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ABSTRACT

Dense environments can influence both galaxy evolution and supermassive black hole growth, but

whether they enhance or suppress (or both) active galactic nuclei (AGN) activity at high redshift

(z ≳ 2) remains uncertain. As one of the most massive structures identified in the early universe, the

Hyperion proto-supercluster at z ≈ 2.5 provides a unique opportunity to investigate this connection

during an epoch near the peak of both cosmic star formation rate and AGN activity density. To

examine the impact of galaxy environment on AGN activity, we measure the fraction of X-ray-selected

AGN in Hyperion as a whole, its highly overdense peaks, and its outskirts, comparing these measure-

ments to a coeval field sample. We identify X-ray AGN using the deep Chandra COSMOS-Legacy

Survey and combine optical/near-infrared (NIR) photometry and photometric redshift information

from COSMOS2020 with extensive ground-based spectroscopy and HST -grism observations. Redshift
information is incorporated statistically using a Monte Carlo framework. We find a higher X-ray AGN

fraction in Hyperion (7.4+3.2
−1.8%) than in the coeval field (3.2+0.6

−0.5%), corresponding to a ∼ 2.3σ dif-

ference. Strikingly, this enhancement is concentrated in the overdense peaks, where the X-ray AGN

fraction reaches 12.3+5.5
−3.4% (15.0+6.9

−4.4% in the most massive peaks versus 6.2+11.9
−2.1 % in the less mas-

sive peaks), while the lower-density Hyperion outskirts (2.1+3.6
−1.1%) show no evidence of enhancement

relative to the field. These results add to the limited but growing evidence for enhanced AGN ac-

tivity in high-redshift protostructures, suggesting that the dense environments at these epochs may

preferentially trigger AGN during the early stages of cluster assembly.

Keywords: Galaxies (573) — Galaxy evolution (594) — Active galactic nuclei (16) — Large-scale

structure of the universe (902) — Galaxy clusters (584) — Supermassive black holes (1663)

Email: acoburn827@gmail.com

1. INTRODUCTION

Galaxy properties vary strongly with environment in

the lower-redshift, local universe, from late-types typ-
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ically found in low-density field regions to the preva-

lence of early-types in dense galaxy clusters (e.g., A.

Dressler 1980). Gas accretion can regulate the supply

of material available to galaxies (e.g., F. van de Voort

et al. 2017), while environmental processes such as ram-

pressure stripping can remove gas from galaxies (e.g.,

J. E. Gunn & J. R. Gott 1972; A. Boselli et al. 2022;

K. Xu et al. 2026). At higher redshifts, galaxy interac-

tions increasingly provide a mechanism for redistribut-

ing gas (e.g., E. A. Shah et al. 2020; M. Romano et al.

2021; E. A. Shah et al. 2022). Specifically, interactions

and mergers can drive gas toward galaxy centers, po-

tentially triggering active galactic nuclei (AGN; e.g., T.

Storchi-Bergmann & A. Schnorr-Müller 2019). Once

triggered, AGN can suppress star formation and con-

tribute to galaxy quenching, working with environmen-

tal effects to enhance gas removal (e.g., A. Fabian 1999;

B. R. McNamara & P. E. J. Nulsen 2007). AGN feed-

back may also augment environmental processes that

remove or limit gas in dense environments (e.g., Y. M.

Bahé & I. G. McCarthy 2015). Enhanced AGN activity

in dense environments may therefore influence both host

galaxies and the surrounding large-scale structure, mo-

tivating measurements of its environmental dependence.

Protostructures at z ≳ 2 allow us to examine this con-

nection during the early stages of cluster assembly (e.g.,

R. A. Overzier 2016; Y.-K. Chiang et al. 2017; S. Alberts

& A. Noble 2022; E. A. Shah et al. 2025). At this epoch,

protostructures are still assembling, with their galaxy

populations showing enhanced star formation and stel-

lar mass growth (e.g., P. Staab et al. 2024), a greater

relative abundance of massive galaxies (e.g., B. Forrest

et al. 2024a; B. Forrest et al. 2025; D. Sikorski et al.

2026), and elevated rates of galaxy interactions (e.g., F.

Giddings et al. 2026) compared to field galaxies at the

same epoch. These conditions make protostructures im-

portant environments for investigating the connection

between supermassive black hole (SMBH) growth and

the assembly of large-scale structure.

X-ray observations trace actively accreting SMBHs,

including AGN whose emission may be obscured at op-

tical wavelengths (e.g., R. C. Hickox & D. M. Alexander

2018). While X-ray surveys can miss highly obscured

AGN, sources with X-ray emission below the detection

threshold, and some radiatively inefficient AGN that

may be identified through radio emission (e.g., R. C.

Hickox et al. 2009), the extensive Chandra coverage of

the COSMOS field to moderate depths provides a well-

characterized catalog of 4016 X-ray sources, enabling a

consistent comparison of X-ray-selected AGN between

protoclusters and the coeval field (S. Marchesi et al.

2016; F. Civano et al. 2016).

This relationship between AGN activity and varying

environments has been studied in low-redshift (z ≲ 0.30)

galaxy clusters, where luminous AGN were found to be

less common in dense environments compared to the

field (P. Popesso & A. Biviano 2006). At intermediate

redshifts (z ∼ 1), X-ray studies suggest a more complex

relationship, with AGN being found outside the dens-

est cluster environments (D. D. Kocevski et al. 2009)

with evidence for a variety of triggering mechanisms

(N. Rumbaugh et al. 2017). At even higher redshifts

(z ∼ 1−3), radio-selected AGN can be reliable signposts

of galaxy overdensities, with surveys such as CARLA

and COBRA identifying galaxy protoclusters using ra-

dio AGN as tracers (N. A. Hatch et al. 2013; D. Wyleza-

lek et al. 2013; R. Paterno-Mahler et al. 2017). At z ≥ 2,

the relationship between X-ray AGN activity and envi-

ronment remains less certain. Studies of individual pro-

tostructures have found enhanced X-ray AGN fractions

relative to the field, including Spiderweb at z = 2.16 (P.

Tozzi et al. 2022), HS 1700+64 at z = 2.30 (J. A. Digby-

North et al. 2010), SSA22 at z = 3.09 (B. D. Lehmer

et al. 2009), and MQN01 at z ∼ 3.25 (A. Travascio et al.

2025), although other studies find no signs of enhance-

ment (M. Macuga et al. 2019). More recently, statistical

studies across samples of high-redshift protostructures

have also found evidence for enhanced AGN activity in

dense environments (E. A. Shah et al. 2025; M. N. Isla

Llave et al. 2026).

In this study, we focus on the Hyperion proto-

supercluster in the COSMOS field (N. Scoville et al.

2007) at z ≈ 2.5, corresponding to a lookback time

of approximately 11.15 billion years. Although smaller

components of the structure were identified in earlier

studies (C. Diener et al. 2015; Y.-K. Chiang et al. 2015;

C. Casey et al. 2015; K.-G. Lee et al. 2016; T. Wang

et al. 2016), O. Cucciati et al. (2018) connected these

overdensities into a proto-supercluster, estimating a to-

tal mass of ∼ 4.8× 1015M⊙ and identifying seven over-

dense peaks. More recent mapping of Hyperion using an

expanded spectroscopic and photometric data set has

refined the extent and properties of the structure (D.

Sikorski et al. 2026). As one of the most massive known

protostructures, Hyperion provides an opportunity to

study AGN activity across a wide range of local over-

densities.

We use the multiwavelength photometric, spectro-

scopic, HST -grism, and X-ray observations available in

the COSMOS field (B. Forrest et al. 2024b; B. Forrest

et al. 2025) to compare the X-ray AGN activity in Hype-

rion to a coeval field sample. We account for host-galaxy

stellar mass using spectral energy distribution (SED) fit-

ting and a common stellar mass cut, while propagating
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redshift uncertainties through Monte Carlo realizations.

To determine whether X-ray AGN activity is associated

with the local environment during the early stages of

cluster assembly, we compare the X-ray AGN fraction

between the field, Hyperion as a whole, its highly over-

dense peaks, and its lower-density outskirts.

The remainder of this paper is organized as follows.

In Section 2 we describe the photometric, spectroscopic,

and X-ray data used in this study. In Section 3 we

describe the identification of X-ray AGN, environmen-

tal classification, MC analysis, SED fitting, and AGN

fraction measurements. We present our results in Sec-

tion 4 and discuss their details in Section 5. Through-

out this work, we assume a ΛCDM cosmology with

H0 = 70 km s−1 Mpc−1, ΩΛ = 0.73, and Ωm = 0.27.

2. PHOTOMETRIC AND SPECTROSCOPIC DATA

To derive the properties of our AGN host galaxies, we

perform robust SED fitting with LePHARE using pho-

tometry from the COSMOS2020 Classic Catalog v7.0

(J. R. Weaver et al. 2022), which provides far-ultraviolet

to mid-infrared photometry for approximately 1.7 mil-

lion sources across ∼ 2 deg2 of the COSMOS field. The

catalog also provides photometric redshifts with a typ-

ical precision of ∼ 0.01(1 + z) for i < 22.5 and better

than 0.025(1 + z) for i < 25. To improve redshift accu-

racy, we include spectroscopic redshifts compiled by the

C3VO collaboration (B. C. Lemaux et al. 2022; B. For-

rest et al. 2024a), supplemented by spectroscopy from

LATIS (A. B. Newman et al. 2020), CLAMATO (B.

Horowitz et al. 2022), MOSDEF (M. Kriek et al. 2015),

and additional surveys, as well as HST -grism redshifts

from the HST -Hyperion survey (B. Forrest et al. 2025).

Redshift quality flags are used to determine whether a

spectroscopic, grism, or photometric redshift is assigned

to a particular source in our MC analysis (Section 3.3).

Redshift quality flag and reliability assessment descrip-

tions are available in B. C. Lemaux et al. (2022) and B.

Forrest et al. (2025) for the grism sources.

To define the galaxy population we will use to mea-

sure the AGN fraction across different environments,

we construct a parent galaxy sample from sources with

COSMOS2020 photometry following the spatial and

IRAC magnitude selection of D. Sikorski et al. (2026).

This selection provides a stellar mass-limited sample to

log(M⋆/M⊙) ≥ 10 across the Hyperion region and sur-

rounding field. Across the MC realizations, the result-

ing parent catalog contains an average of approximately

8,223 sources, including 6,992 (85.0%) with photomet-

ric redshifts, 1,085 (13.2%) with spectroscopic redshifts,

and 146 (1.8%) with HST grism redshifts. Hyperion

and coeval field galaxies are identified from this parent

sample as described in Section 3.

X-ray AGN in this study were identified using the

Chandra COSMOS-Legacy Survey catalog (S. Marchesi

et al. 2016), which combines new and archival Chandra

observations covering 2.2 deg2 of the COSMOS field. Ef-

fective exposures are ∼ 160 ks over the central 1.5 deg2

and ∼ 80 ks over the remaining area, with a limiting full-

band (0.5 − 10 keV) flux of 8.9 × 10−16 erg cm−2 s−1

(F. Civano et al. 2016). The X-ray luminosities used

throughout this study are not corrected for internal ab-

sorption. The COSMOS-Legacy catalog provides ab-

sorption corrections based on catalog redshifts, which

may differ from those adopted in our analysis to recal-

culate full-band X-ray luminosities (Section 3.3).

3. METHODS

3.1. X-ray Matching and AGN Identification

We identified X-ray AGN using the Chandra

COSMOS-Legacy Survey optical/IR counterparts

matched by S. Marchesi et al. (2016). These counter-

parts were cross-matched to our COSMOS2020-based

master spectroscopic and photometric catalog. Of the

4016 X-ray sources in the Chandra COSMOS-Legacy

catalog, 3582 (89.2%) had corresponding sources in our

master catalog. Unmatched X-ray sources may have

ambiguous or undetected optical/IR counterparts, par-

ticularly if highly obscured, or may have counterparts

identified by S. Marchesi et al. (2016) that are absent

from our catalog due to its more restrictive source se-

lection criteria. We visually inspected the optical/near-

infrared (NIR) counterparts of X-ray sources frequently

selected across the MC realizations to assess identifica-

tion reliability.

After recalculating the full-band X-ray luminosities

using the redshift assigned in each MC realization (Sec-

tion 3.3), we found that the X-ray sources in the Hyper-

ion and coeval field samples spanned log(LX/erg s
−1) =

43.17− 44.85 across the realizations. All sources, there-

fore, remained within the luminosity regime where X-ray

emission is expected to be dominated by SMBH accre-

tion rather than stellar processes (R. C. Hickox & D. M.

Alexander 2018), and their classification as X-ray AGN

did not change between realizations.

3.2. Environment Classification

Because high-redshift protostructures have not yet

virialized, their density distributions are inhomogeneous

and contain highly overdense peaks surrounded by re-

gions of more moderate density. We therefore character-

ized the galaxy environment using the underlying galaxy

overdensity field. We determined the galaxy environ-
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ments using the Voronoi Monte Carlo (VMC) mapping

technique described in detail by B. C. Lemaux et al.

(2022) and D. Sikorski et al. (2026). Briefly, the VMC

maps used available photometric and spectroscopic red-

shift information to statistically reconstruct the three-

dimensional distribution of galaxies. Within overlap-

ping redshift slices, a Voronoi tessellation divided the

two-dimensional projected sky plane into cells surround-

ing each galaxy, with smaller cells corresponding to re-

gions of higher galaxy density. For each redshift slice,

we generated 100 MC realizations incorporating the in-

dividual galaxy redshift uncertainties, and the resulting

maps were combined across redshift slices to construct a

three-dimensional density cube. These realizations con-

structed the published VMC density maps and are dis-

tinct from those used to propagate redshift uncertainties

in our analysis (Section 3.3). Rather than using galaxy

density directly, we characterized environment using the

galaxy overdensity relative to the background density at

each redshift, expressed as a significance, nσ (O. Cuc-

ciati et al. 2018; D. Hung et al. 2025; D. Sikorski et al.

2026).

Following D. Sikorski et al. (2026), we identified pro-

tostructures as contiguous regions with nσ ≥ 2.5, con-

taining at least one overdense peak (nσ ≥ 4) and an

enclosed mass of Mtot ≥ 1013 M⊙. Within each proto-

structure, peaks were defined as contiguous sets of vox-

els with nσ ≥ 4, while the remaining connected voxels

(2.5 ≤ nσ < 4) were classified as outskirts.

Galaxies were assigned to Hyperion based on their red-

shift, sky position, and the corresponding environment

classification from the VMC map. The Hyperion sam-

ple was further divided into galaxies residing within the

overdense peaks and those in the protostructure out-

skirts. We selected a coeval field sample from galaxies

within the same right ascension and declination bound-

aries as Hyperion but lying in the foreground (2.15 ≤
z ≤ 2.25) and background (2.80 ≤ z ≤ 2.90) redshift

intervals. Restricting both samples to the same angu-

lar footprint helps ensure similar spectroscopic sampling

and spectroscopic redshift fractions, while the field red-

shift intervals bracket Hyperion to minimize differences

in cosmic time and reduce the likelihood that galaxies

are scattered between the Hyperion and field samples

by redshift uncertainties (D. Sikorski et al. 2026). Field

membership was determined by whether a galaxy was

associated with an identified protostructure, rather than

by its local nσ value. Thus, locally overdense galaxies

(nσ ≥ 2.5) could remain in the field sample if they were

not members of an identified structure. However, only

(1.8+0.2
−0.2%) of field galaxies were found at nσ ≥ 2.5 across

the MC realizations. The resulting Hyperion and field

Figure 1. Distribution of galaxies in redshift and overden-
sity (nσ) space, using the best available catalog redshift for
each galaxy. Galaxies assigned to Hyperion are marked in
pink, with corresponding X-ray-identified AGN marked in
red. Field galaxies are marked in light blue with correspond-
ing X-ray-identified AGN marked in blue. Unused galaxies
are marked in gray (including galaxies outside of the over-
density or redshift range for Hyperion and the field sample).

samples are shown as a function of redshift and local

overdensity in Figure 1, with X-ray sources indicated by

larger and darker points.

3.3. Monte Carlo Analysis and AGN Fraction

Measurements

To propagate redshift uncertainties throughout the

analysis, the AGN fraction measurements were per-

formed across 100 MC realizations of the galaxy cat-

alog. In each realization, a redshift was assigned to each

galaxy using the available spectroscopic, HST -grism,

and/or COSMOS2020 photometric redshift information.
Spectroscopic and grism redshift measurements were as-

signed according to the reliabilities associated with their

quality flags, as described in Section 2. When neither

measurement was selected, or when no spectroscopic or

grism redshift was available, a redshift was randomly

sampled from the COSMOS2020 photometric redshift

probability distribution (J. R. Weaver et al. 2022).

For each MC realization, we fit the 35-band COS-

MOS2020 photometry at each galaxy’s assigned redshift

using LePhare (S. Arnouts et al. 1999; O. Ilbert et al.

2006) and galaxy templates based on the stellar popula-

tion models of G. Bruzual & S. Charlot (2003), following

D. Sikorski et al. (2026). This generated a unique cata-

log of derived galaxy properties for each realization.

Because the redshift assigned to an X-ray source could

differ from its catalog redshift, we recalculated the full-

band X-ray luminosity in each realization using the cor-
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responding luminosity-distance ratio and a k-correction

assuming Γ = 1.4, consistent with S. Marchesi et al.

(2016). Across the MC realizations, an average of 52.6%

of X-ray sources had |∆z| > 0.1 relative to the redshift

adopted in the Chandra COSMOS-Legacy catalog, with

a median |∆z| = 0.40 for these sources.

Because absorption corrections from S. Marchesi et al.

(2016) were modeled using the Chandra COSMOS-

Legacy catalog redshifts, we did not apply them to

our recalculated luminosities and instead left luminosi-

ties as absorption-uncorrected values. We found that

62.2% of Hyperion and 54.9% of field X-ray AGN had

catalog-reported absorption correction factors or upper

bounds that differed from 1. Among these sources,

the mean absorption corrections were comparable be-

tween Hyperion and the field, corresponding to lumi-

nosity increases of approximately 25% in both envi-

ronments. Kolmogorov-Smirnov (KS) and Anderson-

Darling (AD) tests returned no statistically significant

differences in the absorption-correction distributions be-

tween the samples across the MC realizations. We

also compared their hardness-ratio distributions as a

model-independent test of obscuration, adopting limits

for 15.4% and 28.1% of Hyperion and field sources, re-

spectively. KS and AD tests again found no statistically

significant differences. Although these comparisons can-

not rule out differences in highly obscured AGN, the

broadly consistent obscuration properties among X-ray-

detected sources suggest that our relative comparisons

of absorption-uncorrected luminosities would likely re-

main similar if absorption corrections were applied (i.e.,

neither sample appears more obscured, at least among

the X-ray-detected AGN).

Because AGN activity depends strongly on host-

galaxy stellar mass (G. Kauffmann et al. 2003; J. Aird

et al. 2019), both the Hyperion and coeval field samples

were restricted to galaxies with log(M⋆/M⊙) ≥ 10. We

applied this stellar mass cut in each MC realization us-

ing the stellar mass derived from that realization’s SED

fit. Applying the same stellar mass limit to both samples

reduced the possibility that differences in AGN fraction

were driven by differences in the underlying stellar mass

distributions rather than environment. As shown in Sec-

tion 4, we found no statistically significant difference be-

tween the stellar mass distributions of the Hyperion and

coeval field samples.

To measure a local nσ value, we mapped the assigned

MC redshift and sky position of each galaxy into the

VMC density cube. Galaxies were assigned to the Hy-

perion, coeval field, peak, or outskirt samples using the

environmental definitions described in Section 3.2. Af-

ter applying the stellar mass selection, we calculated the

X-ray AGN fraction independently in each MC realiza-

tion as the ratio of X-ray AGN to the total number of

galaxies in the sample following E. A. Shah et al. (2025).

We adopted the median AGN fraction across 100 MC

realizations, with MC uncertainties determined from the

16th and 84th percentiles of the AGN fraction distribu-

tion. We then combined these uncertainties in quadra-

ture with the uncertainty from the finite number of

AGN, calculated assuming binomial statistics following

E. Cameron (2011). The AGN enhancement was cal-

culated as the ratio of the median AGN fraction mea-

sured in each Hyperion environment to that of the coeval

field. We propagated the corresponding upper and lower

uncertainties on the Hyperion and field AGN fractions

through this ratio to determine the uncertainty on the

enhancement.

4. RESULTS

The X-ray AGN fractions measured for each environ-

ment are presented in Figure 2 and summarized in Ta-

ble 1. The coeval field has an X-ray AGN fraction of

3.2+0.6
−0.5%. In contrast, the full Hyperion sample has an

AGN fraction of 7.4+3.2
−1.8%, a factor of 2.3+1.1

−0.7 higher than

the field.

Notably, the enhanced AGN activity is not distributed

uniformly throughout Hyperion. Galaxies in the out-

skirts have an AGN fraction of 2.1+3.6
−1.1%, consistent

with the coeval field. In contrast, galaxies located in

the dense Hyperion peaks have an AGN fraction of

12.3+5.5
−3.4%, a factor of 3.8+1.8

−1.3 higher than the field and

a 2.6σ difference. These results suggest that the en-

hanced AGN activity is concentrated in the highest-

density regions of the protostructure rather than uni-

formly throughout Hyperion.

To investigate which Hyperion peaks contribute to the

enhanced AGN activity and whether the AGN fraction

varies with peak mass, we compare the individual peaks

hosting X-ray AGN and the combined more massive and

less massive peak populations in Figure 3, using the peak

assignments and masses of D. Sikorski et al. (2026). In

the individual peak comparison, we find that Peak 2 has

the highest AGN fraction at 33.3+17.9
−11.8%, while Peaks 1,

3, and 6 have AGN fractions of 10.5+11.1
−3.6 %, 7.7+14.0

−2.6 %,

and 14.3+21.5
−6.1 %, respectively. When grouped by peak

mass, the three most massive peaks (Peaks 1–3) have

a combined AGN fraction of 15.0+6.9
−4.4%, compared with

6.2+11.9
−2.1 % for the less massive peaks (Peaks 4–7). Al-

though the measured AGN fraction is higher in the

more massive peaks, the large uncertainties, particularly

among the less massive peaks, limit our ability to deter-

mine whether the X-ray AGN fraction depends on peak

mass.
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Table 1. X-ray AGN fractions across the Hyperion environments and coeval field. Galaxy and X-ray AGN counts represent the
median values across the Monte Carlo realizations, with uncertainties combining the 16th and 84th percentile MC variations and
Poisson counting uncertainties in quadrature. AGN fraction uncertainties combine MC variations and binomial uncertainties
following E. Cameron (2011) in quadrature.

Environment Ngal X-ray AGN AGN fraction Enhancement

Field 1510+49
−51 49+9

−9 3.2+0.6
−0.5% −

Hyperion (nσ ≥ 2.5) 121+13
−12 9+4

−3 7.4+3.2
−1.8% 2.3+1.1

−0.7

Outskirts (2.5 ≤ nσ < 4.0) 63+10
−9 1+3

−1 2.1+3.6
−1.1% 0.6+1.1

−0.4

Peaks (nσ ≥ 4.0) 58+9
−8 7+4

−3 12.3+5.5
−3.4% 3.8+1.8

−1.3

Figure 2. X-ray AGN fraction (in %) as a function of lo-
cal overdensity in the Hyperion proto-supercluster and co-
eval field. The galaxy population is divided into three en-
vironments: the coeval field (blue), the Hyperion outskirts
(2.5 ≤ nσ < 4; green), and the dense Hyperion peaks
(nσ ≥ 4; red). Error bars represent the total uncertain-
ties on the AGN fractions, combining the Monte Carlo re-
alizations and Bayesian binomial confidence intervals. The
highest X-ray AGN fraction is observed in the dense Hyper-
ion peaks, while the outskirts are consistent with the coeval
field within the uncertainties.

Because AGN incidence depends strongly on host-

galaxy stellar mass, we examined whether differences

in the stellar mass distributions of Hyperion and the co-

eval field could contribute to the observed environmen-

tal trends, despite the imposition of a stellar mass cut.

Figure 4 compares the stellar mass distributions of the

mass-selected galaxy populations and X-ray AGN hosts,

as well as the full-band absorption-uncorrected X-ray

luminosity distributions of the AGN. Two-sample KS

tests were performed independently for each of the 100

MC realizations. We find median values of D = 0.094

and p = 0.236 for the full galaxy samples, D = 0.222

and p = 0.784 for the X-ray AGN host masses, and

D = 0.319 and p = 0.364 for the full-band X-ray lu-

minosities. AD tests on the stellar-mass distributions

show consistent results, with median A2 = 0.907 and

p = 0.136 for the stellar-mass distribution of the full

galaxy samples and A2 = −0.683 and p = 0.750 for

the stellar-mass distribution of the X-ray AGN hosts.

Neither test provides evidence that the stellar mass dis-

tributions differ significantly between Hyperion and the

field, although the small number of X-ray AGN limits

the statistical power of these comparisons.

5. DISCUSSION AND CONCLUSIONS

We find an enhanced AGN fraction within Hyperion

relative to the coeval field at z ≈ 2.5. This enhancement

is concentrated in the densest regions, with the highly

overdense peaks exhibiting an enhanced AGN fraction

relative to the field while the lower-density outskirts are

consistent with the field. This suggests that local en-

vironmental conditions within Hyperion may promote

SMBH accretion during the early stages of cluster for-

mation.

As discussed in Section 1, studies of low-redshift

galaxy clusters find AGN to be less common in dense

environments than in the field (e.g., P. Popesso & A.

Biviano 2006), while studies at z ∼ 1 find AGN out-

side the densest cluster environments (e.g., D. D. Ko-

cevski et al. 2009). At higher redshifts (z > 2), studies

of AGN activity in protostructures remain limited, but

enhanced AGN fractions have been found in individual

systems (B. D. Lehmer et al. 2009; J. A. Digby-North

et al. 2010; P. Tozzi et al. 2022; A. Travascio et al.

2025) and statistical samples (E. A. Shah et al. 2025;

M. N. Isla Llave et al. 2026). Specifically, the 2.3+1.1
−0.7

times higher X-ray AGN fraction in Hyperion is consis-

tent with the 2.4+1.9
−1.1 enhancement found by M. N. Isla

Llave et al. (2026) for X-ray AGN in Hyperion among

submillimeter-selected galaxies. Despite the different

galaxy selections, both studies also find no significant

differences in the stellar-mass distributions of galaxies

or AGN hosts between protostructures and the field,

suggesting that stellar mass alone cannot explain the

enhancement.

Although the peaks represent the most overdense re-

gions of Hyperion, they are considerably less dense than

evolved galaxy clusters at z ∼ 1, and especially those

at z ∼ 0. These regions are more comparable to group-
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Figure 3. X-ray AGN fraction as a function of peak mass for the Hyperion density peaks. Individual points are shown for
the four peaks that host X-ray AGN (Peaks 1, 2, 3, and 6). We find X-ray AGN fractions of 10.5+11.1

−3.6 % (2.0/18.7) in Peak 1,
33.3+17.9

−11.8% (3.0/8.9) in Peak 2, 7.7+14.0
−2.6 % (1.1/13.4) in Peak 3, and 14.3+21.5

−6.1 % (1.0/7.2) in Peak 6. The values in parentheses
give the mean NAGN/Ngal across the Monte Carlo realizations. Peak masses are taken from D. Sikorski et al. (2026). The size
of each point scales with the mean number of total galaxies identified in that peak or peak-mass group across the Monte Carlo
realizations. The more massive peaks are Peaks 1–3 with Mpeak = 0.88–2.02× 1014 M⊙, while the less massive peaks are Peaks
4–7 with Mpeak = 0.13–0.48 × 1014 M⊙. For the two mass groups, the AGN fraction is calculated from the total number of
X-ray AGN and galaxies across the included peaks in each Monte Carlo realization, and the point is placed at the mean peak
mass of the group. The uncertainty in the mass of each peak is ∼ 0.25 dex (P. Staab et al. 2024). The dashed line and shaded
region show the coeval field AGN fraction and its uncertainty.

Figure 4. Cumulative distributions of stellar mass (left), X-ray AGN host stellar mass (middle), and full-band (0.5− 10 keV)
X-ray luminosity (right) for the Hyperion and coeval field samples. Two-sample KS tests across the 100 Monte Carlo realizations
give median p-values of 0.236, 0.784, and 0.364, respectively. We find no statistically significant differences between the Hyperion
and coeval field distributions in any of the three comparisons.

like environments, where galaxy mergers and tidal in-

teractions may be more effective at triggering star for-

mation and AGN activity (D. D. Kocevski et al. 2009;

N. Rumbaugh et al. 2017). Studies of Hyperion sup-

port this enhanced galaxy growth. Sikorski et al. in

prep. find higher star formation rates (SFRs) for Hype-
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rion members relative to the coeval field at fixed stellar

mass, suggesting that the elevated star formation can-

not be explained solely by the presence of more massive

galaxies within the proto-supercluster. This star for-

mation is specifically elevated in the Hyperion peaks,

which show an order of magnitude increase in the SFR

density relative to lower-density environments. Galaxy

interactions may contribute to this enhanced activity.

In the z ∼ 0.9 Cl1604 supercluster, a majority of X-ray

AGN hosts show evidence of recent or ongoing inter-

actions, consistent with observations where interactions

contribute to triggering AGN activity at z ∼ 1 (D. D.

Kocevski et al. 2009; P. Martini et al. 2013). Interactions

may also be important in Hyperion, where galaxies have

close kinematic companions ≳ 2.5 times more frequently

than coeval field galaxies (F. Giddings et al. 2026). The

elevated interaction rate in Hyperion may contribute to

its enhanced AGN activity, potentially with a delay be-

tween interactions and SMBH fueling that allows ac-

cretion to continue after merger signatures fade (P. F.

Hopkins et al. 2008).

However, this rapid growth may begin to change in

the highest-density regions. G. Gururajan et al. (2025)

find increasing SFRs but decreasing molecular gas frac-

tions and depletion timescales toward higher densities

at the ∼ 2σ level, suggesting rapid galaxy evolution

in the densest regions. At the same time, SFRs are

highest in the peaks across much of the stellar-mass

range but begin to decline above log(M⋆/M⊙) ∼ 10.5

(Sikorski et al. in prep.). The X-ray AGN we identify

in Hyperion occupy this higher-mass regime (10.25 ≲
log(M⋆/M⊙) ≲ 11.1) and are preferentially found within

the high-density peaks. Enhanced SMBH growth may

therefore be occurring alongside declining star formation

in the most massive peak galaxies, perhaps suggesting

some causal connection. Massive quiescent galaxies have

also been identified within dense environments in other

high-redshift protostructures (K. Ito et al. 2023; I. Mc-

Conachie et al. 2025a,b).

Several processes could contribute to this transition

during the evolution of Hyperion. The shorter gas deple-

tion timescales observed in the denser environments (G.

Gururajan et al. 2025) suggest that rapid gas consump-

tion may limit the fuel available for star formation, and

changes in the surrounding environment could decrease

the supply of cold gas. Detections of hot intracluster gas

in forming clusters at z > 2 also show that a hot gaseous

medium can develop early in cluster assembly through a

combination of gravitational heating and AGN feedback

(R. Gobat et al. 2011; T. Wang et al. 2016, 2018; L. Di

Mascolo et al. 2023; D. Zhou et al. 2026). AGN feedback

could also expel gas, although our observations do not

establish that AGN activity causes the suppressed star

formation observed among the most massive peak galax-

ies. Hyperion may therefore be observed during a tran-

sitional period where rapid star formation and SMBH

growth are still occurring while some of the more mas-

sive galaxies begin to show quenching and suppressed

star formation.

Future work is needed to connect these processes.

Analysis of close kinematic companions and the mor-

phologies of the X-ray AGN hosts will help test whether

AGN activity is associated with galaxy interactions. Ad-

ditionally, extending this analysis to more systems, such

as those identified by D. Hung et al. (2025), and incor-

porating broader AGN selection methods, will enable

more robust measurements of environmental trends and

place stronger constraints on AGN activity across dif-

ferent environments at high redshift.
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