguchi et al. 2007, 2015),
optical data from the grizy bands via Subaru/Hyper Suprime-
Cam (Aihara et al. 2019), and near-infrared (NIR) data from
the Y JHKs broad-bands and NB118 narrow-band via the Ultra-
VISTA survey (McCracken et al. 2012; Moneti et al. 2023).
Astrometric measurements are taken from Gaia DR1 and DR2
(Gaia Collaboration 2016, 2018).

In this work we used flux densities for all bands where avail-
able, except for the HST/ACS F814W band and Spitzer/IRAC
channels 3 and 4. Specifically, for a given band XXXX, we
used the flux-density reported under XXXX_FLUX_APER3 in the
COSMOS2020 catalog and its associated error, which was
derived using a 3′′aperture in SExtractor (Bertin & Arnouts
1996). For each source, an aperture-to-total flux correction using
total_off3 was applied to the flux density in all bands taken
from ground-based observations. Finally, a foreground attenua-
tion correction was applied using the extinction term EBV_MW,
along with a multiplicative band-dependent factor, as described
in Laigle et al. (2016).

We imposed additional selection criteria to define our final
sample of COSMOS2020 photometric sources. We limited our
analysis to objects labeled as galaxies or X-ray sources in the

1 LePhare’s website: http://www.cfht.hawaii.edu/~arnouts/
lephare.html
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Fig. 1. The redshift distribution of the 220 356 objects used in this study
from the COSMOS2020 catalog after applying the cuts on object type,
R.A., Dec., and IRAC magnitude described in Section 2.1. The photo-
metric redshifts were taken from lp_zPDF in the COSMOS2020 cata-
log. We note that these are the objects that may have their redshift PDFs
sampled during the Monte Carlo process (see Section 4.1). We addition-
ally mark the approximate boundaries of Hyperion in redshift space.

COSMOS2020 catalog (lp_type = 0 or 2), eliminating 39,653
sources. We further restricted the data to objects within the R.A.
and Dec.. range of Hyperion, as determined in Cucciati et al.
(2018) (see also Section 3). After requiring 149.60◦ ≤ R.A. ≤
150.52◦ and 1.74◦ ≤ Dec. ≤ 2.73◦, we retained 498 273 objects.
Finally, to ensure completeness, we imposed a magnitude cut in
the IRAC bands, requiring either [3.6] ≤ 24.8 or [4.5] ≤ 24.8,
leaving 220,356 sources. We made no cut on redshift at this
point, as a Monte Carlo routine was used later on with the
reported COSMOS2020 redshift PDFs (see Section 4). The red-
shift distribution of the remaining photometric sources is plotted
in Figure 1.

2.2. Ground-based spectroscopy

2.2.1. Wide-field surveys

There have been a number of spectroscopic surveys which have
added to the wealth of data in the COSMOS field. The zCOS-
MOS survey (Lilly et al. 2007) was conducted using the Vis-
ible Multi Object Spectrograph (VIMOS) on the Very Large
Telescope (VLT), culminating in 600 hours of observations. It
consisted of two components: zCOSMOS-bright, a magnitude-
limited sample spanning 0.1< z< 1.2, and zCOSMOS-deep, a
sample of ∼10 000 color-selected galaxies in the redshift range
1.4< z< 3.0 within the central 1 deg2 of the COSMOS field.
Also taken on VIMOS was the VIMOS Ultra Deep Survey
(VUDS; Le Fèvre et al. 2015), which included spectroscopy of
∼10 000 galaxies (∼5000 in the COSMOS field) with i < 25,
spanning a redshift range of 2 < z < 6. Additionally, the
DEIMOS 10k survey (Hasinger et al. 2018) using the Deep
Imaging Multi-Object Spectrograph (DEIMOS) (Faber et al.
2003) on the Keck II telescope took spectra of over 10 000
objects with i < 23 in the redshift range of 0 < z < 6, though
the redshift distribution was heavily weighted to lower redshifts
(see top panel of Figure 2).

To ensure the reliability of redshift measurements across
these surveys, a standardized system of quality flags was used.
zCOSMOS and VUDS followed a similar system for assigning
quality flags to the spectroscopic redshifts, based on Section
6.5 of Le Fèvre et al. (2005). The redshift quality flags from
the DEIMOS 10k survey were subsequently conformed to fit
the same system (Lemaux et al. 2022). Briefly, objects were
assigned a flag from 0, 1, 2, 3, 4, or 9 to indicate the confi-
dence of the redshift measurement. A complete discussion of the
flag assignment and redshift reliability assessment is presented
in Appendix A of Lemaux et al. (2022), but the redshift qualities
can be summarized as follows:

Flags 3/4: High confidence (∼99.3% reliable).
Flags 2/9: Moderate confidence (∼70% reliabl e).
Flag 1: Tentative (not used in this analysis).

Each quality flag can be prepended with additional flags in
order to indicate if the object is peculiar in some way. For exam-
ple, a quality flag of 13 indicates a broadline AGN (per the
prepended 1) with a secure redshift. As we are not interested in
the specifics of these objects in this respect for this analysis, we
ignored the prepended flags and only considered spectra which
were assigned quality flags ending with 2, 3, 4, or 9 regardless
of what is prepended.

In addition to the quality flag criteria, we also required the
sources have COSMOS2020 photometry so that physical prop-
erties could be derived via SED fitting (Section 4.2), and are
identified as either galaxies or X-ray sources in COSMOS2020.
Furthermore, we only considered objects falling around Hyper-
ion with 149.60◦ ≤ R.A. ≤ 150.52◦ and 1.74◦ ≤ Dec. ≤ 2.73◦,
and which have either [3.6] ≤ 24.8 or [4.5] ≤ 24.8 (from
COSMOS2020). After applying these cuts, we were left with
11 368 objects from the zCOSMOS survey, 4410 objects from
the DEIMOS 10k survey, and 2129 objects from the VUDS sur-
vey. The redshift distribution of these objects is shown in the top
panel of Figure 2.

2.2.2. Targeted surveys

We also drew on spectra from the C3VO program – the Chart-
ing Cluster Construction with VUDS (Le Fèvre et al. 2015)
and ORELSE (Lubin et al. 2009) survey – which used the
DEIMOS (Faber et al. 2003) and Multi-Object Spectrometer For
Infra-Red Exploration (MOSFIRE; McLean et al. 2012) instru-
ments on Keck to follow up protocluster candidates selected
with the Voronoi Monte Carlo (VMC) method (Lemaux et al.
2022). Across the fields of the Canada-France-Hawai’i Tele-
scope Legacy Survey D1 (CFHTLS-D1), the Extended Chandra
Deep Field South (ECDFS), and COSMOS, C3VO has obtained
∼2000 high-quality redshifts, yielding detailed maps of struc-
tures such as PCl J1000+0200 (z ∼ 2.90; Cucciati et al. 2014),
PCl J0227–0421 (z ∼ 3.31; Lemaux et al. 2014; Shen et al.
2021), Elentári (z ∼ 3.33; McConachie et al. 2022; Forrest et al.
2023), Smruti (z ∼ 3.47; Forrest et al. 2017; Shah et al. 2024),
Taralay (z ∼ 4.57; Lemaux et al. 2018; Staab et al. 2024), and –
central to this work – Hyperion.

Details of these observations are outlined in Lemaux et al.
(2022). Briefly, the surveys covered a large on-sky area, tar-
geting star-forming galaxies to i < 25.3 with Keck/DEIMOS
and H < 24.0 with Keck/MOSFIRE, and Lyα/[O II]/Hβ/[O
III] emitters to fainter magnitudes. Quality flags were assigned
similarly to the VUDS and zCOSMOS surveys described in
the previous section, though only flags 1, 3, and 4 were given.

A114, page 3 of 20



Sikorski, D., et al.: A&A, 708, A114 (2026)

For this study, the C3VO-DEIMOS and C3VO-MOSFIRE pro-
grams contributed 280 and 159 objects, respectively. All such
objects have associated COSMOS2020 photometry, are identi-
fied as either galaxies or X-ray sources in COSMOS, lie in the
ranges 149.60◦ ≤ R.A. ≤ 150.52◦ and 1.74◦ ≤ Dec. ≤ 2.73◦,
have either [3.6] ≤ 24.8 or [4.5] ≤ 24.8 (per COSMOS2020),
and have spectroscopic reliability &99.3%.

Additionally, we included data from the Massive Ancient
Galaxies at z > 3 Near-infrared Survey (MAGAZ3NE;
Forrest et al. 2024a), a spectroscopic follow-up program that tar-
geted ultra-massive galaxies (log10(M∗/M�) & 11 at z > 3) using
Keck/MOSFIRE in multiple fields, including COSMOS. While
the galaxies from this survey do not lie within Hyperion, their
spectroscopic redshifts provided valuable constraints on photo-
metric redshift outliers. A total of 37 galaxies from MAGAZ3NE
met our selection criteria.

Finally, we incorporated spectra from previous studies that
targeted individual peaks of Hyperion. Specifically, we included
four spectra from Casey et al. (2015), three from Chiang et al.
(2015), and one from Diener et al. (2015), all of which met the
criteria outlined above. Further details regarding observations
and data reduction can be found in the respective publications.
The redshift distribution of galaxies from the various targeted
spectroscopic surveys is shown in the middle panel of Figure 2.

2.3. HST slitless spectroscopy

In addition to the COSMOS2020 photometry and ground-based
spectroscopy, we incorporated HST slitless (grism) spectroscopy
from the HST-Hyperion Survey to greatly increase the num-
ber of secure redshifts in our sample. While details regarding
target selection, data reduction, and redshift classification are
provided in Forrest et al. (2025), we briefly outline the relevant
information here. HST-Hyperion was an HST Cycle 29 pro-
gram (PI: Lemaux) which obtained 50 orbits of WFC3/G141
slitless spectroscopy with WFC3/F160W imaging in 25 point-
ings covering the densest peaks in Hyperion. Additionally, the
survey included a reanalysis of all 3D-HST data in the field
as well (Brammer et al. 2012; Momcheva et al. 2016). In total,
the observations resulted in ∼12 800 spectra for objects with
mNIR < 25.

Given the nature of slitless spectroscopy, there is no preselec-
tion of targets within a given field, resulting in spectra of many
objects outside the redshift range of Hyperion. To vet the red-
shifts of each target, at least two team members independently
reviewed (i) a postage-stamp image, (ii) the COSMOS2020 SED
fit, and (iii) the stacked HST spectrum. Each reviewer assigned
separate numerical grades to the spectrum’s quality, the redshift
fit, and the SED fit. After each classifier assessed ∼2500 spec-
tra, discrepancies in classification – particularly cases where one
reviewer deemed a redshift reliable while the other did not –
were resolved through discussion. In cases where a consensus
was not reached, the lowest quality flag was assigned to the tar-
get.

Following this process, a final quality flag was assigned to
each object, ranging from 0 (lowest quality) to 5 (highest qual-
ity). To calibrate the reliability of the quality flags, we compared
the HST-grism redshift (zg) with the ground-based spectroscopic
redshift (zs) for objects with both measurements. We only con-
sidered grism spectra with flags ≥ 3 and ground-based spectra
with quality flags of 3 or 4 (see Section 2.2.1), treating the highly
reliable ground-based redshifts as the true values. We then exam-
ined the distribution of ∆z/(1 + zs) ≡ (zg − zs)/(1 + zs) and
calculated the normalized median absolute deviation (σNMAD;

Fig. 2. The distribution of spectroscopic redshifts used in this study
from (top) wide-field spectroscopic surveys (section 2.2.1), (middle)
targeted spectroscopic surveys (Section 2.2.2), and (bottom) the HST-
Hyperion survey (Section 2.3). For each survey, we show only the galax-
ies that meet the imposed criteria on R.A., Dec., and IRAC magnitude
described in their respective sections. Ground-based spectroscopic red-
shifts all have reliabilities of &70%, whereas HST-grism redshifts all
have reliabilities &56.7%. The number of spectra used from each sur-
vey is reported in the legend next to the survey name. In each plot, we
additionally mark the approximate boundaries of Hyperion in redshift
space.

Hoaglin et al. 1983), a measure of the distribution’s width that
is more robust to outliers. Denoting the median of a value x as
Med(x), σNMAD is given as

σNMAD = 1.48 ×Med
(
|∆z −Med(∆z)|

1 + zs

)
. (1)

For the combined samples of grism redshifts with quality flags
≥ 3, we find σNMAD ∼ 0.0016, corresponding to a median wave-
length offset of ∼ 22 Å at z = 2.5. Using a reliability threshold of
∆z/(1+zs) < 0.004, we determined the fraction of spectra within
this cutoff for each quality flag. The reliability for flags 3, 4, and
5 is 56.7%, 77.3%, and 90.4%, respectively. In total, we have
grism redshifts for 5338 objects which have reliability ≥56.7%,
have associated COSMOS2020 photometry, are identified as
either galaxies or X-ray sources in COSMOS, lie in the ranges
149.60◦ ≤ R.A. ≤ 150.52◦ and 1.74◦ ≤ Dec. ≤ 2.73◦, and
have either [3.6] ≤ 24.8 or [4.5] ≤ 24.8 (per COSMOS2020).
The redshift distribution of these sources is shown in the bottom
panel of Figure 2.
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2.4. An updated view of Hyperion

Hyperion is a massive, overdense structure centered at z ∼ 2.5,
exhibiting multiple density peaks linked by filamentary bridges,
as seen in Figure 3. Because such protostructures are not yet viri-
alized, their overdensity field is highly inhomogeneous, unlike
the smoother, monotonic profiles of relaxed z . 0.5 clusters.
Throughout this paper we therefore describe Hyperion in over-
density space: the highest-density peaks (green in Figure 3) are
wrapped in moderately overdense outskirts (purple in Figure
3), beyond which lies the lower-density field. Formal overden-
sity thresholds for the peaks, outskirts, and field are given in
Section 3.2.

Many of the peaks of Hyperion were identified as individ-
ual protostructures using a variety of techniques including sub-
millimeter observations of tightly packed starbursting galaxies
(Casey et al. 2015), the application of a friend-of-friends algo-
rithm on deep spectroscopic surveys (Diener et al. 2015), identi-
fying an overdensity of Lyα emitters (Chiang et al. 2015), and
observations of extended X-ray emission around CO-emitting
galaxies (Wang et al. 2016). Through the construction of a 3D
Lyα tomographic map, Lee et al. (2016) suggested that some of
the peaks may be connected in a structure they deemed Colos-
sus. However it was not until Cucciati et al. (2018) that the
grand scale of Hyperion was revealed using an overdensity map
in the COSMOS field constructed from COSMOS2015 pho-
tometry (Laigle et al. 2016) and spectroscopy from zCOSMOS
(Lilly et al. 2007) and the VIMOS Ultra Deep Survey (VUDS;
Le Fèvre et al. 2015). Based on this map, constrained cosmolog-
ical simulations presented in Ata et al. (2022) suggested Hype-
rion will form a massive filamentary group of clusters with a
final spatial extent and mass similar to that of the Coma/A 1367
filament (Fontanelli 1984, see also results from Cucciati et al.
(2023)).

In this study, we used an updated overdensity map as the ref-
erence for the underlying structure of Hyperion (see Section 3
for a brief summary, or a complete description in Lemaux et al.
2022). As mapped with the VMC method, Hyperion lies in the
ranges 149.88◦ ≤ R.A. ≤ 150.41◦, 2.03◦ ≤ Dec. ≤ 2.50◦, and
2.41 ≤ z ≤ 2.68 (shown in Figure 3). The total mass is estimated
to be log10(M/M�) ∼ 15.40 and the total volume is estimated to
be ∼4.3 × 104 cMpc. While the most overdense region of Hype-
rion lies at z . 2.52, a high-redshift offshoot appears to extend
up until z ∼ 2.68. A more detailed discussion of the structure
of Hyperion, its constituent peaks, and the inclusion of the high-
redshift offshoot is provided in Appendix A.

Leveraging the updated photometric catalog and improved
spectroscopic completeness provided by the new HST data
described above, we were able to populate Hyperion with more
member galaxies. The approximate locations of these members
are shown in Figure A.1, although much of the following anal-
ysis relies on the full redshift probability distribution functions
for each galaxy (see Section 4.1) rather than the discrete red-
shift estimates plotted in Figure A.1. While the relative frac-
tions of star-forming and quiescent galaxies in Hyperion are
beyond the scope of this work and will be explored in a forth-
coming analysis, it is well established that the vast majority of
galaxies at z ∼ 2.5 are star-forming (Weaver et al. 2023). How-
ever, quenched galaxies – though expected to be rare at this
epoch – were not systematically excluded from our analysis.
Because quenched systems at these redshifts are typically mas-
sive (log10(M∗/M�) & 10.2 Weaver et al. 2023), their redshifts
can be constrained via continuum emission in the HST/grism
data even in the absence of strong emission lines (Forrest et al.

2025). We therefore expect that, if a small population of quies-
cent galaxies is present in Hyperion, it is certainly represented in
our sample in some capacity.

3. Characterizing galaxy environments

Developing a quantitative method to describe the environment
in which a galaxy resides is central to understanding the envi-
ronmental effects on galaxy evolution. While there are a variety
of methods used to quantify local environments, we employed
a VMC mapping technique which has proven successful in
many previous works (e.g., Lemaux et al. 2017; Cucciati et al.
2018; Hung et al. 2020; Shen et al. 2021; Lemaux et al. 2022;
Forrest et al. 2023; Staab et al. 2024). This method produces a
3D grid of voxels, each with an associated overdensity value,
to which galaxies are assigned. From these maps, we identi-
fied extended, connected regions of voxels exceeding a given
overdensity threshold, which were taken to be protostructures.
In this section, we briefly explain the VMC mapping tech-
nique before discussing the specific details of the map used in
this study.

We note that the selection criteria imposed on the galaxy
populations used in both the VMC mapping and the SMF anal-
ysis are largely consistent. In particular, no explicit color cut is
applied, and the only magnitude selection is based on the IRAC
magnitudes of the objects ([3.6] ≤ 24.8 or [4.5] ≤ 24.8), which
correspond to rest-frame near-infrared emission at z ∼ 2.5 and
therefore provide a tracer of stellar mass for Hyperion mem-
bers. As discussed in Section 2.4, the galaxy population at these
redshifts is expected to be dominated by star-forming systems
(Weaver et al. 2023). Consequently, although no explicit selec-
tion on star formation activity is imposed, the overdensity map
generated via the VMC method primarily traces the spatial distri-
bution of star-forming galaxies due to their substantially higher
number density.

3.1. Generating overdensity maps

3.1.1. The Voronoi Monte Carlo method

The VMC algorithm leverages a combination of well-
constrained spectroscopic redshifts and less-constrained photo-
metric redshifts to statistically map the 3D spatial distribution of
galaxies. Broadly speaking, a Voronoi tessellation map divides a
plane into polygons, where each polygon is centered on a spe-
cific point in a given distribution. These polygons encompass all
locations in the plane that are closer to their corresponding point
than to any other point in the distribution, effectively partitioning
the plane based on proximity. In the context of mapping galaxy
density fields, the polygons partition two dimensions (R.A. and
Dec.) based on proximity to the closest galaxy (see Figure 3 of
Tomczak et al. 2017).

Given the large peculiar velocities of galaxies within pro-
tostructures, the size of the uncertainties for the photometric
redshifts, and the sparseness of the spectroscopic sample, this
method cannot be directly applied in the redshift dimension.
Instead, the tessellation maps are constructed in the 2D R.A.-
Dec. plane in overlapping redshift slices. A set of Monte Carlo
realizations is generated for each redshift slice of the 3D space in
order to minimize the effects of photometric redshift uncertain-
ties by better sampling the redshift PDF. In a given realization,
each galaxy in the dataset is assigned a redshift based on the
following logic:
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Fig. 3. Left: 3D rendering of Hyperion, as defined by the VMC technique. Right: 2D projections of Hyperion in the (top) R.A.-Dec., (middle)
R.A.-z, and (bottom) Dec.-z planes. In all panels, the contours delineate regions of differing overdensity within the VMC map. The purple and
green shaded regions correspond to Hyperion’s outskirts (2.5 ≤ nσ ≤ 4.0) and peaks (nσ ≥ 4.0), respectively, where nσ is defined in Equation (2).
Also shown in red are regions with nσ ≥ 5.0, which generally trace the most massive peaks of Hyperion (detailed in Table A.1).

Galaxies without spectroscopic redshift: A new redshift is
drawn from an asymmetric Gaussian distribution centered on
the reported photometric redshift and with lower (upper) stan-
dard deviations equal to the lower (upper) uncertainties ascribed
to their redshift probability distributions.

Galaxies with spectroscopic redshift: Each quality flag has
an associated likelihood and uncertainty (e.g., 0.70+0.04

−0.06 for flags
X2/X9), and threshold for the realization is drawn from an asym-
metric Gaussian with the associated mean and dispersion. A ran-
dom number is also drawn from a uniform distribution ranging
from 0 to 100. If the number is less than or equal to the thresh-
old associated with the quality-flag of the spectroscopic redshift
(e.g., .70+4

−6 for flags X2/X9), the reported spectroscopic redshift
is kept. Otherwise, a new redshift is drawn from the photometric
redshift distribution, as described above.

Only the galaxies assigned redshifts in the given redshift
slice are kept for each realization, and a 2D Voronoi tessellation
is performed to create a 2D polygon map. The density associ-
ated with a polygon, Σα,δ,z, is then inversely proportional to its
area in Mpc2. This is remapped onto a consistent grid of vox-

els in R.A.-Dec. space separated by 75 pkpc, where each voxel
has the density of the polygon enclosing its center in the given
Monte Carlo realization.

3.1.2. Applying the VMC method

The VMC maps used in the present study are described in
Lemaux et al. (2022), and thus we give only a brief description
here. The maps were generated using the COSMOS2015 pho-
tometry (Laigle et al. 2016) and associated field spectroscopic
surveys (described in Section 2.2.1). Targeted spectroscopic sur-
veys were used primarily to improve statistics at redshifts higher
than Hyperion in an effort to mitigate biases in overdensities of
targeted, intermediate-redshift protostructures. The VMC pro-
cess, as described above, was performed over the entire COS-
MOS footprint for redshifts 2 ≤ z ≤ 5. The redshift bins had
widths of 7.5 Mpc, with overlaps of 90% between adjacent red-
shift slices. A total of 100 MC realizations were performed for
each redshift slice to generate the map, using only those galaxies
that fell within the redshift bin and with magnitudes [3.6] < 24.8
for the density calculations in a given realization. Afterwards,
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each voxel was assigned a density Σα,δ,z equal to the median den-
sity of that voxel across all MC realizations.

The galaxy density measurement found via VMC mapping is
subject to differences in the quality of data used, magnitude cuts,
and other observational constraints, as well as the true average
density of the Universe varying with redshift (Hung et al. 2020).
Because we are interested in quantifying galaxy evolution with
respect to the surrounding environment and comparing this to
the evolution at other redshifts, it is more useful to use the local
overdensity, log10(1+δgal) – rather than just density – as an envi-
ronmental metric. Given the density of a voxel Σα,δ,z, and the
average density for the redshift slice containing the voxel, 〈Σz〉,
the overdensity of the voxel, is defined as

log10(1 + δgal) ≡ log10

(
1 +

Σα,δ,z

〈Σz〉

)
. (2)

In order to find 〈Σz〉, the outer 10% of voxels in each redshift
slice were first trimmed to mitigate edge effects. The remain-
ing 2D density distribution in the redshift slice, Σz, was then
smoothed with a 2D-Gaussian kernel with standard deviations
of three pixels in the two transverse dimensions (R.A. and Dec.).
Additionally, a boxcar smooth was performed in the redshift
dimension with a width of three slices. Since Σz roughly fol-
lows a log-normal distribution, a Gaussian was fit to the distri-
bution of log10(Σz) in each redshift slice. Finally, a 2σ-clipping
was applied and another Gaussian was fit, resulting in a mean
µΣ(z) and standard deviationσΣ(z) for each redshift slice (top left
panel of Figure 4). The mean density in the redshift-bin is related
to the mean and standard deviation of the log-normal distribution
via 〈Σz〉 = 10µ · exp(2.652σ2).

Once the average density is found in each redshift slice, the
overdensity can be calculated for each voxel in the slice from
Equation (2). As above, the distribution of log(1 + δgal) in the
slice was fit with a 2σ-clipped Gaussian resulting in a µδ(z) and
σδ(z) for that slice (bottom left panel of Figure 4). It should be
noted that, given that protostructures are extended in redshift
space over multiple redshift slices, it is possible that an entire
redshift slice is over- or underdense. Thus, a fifth-order poly-
nomial was fit to µδ,z and σδ,z to better characterize the general
variation across redshift (see right panels of Figure 4), result-
ing in measurements for the parameters as a function of redshift,
µδ,5(z) and σδ,5(z).

With these in hand, we now have a metric for characterizing
the local overdensity in each voxel of the VMC map by repre-
senting it as

log10(1 + δgal) = µδ,5(z) + nσσδ,5(z). (3)

With this form, the local overdensity is parameterized entirely by
nσ, or the number of σδ,5 above µδ,5 the local overdensity for a
given voxel. This metric is robust over cosmic fluctuations given
the polynomial fit, as well as observational constraints given
the MC process used to generate the underlying log(1 + δgal)
distribution.

3.2. Identifying protostructures

Due to their inherently inhomogeneous overdensity profiles,
the precise spatial extent of protostructures can be difficult to
define and somewhat ambiguous. Therefore, we adopted criteria
intended to provide an operational definition within the VMC
framework which is both physically motivated and consistent
with previous works. Specifically, we defined a region to be a
“protostructure” if it satisfied all three of the following criteria:

1. (i) It was a contiguous set of voxels with overdensity nσ ≥
2.5;

2. (ii) It contained at least one voxel with nσ ≥ 4.0, correspond-
ing to an overdensity peak;

3. (iii) The voxels together enclosed a total mass Mtot ≥

1013 M�.
Criterion (i) sets the outer boundary of Hyperion at an

overdensity threshold comparable to that used in Cucciati et al.
(2018). Although Cucciati et al. (2018) adopted a slightly lower
threshold of nσ > 2.0, both choices correspond to log10(1 +
δgal) ∼ 0.21 at z ∼ 2.5 due to the use of different VMC maps. As
a result, the structure identified here as Hyperion has a similar
projected spatial extent – though a somewhat different redshift
distribution – to that mapped in Cucciati et al. (2018). Since this
definition also motivated the confined cosmological simulations
of Hyperion presented in Ata et al. (2022), their results likewise
imply the structure we identify as Hyperion will evolve into a
massive filamentary supercluster comparable in scale and mass
to the Coma/A 1367 system (Fontanelli 1984).

The nσ ≥ 4.0 threshold appearing in criterion (ii) sets the
boundary between overdensity peaks and lower-density outskirts
within Hyperion and was chosen to facilitate comparison with
other studies, particularly the analysis of the Elentári proto-
supercluster presented in Forrest et al. (2024b). Although Elen-
tári also resides in the COSMOS field, it lies at z ∼ 3.3, mak-
ing a direct comparison in terms of δgal unphysical. We there-
fore adopted an identical nσ-threshold to define peaks, as this
metric is more readily comparable across redshift. In our maps,
nσ ≥ 4.0 corresponds to log10(1 + δgal) ∼ 0.35 at z ∼ 2.5.

Finally, criterion (iii) roughly corresponds to a condition
imposed on the average overdensity of the protostructure and
the number of voxels from which it is composed. The mass of
the voxels is estimated by using (from Steidel et al. 1998)

Mtot = ρ̄V
(
1 +
〈δgal〉

b

)
, (4)

where ρ̄ is the mean comoving density of the universe, 〈δgal〉

is the mean overdensity of the voxels defining the peak, V is
the combined comoving volume of the voxels, and b is the bias
factor, (2.55, as derived at z ∼ 2.5 by Durkalec et al. 2015). It
should be noted that, while this mass estimate may be rough, in
this work it is used only as a method for differentiating between
regions that are overdense because they are potentially proto-
structures, and regions that are overdense simply due to cosmo-
logical perturbations in density. Given the robustness of our field
sample (see Figure 6) and the functional form of Equation 4, any
uncertainties in the bias factor will have no meaningful effects
on the conclusion of this paper.

With this framework established, Hyperion was defined as
the most massive structure in the COSMOS field. By consid-
ering only voxels within Hyperion above higher nσ thresholds,
we could further isolate its internal overdensity structure. Using
the nσ ≥ 4.0 threshold appearing in criterion (ii), we defined
the ”peaks” of Hyperion to be contiguous sets of voxels within
Hyperion with nσ ≥ 4.0. The “outskirts” of Hyperion were
then defined as the remaining voxels associated with Hyper-
ion that lie in the overdensity range 2.5 ≤ nσ < 4.0. A more
detailed description of the structure of Hyperion is provided in
Appendix A.

Finally, we note that the results of this study are not sensi-
tive to the precise choice of overdensity thresholds used to define
protostructures in the VMC maps. Following the framework pre-
sented in Section 4, we have verified that the SMF of Hyper-
ion varies smoothly as a function of the overdensity threshold
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Fig. 4. Left: Distributions (with median set to zero) of log-density (top), and local overdensity (bottom) for all of the voxels in the redshift bin
centered on z ∼ 2.51. The Gaussian and 2σ clipped Gaussian (red and green, respectively) are fit over both distributions. Right: Distribution of the
mean overdensity (top) and standard deviation of overdensity (bottom) as a function of redshift. The functions are fit with a fifth-order polynomial
(green line) in order to smooth over small fluctuations in redshift space.

used to define it (i.e., as a function of nσ in criterion (i)), up to
nσ & 4.5, beyond which the available sample size of galaxies
becomes too small for robust statistical comparison.

3.3. Creating a field sample

To gauge the effect of overdense environments, we need a con-
trol set of galaxies that have grown in lower-density regions.
We therefore drew from two field slices that bracket Hyperion,
2.15 ≤ z ≤ 2.25 and 2.80 ≤ z ≤ 2.90. These ranges kept
look-back-time differences small while minimizing the chance
that Hyperion members scattered into the field sample (or vice-
versa).

Defining the field solely as voxels with nσ < 2.5 would
require excluding every voxel with nσ ≥ 2.5, erasing genuine
large-scale fluctuations caused by cosmic variance and yield-
ing an unrealistically uniform field. Instead, we removed only
those galaxies that belong to a VMC-identified protostructure at
redshifts 2 ≤ z ≤ 3, adopting the definition of a protostructure
defined in the previous section.

4. Building the stellar mass functions

Despite our extensive spectroscopic data within Hyperion, the
total sample is still dominated by galaxies with relatively poorly
constrained photo-zs (compared in Figures 1 and 2). In theory,
photometric galaxies which fall outside of the range of Hype-
rion could in fact be located in one of its peaks, changing the
SMF of Hyperion, and vice-versa. To extract as much informa-
tion as we can from our sample we must correctly quantify our
uncertainty regarding which peak (if any) a galaxy is located in
by correctly accounting for each galaxy’s redshift uncertainty.
However, as the stellar masses are derived via SED-fitting, the
redshift of a galaxy is intricately tied to the estimated stellar
mass of the galaxy. Thus, a redshift uncertainty results not only

in an uncertainty in the 3D location (and thus overdensity via the
VMC maps) of a galaxy, but also in the galaxy’s stellar mass.

Rather than making assumptions about how the stellar mass
changes as a function of redshift, we instead chose to sample the
redshift distributions of our data via a Monte Carlo (MC) pro-
cess, and refit the galaxy SED at each sampled redshift. In this
section, we describe how we generated the MC realizations, and
how each galaxy in a given realization was fit with a new stellar
mass estimate generated in the process, before finally creating
the SMFs based on the resulting galaxy distributions. It should
be noted that this process was performed separately from the MC
process used to generate the overdensity map (Section 3.1). In
what follows, we sampled only the redshifts of the galaxies and
assigned an overdensity based on the already-generated VMC
map.

4.1. Probing redshift distributions

In order to account for redshift uncertainties, we created a suite
of 100 Monte Carlo realizations in which we attempted to accu-
rately sample the redshift PDFs of our data. Broadly speaking,
a given object in our sample has a photo-z, spec-z, grism-z, or
some combination of the three. Therefore, the goal was, for
galaxies with more than just a photo-z, to use the more secure
redshift measurement (either spec-z or grism-z) a number of
times which is proportional to the reliability measurement, given
by the quality flag (see Section 2).

For a given galaxy in a given MC iteration, the logic for
choosing a redshift depended on the combination of redshift
measurements available for that galaxy. For a galaxy with all
three types of redshift measurements, we potentially drew a
new redshift from three different PDFs. Given each galaxy
in our sample has COSMOS2020 photometry, they also have
associated redshift PDFs from COSMOS2020 based on fits in
LePhare. If the redshift in the given MC iteration was based
on the photo-z, the redshift was drawn randomly from the
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COSMOS2020 PDF, p(z). If based on the grism-z, redshifts were
randomly drawn from a Gaussian distribution, g(z), centered on
the measured redshift from the grism spectroscopy, zg, and with
a width equal to σg = 46 · (1 + zg)/14100 (motivated in Section
2.3). Finally, if based on the spec-z, redshifts were simply taken
to be the measured spectroscopic redshift, zs. Thus, we outline
how the random redshift, zMC, is drawn based on whether the
galaxy has a photo-z (zp), spec-z (zs), grism-z (zg), or some com-
bination of the three.

Only zp : The vast majority of galaxies (∼90.3%) only have a
photo-z, which is reported in COSMOS2020. For these galax-
ies, we simply drew zMC ∼ p(z) for each MC iteration from the
redshift PDF provided in COSMOS2020 from a LePhare fit.

zp and one of zs or zg : In this case, the galaxy has COS-
MOS2020 photometry and either a zg or zs. The spec-z or grism-z
also has an associated reliability flag corresponding to some con-
fidence in the redshift, q f (described in Section 2). For each MC
iteration, a random number, R, was drawn from a uniform distri-
bution on the half-open interval [0, 1). If R ≥ q f , then we took
zMC ∼ p(z). Otherwise, we took zMC = zs or zMC ∼ g(z), depend-
ing on whether the additional redshift is a spec-z or grism-z.

zp, zs and zg : Some galaxies in our data have all three types
of redshift measurements. In this case, the first step was to com-
pare the confidence levels corresponding to the quality flags of
the additional redshift measurements, which we call q fs and q fg
for the spec-z and grism-z, respectively. For clarity, we define
the quantity Q ≡ q fmax + q fmin · (1 − q fmax), corresponding
to a q fmin-fraction of the way between q fmax and 1. That is,
if q fmax = 0.95 and q fmin = 0.7, (corresponding to 95% and
70% confidences in the additional redshift measurements) then
Q = 0.95 + 0.7 · (0.05) = 0.985, or 70% of the way between 0.95
and 1. This way, if the less reliable of the additional redshifts is
selected in a given MC iteration, the remaining interval [q fmax, 1)
is weighted according to the confidence associated with that less
reliable measurement.

With this defined, a random number, R, was drawn from a
uniform distribution on the half-open interval [0, 1), and a red-
shift was assigned depending on which of the additional redshift
measurements had a higher confidence. In the case q fmax = q fs >
q fg = q fmin (the spec-z is more reliable than the grism-z), a red-
shift was assigned according to
R < q fmax ⇒ zMC = zs

q fmax ≤ R < Q ⇒ zMC ∼ g(z)
Q ≤ R < 1 ⇒ zMC ∼ p(z)

.

Conversely, if q fmax = q fg > q fs = q fmin (the grism-z was more
reliable than the spec-z), a redshift was assigned according to
R < q fmax ⇒ zMC ∼ g(z)
q fmax ≤ R < Q ⇒ zMC = zs

Q ≤ R < 1 ⇒ zMC ∼ p(z)
.

We applied this process to all 220 356 galaxies in our sam-
ple, shown in Figure 1. In each MC iteration, we chose a red-
shift for all 220 356 galaxies, of which ∼9.7% additionally had a
spectroscopic or grism redshift. For future steps in a given MC
iteration we only considered galaxies which fell in the redshift
range 2 < z < 3.

4.2. Fitting stellar mass

For each Monte Carlo realization, we refitted the stellar mass
of every galaxy based on its MC-assigned redshift. In order to
refit the masses, we used LePhare with similar parameters to
those used in the COSMOS2015 and COSMOS2020 catalogs
(Ilbert et al. 2015; Laigle et al. 2016; Weaver et al. 2022). Since
we are working with high-redshift data and are interested in a
statistical study of a broad population of galaxies, we used only
galaxy SED templates, excluding stellar and QSO templates.
In this section, we briefly discuss the parameters used for the
SED fits.

The SED fitting was performed using the flux densities
reported in COSMOS2020. As described in Section 2.1, for
a given a band XXXX, we used the aperture-to-total corrected
flux density reported under XXXX_FLUX_APER3, and its error
from the COSMOS2020 Classic catalog. When available, we
used fluxes from 35 bands including all ground-based observa-
tions, Spitzer/IRAC channels 1 and 2, and NUV and FUV data
from GALEX. We applied a systematic magnitude offset to the
reported photometry (APPLY_SYSSHIFT in LePhare) given in
Table 3 of Weaver et al. (2022).

To fit for the physical properties of the galaxies, we used
a set of twelve simple stellar population (SSP) templates from
Bruzual & Charlot (2003). For all twelve templates, we assumed
a Chabrier (2003) initial mass function, in which eight tem-
plates had exponentially declining and four had a delayed star
formation histories. The former had SFR e-folding time periods
in the range 0.01 Gyr ≤ τ ≤ 30 Gyr and the latter had either
τ = 1 Gyr or τ = 3 Gyr. Models assumed either half-solar or
solar metallicities. We assumed two different models for attenua-
tion for all but the templates with the lowest SFRs: one from star-
bursting galaxies (Calzetti et al. 2000) and one assuming a wave-
length dependence of λ0.9 (Arnouts et al. 2013). We assumed
color-excesses of E(B − V) = 0., 0.05, 0.1, 0.2, 0.3, 0.5, or 1.
Dust emission was accounted for by adding flux contributions
from templates via Béthermin et al. (2012) to the SSP templates.
Emission lines were added to the templates using the EMP_UV
option in LePhare, which uses relations from Kennicutt (1998)
to relate UV luminosity to an SFR, which in turn defines an Hα
luminosity and subsequently other line-luminosities based on
pre-defined flux ratios (Ilbert et al. 2009). Emission lines were
allowed to vary from the expected ratios by factors of 0.25, 0.5,
1, and 2, and the models were evaluated at 43 different galac-
tic ages.

To ensure consistency of our fits with those reported in COS-
MOS2020, we refitted a subset of relevant galaxies in the COS-
MOS2020 catalog and compared the resulting stellar masses.
Specifically, we refitted the 33 097 galaxies which fall in the red-
shift range 2 ≤ z ≤ 3 in Figure 1, fixing the redshift to the value
given by lp_zPDF in COSMOS2020. In Figure 5, we compare
the stellar masses reported in COSMOS2020 via lp_mass_med
with those from our refit. The fits are broadly consistent with 1:1,
indicating the parameters used for SED fits in this study replicate
those used in COSMOS2020 (Weaver et al. 2022) for the range
of stellar masses we consider in this study.

4.3. Creating and fitting the stellar mass functions

We constructed a stellar mass function for both Hyperion and
the field in each of the 100 MC realizations. We restricted our
analysis only to those galaxies which have log10(M∗/M�) ≥ 9.5
to ensure a more complete sample. For each MC realization,
we assigned galaxies to either Hyperion or the field sample as
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Fig. 5. We show the stellar masses of galaxies in the COMSMOS cata-
log (lp_MASS_MED) compared to our LePhare outputs as a consistency
check for our SED fitting parameters. The galaxies tested are those in
Figure 1 in the redshift range 2 ≤ z ≤ 3 (as reported from lp_zPDF
in COSMOS2020). The fits are consistent with the 1:1, indicating our
SED fitting parameters are broadly consistent with those used in COS-
MOS2020.

defined in Sections 3.2 and 3.3, respectively. We then counted
the number of galaxies in each stellar mass bin, normalizing by
the bin width and the volume of the corresponding population.
We find no significant difference between the high- and low-
redshift field samples, and therefore combined them into a single
field SMF.

The volumes of Hyperion and its constituent overdensity
peaks were computed as the sum of the volumes of the voxels
representing them (see Section 3.1.1). For the field, we took the
volume to be the rectangular prism that spans the full ranges in
R.A., Dec., and redshift for all galaxies, excluding the volumes
of any protostructures within it (see Section 3.2).

In Figure 6, we report the median SMF across the 100 MC
realizations for the Hyperion and the field sample, retaining only
mass bins with at least one galaxy on average per realization.
Upon averaging the MC realizations, we find Hyperion contains
207+9

−9 galaxies with log10(M∗/M�) ≥ 9.5, compared to an aver-
age of 3518+49

−48 in the field. Uncertainties are reported as asym-
metric error bars, combining (in quadrature) the Poisson error
across all realizations and the spread between the median and
the 16th/84th percentiles.

We additionally fitted two forms of the Schechter function
(Schechter 1976) to the Hyperion SMF. The single-Schechter
form is given by

ngal = Φ d log10 M

= ln(10)Φ∗ e−10log10 M−log10 M∗

× (10log10 M−log10 M∗ )α+1 d log10 M, (5)

which describes a power-law slope α at low mass and an expo-
nential cutoff above the characteristic mass M∗. However, many
studies at lower redshifts (e.g., Peng et al. 2010) find that a

double-Schechter function provides a better fit:

ngal = Φ d log10 M

= ln(10) e−10log10 M−log10 M∗

×
[
Φ∗1(10log10 M−log10 M∗ )α1+1

+ Φ∗2(10log10 M−log10 M∗ )α2+1] d log10 M. (6)

Qualitatively, this function is described by a single characteris-
tic mass, M∗, above (below) which the SMF is described by a
normalization Φ∗1 (Φ∗2) and a power-law slope α1 (α2).

The best-fit Schechter-functions are shown in Figure 6, along
with a single-Schechter fit to the COSMOS2020 field sample in
the range 2.5 < z ≤ 3, based on only photometry (Table C.1 in
Weaver et al. 2023). Best-fit parameters and respective reduced
χ2-values for the single- and double-Schechter fits are given in
Table B.1. We additionally report the Bayesian information cri-
terion (BIC; Schwarz 1978), calculated via

BIC = k ln(n) + χ2, (7)

where k is the number of parameters in the model and n is the
number of data points. The BIC is constructed to penalize mod-
els with more free parameters, and is thus useful for comparing
models of different complexity, where lower BICs are typically
better as high BICs may indicate a worse model or overfitting. In
practice, the three parameters of the Schechter function – α, Φ∗,
and M∗ – can be degenerate with one another, thus making inter-
pretation of the parameters and their errors difficult. Covariances
between these parameters and their interpretations are discussed
in Appendix B.

In order to compare the SMF of Hyperion to that of the field,
we performed a two-sample Kolmogorov-Smirnov (KS) test – a
nonparametric method of testing whether two samples are drawn
from the same underlying distribution. In this case, we treated
each of the 100 MC realizations separately and performed a two-
sample KS test comparing the stellar masses of the galaxies in
the field to those in Hyperion. The resulting distribution of p-
values for the 100 MC iterations is shown in the left panel of
Figure 7, in which the null hypothesis is that the underlying mass
distributions are the same for the field and Hyperion. In total, we
find 33/100 MCs with a p-value < 0.05.

In addition to the SMF for Hyperion as a whole, we also
built SMFs for different discrete overdensity thresholds within
Hyperion. Specifically, we used the MC iterations to build SMFs
for galaxies within the outskirts of Hyperion (2.5 ≤ nσ < 4.0)
and the peaks of Hyperion (4.0 ≤ nσ), where nσ is given by
Equation 3. The resulting SMFs are shown in the left panel of
Figure 8. For the field sample and each overdensity bin within
Hyperion, we fitted a single-Schechter function (Equation 5),
allowing α, M∗, and Φ∗ to freely vary, as well as with a fixed
α = −1.3 – similar to methods adopted by a variety of studies
(e.g., Marchesini et al. 2009; Muzzin et al. 2013; Tomczak et al.
2014). The fits are shown in the right panel of Figure 8, and
the best-fit parameters as well as their respective reduced-χ2 and
BIC values are given in Table B.1. As before, the covariances of
the parameters in the Schechter fits are discussed in Appendix B.

We again performed a two-sample KS test to compare both
the stellar mass distributions of Hyperion’s outskirts and peaks
to that of the field. We treated each MC realization separately,
and plot the resulting distribution of p-values in the right plot
of Figure 7. When comparing mass distributions of Hyperion’s
outskirts and the field, we find 2/100 MC realizations with a p-
value <0.05. On the other hand, when comparing the peaks and
the field, we find 97/100 MC realizations have a p-value < 0.05.
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Fig. 6. We show the total SMF of Hyperion as well as the coeval field.
Additionally, we show the single-Schechter fit of the COSMOS2020
fit for 2.5 < z < 3.0 (magenta line; Weaver et al. 2023). Finally, we
show the best-fit single-Schechter (green) and double-Schechter (blue)
functions to the Hyperion SMF (see parameters in Table B.1).

Fig. 7. The results of two sample KS tests that were run for each of
the 100 MC realizations in which we compare the mass distribution
of the field to that of (left) Hyperion as a whole and (right) Hyperion’s
outskirts (pink) and overdensity peaks (orange). We find 33% of MCs in
which Hyperion as a whole is statistically different from that of the field
(p < 0.05), compared to 2% and 97% for the Hyperion outskirts and
peaks, respectively. Thus, the underlying mass distribution for Hyper-
ion’s peaks are significantly different from the field for most of the MC
realizations, compared to Hyperion’s outskirts, which show no signifi-
cant difference.

Finally, in Figure 9 we plot the log-ratio of the SMFs in
Hyperion and the field sample, along with similar measurements
from the Elentári protostructure at z ∼ 3.3 (Forrest et al. 2024b),
to highlight differences in their shapes. This effectively normal-
izes the SMFs such that one matching the field in shape will
appear as a horizontal line with a vertical shift proportional to
the overdensity, while an SMF with a relative excess of massive
galaxies will show a positive slope.

Empirically, trends appear approximately linear in log-log
space. To quantify any trends, we fitted the log-ratios of both
the outskirts and peaks with a power-law of the form φ/φfield =
A · (M∗/M�)β, where A is a constant. This appears as a line with
the form log10(φ/φfield) = β log10(M∗) + log10(A) when plotted
in log-log space. The best-fit slopes, β, and reduced χ2 values
are reported in Table 1. A two-sided Student’s t-test performed
during the linear regression analysis shows no significant corre-

Table 1. Parameters for the SMF ratios.

Sample Power-law slope (β) χ2/d.o.f.
(1) (2) (3)

Hyperion Outskirts 0.06 ± 0.06 0.54
Hyperion Peaks 0.40 ± 0.09 0.37

Notes. The power-law fits for the SMF ratios (φ/φfield) shown in
Figure 9. The columns are (1) the sample being fit; (2) the power-law
slope of the fit, β, assuming log10(φ/φfield) = β log10(M∗)+ log10(A); and
(3) the reduced-χ2 value of each fit.

lation between stellar mass and the log-ratio in Hyperion’s out-
skirts relative to the field (p = 0.38), but a strong correlation
in the peaks (p = 0.02). Despite the quality of the linear fits,
one may expect the ratio of the SMFs to have a more complex
shape given the relative complexity of the single-Schechter fits
used to describe them. However, we show in Appendix C that a
nearly linear fit (in log-log space) is expected in the mass range
considered in this work.

To assess the robustness of the above results to uncertain-
ties inherent to photometric redshifts, we repeated the SMF
analysis for only members of Hyperion with either a ground-
based or HST/grism spectroscopic sample. We find the differ-
ence between the SMFs of the overdensity peaks and the field
is effectively unchanged, owing to the large fraction of galaxies
in the peaks which have spectroscopic redshifts (∼68/72 in each
MC iteration). The lack of difference between the shape of the
SMF of Hyperion’s outskirts and that of the field is also effec-
tively unchanged, though the normalization of the SMF of the
outskirts is lowered due to the smaller fraction of spectroscopic
redshifts (∼ 90/134 in each MC iteration). Therefore, the results
do not appear to be driven by the inclusion of galaxies with only
photometric redshifts, or the scattering of such galaxies into and
out of Hyperion in the Monte Carlo process.

We also tested whether the SMF of overdensity peaks
depends on large-scale substructure within Hyperion by subdi-
viding the peak population according to redshift and right ascen-
sion. In particular, we find that the eastern (α ≥ 150.2◦) and
western (α < 150.52◦) portions of the lower-z region (z < 2.52)
of Hyperion have similar SMFs. Because the most massive peak,
Theia, is entirely contained within the western, lower-z region
(Table A.1), this agreement demonstrates that the observed SMF
differences are not exclusive to the most massive and overdense
region of Hyperion, but instead reflect a more general depen-
dence on local overdensity.

5. Results and discussion

5.1. Trends within the Hyperion SMF

Results from the analysis in Section 4.3 suggest a consistent
trend: the overdense peaks of Hyperion host galaxies with a dif-
ferent mass distribution than the field, having a higher ratio of
high- to low-mass galaxies. A KS test indicates that 97% of
our MC realizations show a statistically significant difference
between the SMFs of Hyperion’s peaks and the field (see right
panel of Figure 7). The nature of this difference is particularly
apparent in the ratio of the two SMFs (Figure 9). The peaks
have number densities of massive galaxies (M∗ ∼ 1011 M�) that
are ∼10× higher than the field, compared to only ∼3× higher
at lower masses (M∗ ∼ 109.5 M�). Fitting a power law to this
ratio, φpeak/φfield ∝ Mβ

∗ , we obtain β = 0.40 ± 0.09, significantly
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Fig. 8. Left: SMFs of the outskirts (2.5 ≤ nσ < 4.0) and overdensity peaks (4.0 ≤ nσ) of Hyperion. The coeval field and COSMOS2020 fit are
identical to Figure 6. Right: Best-fit Schechter functions for the outskirts and overdensity peaks of Hyperion, and the coeval field. The solid lines
correspond to single-Schechter fits allowing all three parameters to vary freely; the dot-dashed lines correspond to fits fixing the power-law slope
to α = −1.3. The best-fit parameters for each fit are given in Table B.1.

Fig. 9. The SMFs of the Hyperion outskirts (magenta) and peaks
(orange) after being normalized by the coeval field, and linear fits to
both sets assuming log10(φ/φfield) = β log10(M∗) + log10(A). We addi-
tionally show the results from the Elentàri proto-supercluster at z ∼ 3.3
(Forrest et al. 2024b). In this framework, a flat line corresponds to an
SMF in an overdense region with an identical shape to the coeval field,
whereas a positive slope corresponds to an overdense region with a
larger fraction of higher- to lower-mass galaxies.

different from β = 0 (t = 4.5, p = 0.02), which would corre-
spond to the SMFs having the same shape.

This result is loosely corroborated by single-Schechter fits
to the overdensity bins (right panel of Figure 8; see also Table
B.1), though we caution against over-interpreting the best-fit val-
ues for Hyperion’s peaks. Degeneracies between Φ∗, M∗, and α
complicate direct comparisons between the parameters for fits
of different regions. For the peaks in particular, Φ∗ and M∗ are

strongly degenerate (Figure B.1), likely because the observed
mass range lies entirely below the characteristic mass of the
single-Schecther fit. In practice, this means the peak SMF is well
described by a single power law, resulting in α being much more
tightly constrained than either Φ∗ or M∗ (Table B.1; see also dis-
cussion in Appendix B).

Conversely, we find no evidence that the SMF in the outskirts
of Hyperion is different from that of the field. A two-sample
KS test shows no statistically significant difference between the
SMFs of the outskirts and the field in 98% of our MC realizations
(right panel of Figure 7). Furthermore, the Student’s t-test sug-
gests no correlation between the ratio of the two SMFs and stel-
lar mass (t = 0.9, p = 0.38), which is apparent by the flat slope
seen in Figure 9. Likewise, we find the total SMF of Hyperion
also has a similar overall shape to that of the field (modulo the
normalization factor) as seen in Figure 6. A two-sample KS test
shows no statistically significant difference between the SMFs
of Hyperion as a whole and the field in 77% of our MC realiza-
tions, and single-Schechter fits yield M∗ and α values consistent
with the field (Table B.1).

This is, perhaps, not unexpected given that the outskirts con-
tain ∼2/3 of the galaxies in Hyperion above log10(M∗/M�) ≥ 9.5
(on average 134+10

−7 versus 72+4
−4 in the peaks per MC realiza-

tion). Therefore, total SMF is primarily dominated by the out-
skirts, with the peaks contributing only moderately having been
slightly saturated after being normalized by larger volumes. This
result highlights the importance of considering the protostructure
within discrete overdensity bins rather than holistically, as envi-
ronmental effects in overdense regions may be washed out in the
total SMF.

Qualitatively, the shape of the total SMF is interesting in that
we see a slight dip at log10(M∗/M�) ∼ 10.5, and it is thus well fit
by a double-Schechter function with a characteristic stellar mass
at the point of the dip. However, the double-Schechter function
has two additional degrees of freedom, and therefore has a slightly
higher reduced-χ2 value and slightly lower BIC (Table B.1). As
such, it is somewhat ambiguous as to if the total SMF of Hyperion
is more consistent with a single- or double-Schechter fit.
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5.2. Broader context of the Hyperion SMF

The results of our SMF analysis suggest galaxies in the most
overdense peaks of Hyperion are undergoing – or have under-
gone – some process which enhances the buildup of stellar
mass relative to field galaxies. This trend of generally increas-
ing stellar mass in the most overdense peaks is consistent with
results of similar studies at intermediate redshifts (0.6 < z <
1.5; Tomczak et al. 2017; van der Burg et al. 2020), as well as
other studies of protostructures at higher redshifts (z > 2;
Shimakawa et al. 2018a,b). Additionally, in Figure 9 we make a
more direct comparison with results from Forrest et al. (2024b),
who used a similar VMC method to study the Elentári proto-
supercluster at z ∼ 3.3 in the COSMOS field. While a direct
comparison between similar overdensities at different redshifts
is difficult due to cosmic variance (see Figure 4), the SMFs of
both Hyperion and Elentári suggest a similar trend of increasing
stellar mass with increasing overdensity in high-redshift proto-
superclusters.

These trends likely reflect a broader shift in how environ-
ment influences galaxy evolution at high redshifts. It is well
established that galaxies in clusters at low to intermediate red-
shifts (z . 1.5) tend to be quiescent and gas-poor, having built
up their stellar mass at some earlier time (Gómez et al. 2003;
von der Linden et al. 2010; Muzzin et al. 2012; Tomczak et al.
2019; Old et al. 2020). However, recent studies have shown that
protostructures at higher redshifts exhibit a fundamentally dif-
ferent relationship to the star formation rate (SFR) of their con-
stituent galaxies. For instance, Lemaux et al. (2022) find a weak
but statistically significant positive correlation between SFR and
overdensity for 2 ≤ z ≤ 5, suggesting that early dense environ-
ments may in fact stimulate star formation, rather than suppress
it. Likewise, a stacking analysis of infrared observations of pro-
tostructures revealed enhanced SFR densities (SFRDs) for pro-
tostructures in the redshift range 2 ≤ z ≤ 4 (Kubo et al. 2019;
Popescu et al. 2023). In a more dedicated spectroscopic follow-
up of the Taralay protocluster at z ∼ 4.57, Staab et al. (2024) find
an enhanced SFRD which they attribute to both a higher density
of star-forming galaxies and an elevated SFR in said galaxies.

The results of our analysis in Hyperion are consistent with –
and are perhaps a direct consequence of – this positive correla-
tion between overdensity and SFRs at higher redshifts. While
it makes sense that elevated levels of star formation in high-
redshift protostructures lead to more massive galaxies, the full
process by which this might happen remains somewhat unclear.
However, we offer a brief outline using results of recent stud-
ies through which an enhancement of SFR in high-redshift
overdense environments may result in the SMFs observed in
Hyperion.

By definition, overdense environments at high redshifts (z &
4) have a higher number density of galaxies than the coeval field.
Dynamically, galaxies in these protostructure likely have slightly
elevated velocity dispersions than the field, as a result of the
larger gravitational potential of the overdense environment. It is
therefore fair to assume that these galaxies experience more fre-
quent galaxy-galaxy interactions than their counterparts in the
field. At lower redshifts (z . 1), it has been shown this galaxy
harassment can excite transient periods of star formation in dusty
galaxies (Moore et al. 1996, 1998). Although in a recent study,
Shah et al. (2022) show the typical SFR-enhancement in inter-
acting galaxies is lower at higher redshifts (1 < z < 3) than
at lower redshifts, even a modest increase in SFR produced by
continual close encounters could result in a moderately elevated
stellar mass in the ∼1.5 Gyr between z ∼ 5 and z ∼ 2.5.

Moreover, high-redshift overdense regions may not yet con-
tain a fully heated intracluster medium (ICM; Overzier 2016;
Shimakawa et al. 2018b). Thus, any ambient diffuse gas which
exists within the environment – either as a result of the ele-
vated gravitational potential of the environment or having been
stripped during galaxy interactions – could still be accreted
onto the galaxies within the environment. Therefore, while these
galaxies may sustain elevated SFRs, they may also benefit from
more abundant gas reservoirs than field galaxies, resulting in sus-
tained star formation and subsequent stellar mass enhancements.

We now turn back to z ∼ 2.5 to see if this picture
holds for Hyperion and other protostructures. Within Hyper-
ion, Giddings et al. (2026) find that the fraction of galaxies with
close kinematic companions is nearly double that of the field,
meaning galaxy-galaxy interactions appear to be elevated. Addi-
tionally, Gururajan et al. (2025) find a tentative positive correla-
tion between SFR and overdensity within Hyperion, inline with
the trend reported in Lemaux et al. (2022), and which may be
expected if there are more frequent close encounters. Interest-
ingly, they also find that the gas fraction (Mgas/M∗) of member
galaxies within Hyperion tends to decrease with increasing over-
density, and appears uncorrelated in the most overdense peaks.
Taken together with the increased SFRs, this tentatively implies
an enhanced star formation efficiency (SFE ≡ SFR/Mgas) within
Hyperion, which is conceivably driven by close encounters of
member galaxies. The flattening of gas-fraction trends in the
most overdense peaks of Hyperion, combined with the decreas-
ing star formation seen in other protostructure peaks at z . 2.5
(Shimakawa et al. 2018a,b), could signal the onset of a hot intr-
acluster medium (ICM) in this redshift range. A recent study
of the Spiderweb protocluster at z ∼ 2.16 indeed detects sig-
natures of an ICM via the thermal Sunyaev–Zeldovich effect
(Sunyaev & Zeldovich 1972; Di Mascolo et al. 2023). However,
despite existing X-ray observations of Hyperion, it remains
unclear whether an ICM has yet begun to develop (Wang et al.
2016; Champagne et al. 2021).

On the other hand, sustained and elevated SFRs are not the
only conceivable way to produce higher stellar masses in over-
dense environments. Observations suggest major mergers are
another viable method through which galaxies at higher red-
shifts (z & 2) can experience substantial stellar mass buildup
(Tasca et al. 2014; Duncan et al. 2019; Ferreira et al. 2020). In
addition to adding much of the stellar masses of the two merg-
ing galaxies, it is thought that major mergers at this redshift
can briefly enhance SFR and the prevelance of active galactic
nuclei (AGN; e.g., Hopkins et al. 2008). Furthermore, through
the comparison of a semi-empirical model and observed SMFs,
Tomczak et al. (2017) demonstrate that galaxy-galaxy mergers
play an important role in shaping the SMFs at intermediate red-
shifts (0.6 < z < 1.3). At these redshifts, intermediate overdensi-
ties appear dynamically favorable for galaxy mergers due to their
moderate velocity dispersions (Lin et al. 2010; Tomczak et al.
2017).

Correspondingly, the overdense peaks of higher-redshift
structures, such as Hyperion, may be ideal locations for major
galaxy mergers. As discussed previously, Giddings et al. (2026)
find an elevated number of close kinematic pairs within Hype-
rion and estimate an average merging timescale of ∼3−10 Gyr.
This timescale is consistent with the ∼3 Gyr separating Hyperion
at z ∼ 2.5 and the structures observed in Tomczak et al. (2017)
at z ∼ 1. Additionally, elevated fractions of major mergers in
overdense protostructures are consistent with observations sug-
gesting an increased AGN fraction at the redshift of Hyperion
(Shah et al. 2025).
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Likely, the local environment of a galaxy in the high-redshift
universe mediates enhanced stellar mass growth in more than
one way. While the SMF of Hyperion presented in this paper
provides compelling evidence that the environment does play a
role at some level in promoting accelerated mass growth in the
early universe, it is not enough to make a definitive argument
as to what method dominates the process. Given the two mech-
anisms presented here – enhanced SFRs via galaxy harassment
and major mergers – we might expect to find different quiescent
fractions at different redshifts depending on which mechanism
is primarily driving galaxy evolution. Whereas close encounters
and harassment may lead to a more gradual quenching as the
gas reservoir is heated and exhausted, major mergers may drive
more rapid quenching through stellar feedback from starbursts
and AGN feedback.

Given the idea that overdense environments in the early uni-
verse may promote accelerated stellar mass growth, looking
at quiescent fractions in and around these environments might
provide insight into underlying physical mechanisms. Lin et al.
(2010) find little correlation between local environment and qui-
escent fraction over 1.5 < z < 2.5 in the COSMOS field, while a
more recent study by Edward et al. (2024) finds a relative excess
of low-mass (log10(M∗/M�) < 10) quiescent galaxies in proto-
structures at 2 < z < 2.5, including Hyperion. However, this
analysis relies solely on photometric classifications and does not
explore the trend as a function of overdensity. On the contrary,
results from the ZFOURGE survey suggest the quiescent frac-
tion is higher in more overdense environments up to z ∼ 2
for galaxies with log10(M∗/M�) > 9.5 (Kawinwanichakij et al.
2017), and up to z ∼ 2.4 for galaxies with log10(M∗/M�) > 10.2
(Hartzenberg et al. 2023). At higher redshifts still, Forrest et al.
(2024a) find a quiescent fraction consistent with that of the
field within the Elentári proto-supercluster, though dense regions
of the structure show evidence of enhanced quiescent fractions
– especially at higher stellar masses (McConachie et al. 2022,
2025).

These mixed findings highlight the complexity of environ-
mental effects at high redshift and the need for more targeted
studies. It is fair to assume that no one mechanism is the pri-
mary driver of this trend, or that the same mechanism dominates
across different protostructures at similar redshifts. Ultimately, a
more detailed analysis of the quiescent population within Hype-
rion (or lack thereof) as a function of overdensity may provide
some insight as to the timescales of the physical mechanisms
driving the enhanced stellar masses seen the SMFs presented
here. Such work will be crucial to disentangling the complex
interplay between environment, star formation, and mass growth
in the high-redshift universe.

6. Conclusion

In this work, we construct the galaxy stellar mass function
(SMF) in the Hyperion proto-supercluster at z ∼ 2.5 by lever-
aging a combination of data from the COSMOS2020 catalog,
various ground-based spectroscopic surveys, and a new targeted
HST-grism survey. To our knowledge, this is the most complete
SMF in a single proto-supercluster at z & 2 to date. The addi-
tional spectroscopy and improved photometric redshifts enable
us to repopulate the existing Voronoi Monte Carlo (VMC) over-
density map of Hyperion with a much larger, more secure galaxy
sample. This enriched map lets us compare, for the first time, the
SMFs of Hyperion’s overdense peaks and its lower-density out-
skirts (Figure 8).

In doing so, we find two main results:

1. The overdense peaks in Hyperion contain a markedly larger
fraction of high-mass galaxies than the coeval field (Figure
9). Specifically, we find that the peaks have number densities
of massive galaxies (M∗ ∼ 1011 M�) that are ∼10× higher
than the field, compared to only ∼3× higher for lower-mass
galaxies (M∗ ∼ 109.5 M�).

2. Hyperion’s outskirts have an SMF shape indistinguishable
from the field (Figure 9). Consequently, the total SMF of
Hyperion also differs little from the field (Figure 6): the out-
skirts host nearly two-thirds of the galaxies in Hyperion,
and their dominance dilutes the shallower SMF of the peaks
when combined.

Our first result aligns with recent work showing (i) elevated
gas reservoirs and pair fractions in Hyperion, and (ii) a positive
SFR–density correlation at z & 2, opposite to the trend at lower
redshift. Additionally, this high-mass enhancement echoes the
trend seen in the Elentári proto-supercluster at z ∼ 3.3. Taken
together, these findings suggest that the densest regions of the
early Universe promote rapid star formation and stellar-mass
build-up rather than quenching it. A deeper census of the quies-
cent fraction and SFR density as functions of overdensity within
Hyperion will be crucial for pinning down the timescales over
which this accelerated growth operates.

The second result highlights an important methodological
point: studying high-redshift protostructures holistically may
wash out environmental signals. In the case of the SMFs presented
here, two effects combine: (i) the outskirts, whose SMF resembles
the field, contain the majority of Hyperion’s galaxies, and (ii) the
peak SMF is diluted when normalized over the larger protostruc-
ture volume. As a result, studies treating Hyperion as a whole,
rather than dividing it into discrete overdensity bins, may incor-
rectly conclude there is no environmental impact on the SMF.
This emphasizes the necessity of targeted spectroscopic surveys
of high-redshift protostructures in order to expose environmental
imprints that would otherwise be hidden in global averages.
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Appendix A: The structure of Hyperion

In this section, we provide additional details on the structure of
Hyperion. Figure A.1 shows 2D projections of Hyperion in the
R.A.-Dec., R.A.-z, and Dec.-z planes. Also plotted are the mem-
ber galaxies of Hyperion (before any Monte Carlo sampling of
redshifts) and their redshift sources.

A.1. Peaks of Hyperion

As described in Section 3, we define a peak as a set of contiguous
voxels with nσ ≥ 4.0 (Equation 3). Multiple overdensity peaks
are identified within Hyperion, spanning a range of masses and
volumes, but the SMF of the peaks is dominated by the most
massive structures that contain the majority of galaxies.

Table A.1 lists the properties of all peaks that contain, on
average, at least one galaxy per MC iteration. Peak masses are
the sums of the constituent voxel masses, which are given by
Equation 4. The peak volumes are the sums of their voxel vol-
umes. The average number of galaxies reported corresponds to
those with log10(M∗/M�) ≥ 9.5 across 100 MC realizations. On
average, ∼ 72 galaxies contribute to the peak SMF, and the seven
most massive peaks listed here contain ∼ 98% of them.

A.2. High-redshift offshoot

The updated VMC maps used here extend Hyperion to higher
redshifts than in Cucciati et al. (2018). This could represent a
genuine extension of the structure, newly connected through
improved spectroscopic completeness. If so, it is unclear whether
galaxies in this region share the same evolutionary pathways as
those in the main body of Hyperion, or how long the two portions
will evolve together.

A more likely explanation, however, is that this apparent
offshoot is the result of redshift-space smearing in the VMC
maps. As shown in Figure A.2, the fraction of galaxies assigned
via photometric redshifts rises from ∼ 40% in the main body
(z . 2.52) to ∼ 80% at higher redshift. These galaxies may or
may not truly belong to Hyperion, and some likely have broad
redshift probability distributions.

To assess the robustness of this feature, Figure A.3 shows
the overdensity distribution of voxels as a function of redshift.
Excluding the high-z extension would require either (i) raising
the overdensity threshold for outskirts to 3.5 ≤ nσ < 4.0, or (ii)
retaining nσ ≥ 2.5 but imposing an artificial cut at z ∼ 2.52.
Either option seems disingenuous in an attempt to objectively
map the structure of Hyperion from the VMC maps available.
We therefore retain the extension in our maps, while cautioning
that it is likely a mapping artifact rather than a distinct physical
component.

Importantly, the inclusion of this feature does not affect the
main result of this work: that the peaks of Hyperion show an
enhanced abundance of massive galaxies relative to the field. Of
the seven peaks listed in Table A.1, only one lies in the high-
redshift offshoot, and it contributes just ∼ 5% of the galaxies in
the peak SMF on average. Moreover, we find that including the
offshoot does not alter the similarity between Hyperion’s out-
skirts and the field, indicating that this result is not simply driven
by field galaxies scattering into Hyperion.

Appendix B: Schechter fits

As with most studies of the stellar mass function (SMF), we
model our measurements with single-Schechter functions (Equa-
tion 5). The best-fit parameters minimizing χ2 are reported in
Table B.1. While these fits are straightforward to compute, their
interpretation is complicated by parameter degeneracies, partic-
ularly for less well-constrained populations such as the peaks of
Hyperion. In this Appendix, we illustrate these degeneracies and
assess what conclusions can still be drawn.

To visualize these degeneracies, we map the likelihood sur-
face across the Schechter parameter space for four populations:
the field, Hyperion as a whole, its outskirts, and its peaks. For
each population, we fix two parameters over a grid of plausi-
ble values and fit the third by minimizing χ2. The top row of
Figure B.1 shows an example: Φ∗ is fit freely at each grid point in
(log10 M∗, α). Each grid point thus has an associated χ2

i , and the
corresponding likelihood isLi ∝ exp[−(χ2

i −χ
2
min)/2]. Normaliz-

ing by the sum of all likelihoods yields a probability distribution
function (PDF). Confidence regions are then defined by contours
of ∆χ2 = χ2

i − χ
2
min appropriate for two free parameters, with the

3σ contour corresponding to ∆χ2 ' 11.8. We emphasize that
these confidence intervals are evaluated in the two-dimensional
subspace of fixed parameters; the third parameter is always fit
freely and is therefore marginalized over rather than explicitly
constrained (see Avni 1976).

For the field population (first column of Figure B.1), the like-
lihood surface is compact and well-behaved: the three param-
eters are simultaneously constrained, and the 3σ contours are
tight. The resulting values agree with previous measurements
in similar redshift ranges (e.g., Weaver et al. 2023), providing
confidence in both the data and the fitting procedure. In the
second column, the parameter space for Hyperion as a whole
mirrors the conclusions drawn in the main text. Both of the
bottom panels highlight its elevated normalization relative to
the field–a direct consequence of its overdense nature. The top
panel shows that Hyperion has a marginally shallower power-
law slope and a characteristic mass similar to the field, with
the (log10 M∗, α) likelihood surface nearly co-spatial with that
of the field. The outskirts of Hyperion (third column) like-
wise exhibit a slope comparable to the field but a slightly
higher normalization, consistent with the trend observed in
Figure 9.

The peaks of Hyperion (fourth column) stand out in that
some parameters are effectively unconstrained. This likely
reflects that the observed SMF is better approximated by a pure
power-law: the “knee” of the Schechter function is not detected,
leaving M∗ unresolved. As a result, α is relatively well con-
strained, while M∗ and Φ∗ remain strongly degenerate. This
degeneracy is most apparent in the bottom panel, where the
likelihood surface is nearly vertical around the best-fit α. The
large uncertainties on M∗ and Φ∗ in Table B.1 echo this behav-
ior, with the normalization errors in particular inflated by the
effective freedom of M∗. Thus, while the formal uncertainties on
M∗ and Φ∗ for Hyperion’s peaks are large, they arise precisely
because the SMF in these regions differs from that of the field:
the low-mass slope is shallower, the characteristic mass is shifted
to higher values and not observed, and the distribution is there-
fore better described by a power law.
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Fig. A.1. The distribution of Hyperion member galaxies, projected in the (left) R.A.-Dec., (middle) R.A.-z, and (right) Dec.-z planes. In each panel,
the solid and dashed contours correspond to Hyperion’s outskirts and peaks, respectively, as defined by the VMC overdensity map. Additionally,
the locations of the member galaxies are plotted prior to any Monte Carlo redshift sampling, and their marks are distinguished according to
the redshift source: COSMOS2020 photometry (blue circles), ground-based spectroscopy (orange squares), or HST/grism spectroscopy (green
triangles). For galaxies with both a ground-based spectroscopic redshift and a HST/grism redshift, the redshift with the highest quality according
to the quality flags discussed in Section 2 is chosen. The histograms along each axis show the distribution of member galaxies in the corresponding
projected dimension, color-coded by redshift source.

Table A.1. Overdensity peaks in Hyperion.

ID R.A. Dec. z Mtot Volume 〈Ngal〉

(deg) (deg) (1014 M�) (cMpc3)
(1) (2) (3) (4) (5) (6) (7)
1 150.097 2.388 2.467 2.02 2791 21.9
2 150.259 2.344 2.464 0.92 1344 13.6
3 150.005 2.248 2.442 0.88 1312 15.6
4 149.985 2.122 2.427 0.48 724 3.2
5 150.095 2.352 2.554 0.22 316 3.6
6 150.238 2.335 2.505 0.43 658 11.1
7 150.104 2.238 2.436 0.13 202 1.5

Notes. The various overdensity peaks (as defined in Section 3.2) within Hyperion with at least one galaxy in each MC iteration on average. The
columns correspond to (1) peak number, central; (2) right ascension; (3) declination; (4) redshift; (5) total mass; (6) total volume (not corrected
for elongation); and (7) average number of galaxies in each MC iteration.

Table B.1. Schechter function fits for various SMFs.

Fit log10(M∗/M�) α1 Φ∗1
† α2 Φ∗2

† χ2/dof BIC Figure
(1) (2) (3) (4) (5) (6) (7) (8) (9)

Single-Schechter 11.13 ± 0.22 −1.41 ± 0.14 0.58 ± 0.34 — — 0.807 10.28 6
Double-Schechter 10.43 ± 0.18 −1.28 ± 0.25 1.67 ± 0.95 1.77 ± 1.27 0.48 ± 0.58 0.505 11.91 6
Field†† 10.97+0.06

−0.07 −1.46 0.24+0.03
−0.02 — — 27.413 — 6

Field 11.21 ± 0.10 −1.55 ± 0.05 0.12 ± 0.03 — — 1.305 12.76 8
10.89 ± 0.08 −1.3 0.32 ± 0.04 — — 6.271 41.79 8

Hyperion Outskirts 11.49 ± 0.36 −1.63 ± 0.10 0.15 ± 0.13 — — 0.258 7.53 8
10.94 ± 0.14 −1.3 0.73 ± 0.14 — — 0.671 8.18 8

Hyperion Peaks 12.00 ± 4.52 −1.28 ± 0.29 0.78 ± 3.36 — — 0.784 6.40 8
12.37 ± 3.68 −1.3 0.55 ± 1.45 — — 0.523 4.79 8

Notes. The best-fit Schechter function fits for various SMFs throughout the paper. The parameters for single- and double-Schechter functions
correspond to equations 5 and 6, respectively. The clumns correspond to (1) what is being fit, (2) the characteristic mass, (3) the power-law
slope of single-Schechter fit, (4) normalization of single-Schechter fit, (5) power-law slope of double-Schechter fit, (6) normalization for double-
Schechter fit, (7) reduced-χ2 value of the fit, (8) the Bayesian information criterion of the fit (via Equation 7), and (9) the figure the fit can be seen
in.
(†) Normalizations are in units of 10−3 dex−1 Mpc−3.
(††) The field fit in Figure 6 is taken from the fit for 2.5 < z ≤ 3.0 in Weaver et al. (2023).
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Fig. A.2. We show, as a function of redshift, the fraction of galaxies
within Hyperion across all 100 MC iterations with redshifts determined
from photometry (blue), ground-based spectroscopy (orange), and HST-
grism spectroscopy (green). The lower-redshift portion of Hyperion is
dominated by spectroscopic redshifts, whereas the higher-redshift por-
tion is dominated by photometric redshifts.

Fig. A.3. We show the distribution of voxels within Hyperion for four
different overdensity thresholds: nσ ≥ 2.5 (orange), nσ ≥ 3.0 (yellow),
nσ ≥ 3.5 (green), nσ ≥ 4.0 (blue). The low- and high-redshift portions
are connected at z ∼ 2.53 until an overdensity cut of nσ ≥ 4.0.

Appendix C: SMF ratio fits

In order to highlight the difference between the SMF of the peaks
in Hyperion and the field, we analyze the log-ratio of the two (see
Figure 9). As part of the analysis, we use a simplistic model in
which log10(φ/φfield) = β log10(M∗/M�) + log10(A). However,
given the relative complexity of the Schechter function, it is
not immediately obvious why the ratio should take this form.
To explore this more, we briefly derive an analytical expression
for the ratio, log10(nH

gal/n
f
gal), in terms of the parameters of the

two single-Schechter functions. Given Equation 5, and defining
µH ≡ log10(M∗/M∗H) and µ f ≡ log10(M∗/M∗f ), it follows that

nH
gal

n f
gal

=
Φ∗H

Φ∗f
exp

(
10−µH + 10−µ f

)
×10[(αH+1)µH−(α f +1)µ f ].

Upon simplifying this expression, one arrives at an expres-
sion for the log-ratio of the SMFs as a function of stellar mass,
M∗, given as

log10

nH
gal

n f
gal

 =
[
αH − α f

]
· log10

(
M∗
M�

)
+ log10(e)

[
10µ f − 10µH

]
+M0,

where, for brevity, we have introduced the following con-
stant:

M0 ≡ (α f + 1) · log10

 M∗f
M�

 − (αH + 1) · log10

(
M∗H
M�

)
+ log10

Φ∗H

Φ∗f

 .
The first term in this expression is primarily what is reflected

in Figure 9 – the ratio of the SMFs is primarily a power law with
an exponent equal to the difference of the low-mass slopes of
the two SMFs. However, we also see that the ratio really only
follows this simple form if µ f ≈ µH , in which case the sec-
ond term is nearly zero. Logically, this is satisfied unless the two
SMFs have dramatically different characteristic masses. In that
case, for masses larger than the smaller of the two characteris-
tic masses, one SMF is exponentially cutoff while the other is a
power law, and the ratio blows up as a result.

In practice, the log-ratios of Hyperion’s peaks and outskirts
to the field are close to linear. Figure C.1 shows the expected
forms using the single-Schechter parameters from Table B.1.
For the outskirts, the characteristic mass is similar to that of
the field, so the ratio is approximately a power-law with a slope
∆α ' −0.08, yielding an almost flat relation. On the other hand,
the SMF of the peaks has a shallower power law than the field,
and thus the log-ratio has a steadily rising slope of ∆α ' +0.27.
In principle, an exponential divergence should appear once the
field SMF turns over at M∗f , but this occurs near the upper limit
of our mass range. Thus, across the observed bins the ratio is well
described by a simple power law. We note that the slopes quoted
here are slightly different from those obtained via regression fits
to the binned ratios in the main text (Table 1). This modest dis-
crepancy reflects the finite mass range of the data and the onset
of exponential suppression in the field SMF, but both approaches
yield consistent qualitative trends.
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Fig. B.1. To explore the degeneracies of the parameters in the single-Schechter functions, we plot the parameter spaces of the fits to the SMFs
of (Columns 1-4) the field, Hyperion as a whole, Hyperion’s outskirts, and Hyperion’s peaks. In each row, we fit over a grid of two of the
three parameters in the single-Schechter function, and marginalize over the remaining parameter to minimize the χ2 value. The parameter spaces
explored are (row 1) log10 M∗ − α, (row 2) log10 M∗ − Φ∗, and (row 3) α − Φ∗. For each subplot, we plot the point with the minimum χ2 value
in the given parameter space (magenta X). In each row, we additionally plot a 3σ contour from the field, corresponding to ∆χ2 ' 11.8, to make
comparisons between the likelihood surfaces from the field and the other populations in each column easier.
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Fig. C.1. The SMFs of the Hyperion outskirts (magenta) and peaks
(orange) after being normalized by the coeval field. The points are iden-
tical to those shown in Figure 9. The lines are the expected forms of
the ratios using the best-fit parameters for the single-Schechter func-
tions. For most the stellar mass range considered in this work, the ratio
is expected to be nearly linear in log-log space.
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