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ABSTRACT

The cosmic star formation rate density, molecular gas density, and active galactic nucleus (AGN) activity of the Universe peak at
z ~ 2-3, demonstrating the Universe is most active at this epoch. The nature of the galaxies at these redshifts and their properties as a
function of their environment are particularly interesting with respect to our understanding of the mechanisms driving their star forma-
tion and quenching. At z ~ 2.5, the massive (~4.8 x 10'> M) proto-supercluster Hyperion, consisting of seven groups and peaks and
extending over a co-moving volume of 60x60x 150 Mpc?, is an excellent laboratory for probing the properties and evolution of galax-
ies as a function of their environments. We used a large compilation of photometric (optical to radio wavelengths, COSM0S2020,
COSMOS-Super-deblended, and A3COSMOS), and spectroscopic (C3VO, HST-Hyperion, VUDS, zCOSMOS, DEIMOS10K, and
MAGAZ3NE) data to assign membership and study the relation between the local environment and the molecular gas mass, the star-
formation rate (SFR), gas depletion timescales, and quenching mechanisms. We find that the depletion timescales and the molecular
gas fractions decrease and SFR increases in denser environments at the ~20- level, suggesting accelerated evolution in the densest re-
gions of this proto-supercluster resulting from gas stripping, over-consumption, and/or cessation of cold flows. Dedicated observations
at sub-millimeter (sub-mm) wavelengths will enable further spectroscopic confirmations and better coverage at these wavelengths,

thereby offering more conclusive results on the environmental implications on gas reservoirs of galaxies in Hyperion.
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1. Introduction

The environment at which a galaxy resides plays an impor-
tant role in its evolution through cosmic time. In the Local
Universe, galaxies residing at very dense environments (e.g.
in the cores of galaxy cluster) tend to be massive and quies-
cent or passive (e.g. Dressler 1980, 1984; Lewis et al. 2002;
Peng et al. 2012). Moreover, nearly 25% of the massive galax-

* Corresponding author: ggururaj@sissa.it

ies (log(M./Mg) 2 9, up to z ~ 1.5) are found to be in
clusters or galaxy groups (e.g. Gerke et al. 2012; Tempel et al.
2016; Boselli et al. 2022). Such massive galaxies in dense envi-
ronments usually have very low star formation rates (SFRs,
Goémez et al. 2003; von der Linden et al. 2010; Muzzin et al.
2012; Tomczak et al. 2019; Old et al. 2020), low molecular gas
content (e.g. Fumagalli et al. 2009; Boselli & Gavazzi 2014),
and tend to show signatures of recent quenching events
(e.g. Tranetal. 2003; Wuetal. 2014; Lemauxetal. 2017;
Socolovsky et al. 2018; Owers et al. 2019; Paccagnella et al.
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2019). The large number of massive galaxies found in these clus-
ters also suggests that the build-up of stellar mass must have been
quite rapid, either due to external processes such as mergers or
due to a large amount of molecular gas present in them at earlier
epochs. In contrast, at certain redshifts (z ~ 1.5), some studies
have reported a population of star-forming, blue galaxies in the
less dense environments of the cluster; whereas the cluster cen-
tre is still dominated by red, passive galaxies (e.g. Scoville et al.
2007; McGee et al. 2011; Muzzin et al. 2012; Newman et al.
2014; Strazzullo et al. 2013, 2019). Thus, to understand the evo-
lution of galaxies shaped by their environment, the rapid mass
build-up they undergo, and the quenching mechanisms at play,
we need to study these overdense structures at higher redshifts.

Proto-clusters of galaxies at high z (z > 1.5) are the pro-
genitors of the galaxy clusters seen at the current epochs,
spanning several tens of co-moving megaparsecs. By defi-
nition, they should collapse into a galaxy cluster by z =0
(e.g. Overzier 2016). Proto-clusters of galaxies can be identi-
fied by various tracers such as an excess of star-forming galax-
ies (e.g. Steidel et al. 2000; Ouchi et al. 2005; Lemaux et al.
2009; Capaketal. 2011); Lyman-alpha emitters (LAEs; e.g.
Toshikawa et al. 2014, 2016, 2018, 2020; Dey et al. 2016) or
other line emitters (e.g. Forrestetal. 2017; Shimakawa et al.
2018; Jinetal. 2021); Sub-millimeter galaxies (SMGs, e.g.
Casey et al. 2015; Smolci¢ et al. 2017b; Greenslade et al. 2018;
Lewis et al. 2018; Oteo et al. 2018; Long et al. 2020; Hill et al.
2020; Zhangetal. 2024); or by X-ray emissions (e.g.
Fassbender et al. 2011; Wangetal. 2016) to name a few.
Although, proto-clusters with enhanced quenched fractions are
found in the literature (e.g. McConachie et al. 2022; Ito et al.
2023; Kakimoto et al. 2024), they are often dominated by a
population of star-forming galaxies. From a sample of con-
firmed galaxies residing in environments that spanned more
than an order of magnitude in local density between 2 <
z S 5, including many proto-cluster members, Lemaux et al.
(2022) analysed 7000 spectroscopically confirmed galaxies and
found that the SFR increases at increasing over-densities, the
reverse of the trend observed in the local Universe. Additionally,
proto-clusters with a dominant population of SMGs also host
prodigious SFRs (e.g. Steidel et al. 1998; Chapman et al. 2009;
Dannerbauer et al. 2014; Umehata et al. 2015; Oteo et al. 2018;
Long et al. 2020; Miller et al. 2018; Hill et al. 2020). Proto-
clusters are thus believed to be the drivers of reversal in SFR-
and-over-density relation at high z.

From the perspective of simulations, proto-clusters also host
larger SFRs compared to galaxies in non-cluster-like or dense
environments (hereafter, ‘field’ galaxies, Muldrew et al. 2018).
In addition to their increased SFRs, proto-clusters also have a
larger contribution to the star-formation rate density (SFRD)
at a given redshift than the field galaxies. Chiang et al. (2017)
showed that despite occupying only ~4% in volume at z ~ 4.5,
the corresponding contribution of proto-clusters can be as high
as ~20% to the cosmic SFRD. Such predictions have also been
confirmed at least in one massive proto-cluster at z ~ 4.5
(Lemaux et al. 2018; Staab et al. 2024). Specifically, Staab et al.
(2024) found, using the massive proto-cluster Taralay as a proxy,
that proto-clusters contribute approximately a third of the overall
cosmic SFRD at these redshifts.

To understand the nature and star-formation mechanisms
of member galaxies in proto-clusters, it is important to char-
acterise their molecular gas content (molecular hydrogen),
which is the main fuel of star formation. In addition to
knowing the pathways that lead to increased star-formation
and rapid mass build-up in the member galaxies of a proto-
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cluster, it is also important to understand the role of the
environment in shaping the accretion of gas onto the gas
reservoirs of these galaxies. Galaxies could assemble their
stellar mass by accreting a large amount of molecular gas
(e.g. Dekel et al. 2009; Kleiner et al. 2017; Kretschmer et al.
2020; Chunetal. 2020) or may show an increased effi-
ciency in the star-formation for a given amount of molec-
ular gas (e.g. Tacconietal. 2013; Dessauges-Zavadsky et al.
2015; Béthermin et al. 2015; Aravena et al. 2016). However,
the dominant mechanism in proto-clusters leading to rapid
mass-growth remains an open question. Due to the lack of
a dipole moment of H, for rotational transitions and as the
vibrational transitions of H, are inaccessible at these red-
shifts, the molecular content of proto-cluster galaxies can-
not be directly observed. Therefore, tracers such as emission
lines of CO (e.g. Solomon & Vanden Bout 2005; Bolatto et al.
2013), [CI] (e.g. Keene et al. 1985; Papadopoulos et al. 2004;
Papadopoulos & Greve 2004), or [CII] (e.g. Zanella et al. 2018)
— or the dust continuum emission (e.g. Magdis et al. 2011,
Leroy et al. 2011; Scoville et al. 2014) are commonly used as a
proxy for the molecular gas.

In the recent years, several studies have probed the molec-
ular gas content of galaxies in proto-clusters to understand the
role of the environment in shaping gas reservoirs. Gas reservoirs
are quantified mainly based on the fractional amount of molecu-
lar gas present in a given galaxy, namely, gas fractions, defined
either as foas = Mgas/(Mgas + M..) OF aS plgas = Mga/M.., where
M., is the stellar mass of the galaxy. For local clusters, a deficit in
gas fractions for cluster galaxies in comparison to the field have
been found in the literature (e.g. Fumagalli & Gavazzi 2008;
Corbelli et al. 2012; Morokuma-Matsui et al. 2021). Addition-
ally, a decrease in the gas fractions of member galaxies within a
cluster from less dense or filamentary regions to denser regions
have also been found for local clusters with CO-based gas mass
estimates (e.g. Morokuma-Matsui et al. 2021; Castignani et al.
2022) and dust-continuum derived gas mass estimates (e.g.
Bettiet al. 2019). However, some late-type galaxies in the
centres of clusters are also reported to have higher molecu-
lar gas and longer-depletion timescale (Nakanishi et al. 2006;
Mok et al. 2016). In the case of intermediate redshift clusters
(1 € z £ 2), heterogeneous results have been presented regard-
ing their gas reservoirs. While most studies report similar gas
fractions in clusters and field galaxies (e.g. Hayashi et al. 2018;
Noble et al. 2019; Williams et al. 2022) or increased gas frac-
tions (e.g. Genzel et al. 2015; Tacconi et al. 2018), others have
reported a deficit in gas similar to local clusters (Coogan et al.
2018; Alberts et al. 2022).

Similarly, in the case of proto-clusters at high z (i.e. z >
2), some studies report member galaxies to have similar gas-
fractions to the field galaxies at the given redshift (e.g. Lee et al.
2017; Zavalaet al. 2019; Wang et al. 2018; Champagne et al.
2021; Pérez-Martinez et al. 2025), while others have reported
galaxies with increased gas fractions (e.g. Tadaki et al. 2019;
Go6mez-Guijarro et al. 2019). Such diverse results could arise
from differences in the evolutionary stages of different proto-
clusters at a given redshift (Muldrew et al. 2015), although most
of these studies are limited to small samples of galaxies within a
single proto-cluster. Additionally, differences in the specific trac-
ers used, such as CO and dust, could lead to inconsistencies in
the results as we do not have enough evidence for whether the
gas and dust are affected similarly by the environment. More-
over, studies often target the brightest galaxies within a small
radius, typically near the proto-cluster centre, making it difficult
to understand the effects of different environments. Selection of
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a large galaxy sample in a wide range of over-densities within a
proto-cluster could thus help in further understanding the role of
environment on the gas reservoir.

In this work, we present a sample of galaxies associated
with the proto-supercluster Hyperion (Cucciati et al. 2018). This
structure was identified in the COSMOS-field and the density
map of Hyperion was constructed using Voronoi Monte Carlo
Tesselation by Cucciati et al. (2018). Hyperion spans a volume
of ~60 x 60 X 150 co-moving Mpc? in a redshift range of 2.39 <
7 < 2.54, with an estimated total mass of ~4.8 x 10'> Mg, Hyper-
ion consists of seven over-dense peaks connected by filamentary
regions. These peaks have masses ranging between 0.1-2.7 X
10" My, and Cucciati et al. (2023) have shown that they can
be considered bona fide proto-clusters and proto-groups, based
on the study of simulated Hyperion-like structures, thus making
Hyperion a collection of proto-clusters. This makes Hyperion an
ideal laboratory not only to study galaxy properties as a function
of a wide range of over-densities, but also to study the properties
of these individual peaks and proto-groups and explore whether
they exhibit any differences in their properties amongst the dif-
ferent peaks.

Individual peaks or regions of Hyperion have been stud-
ied previously in the literature (Dieneretal. 2013, 2015;
Casey et al. 2015; Chiang et al. 2014, 2015; Lee et al. 2016;
Wang et al. 2016; Franck & McGaugh 2016; Zavala et al. 2019;
Champagne et al. 2021). One of the peaks was observed with
Atacama large millimeter/sub-millimeter array (ALMA) and
Very large array (VLA), targeting the CO emission lines
(Wang et al. 2018; Champagne et al. 2021). Wang et al. (2018)
also observed this peak with XMM-Newton and Chandra and
discovered the potential presence of a hot-ICM; they concluded
that the peak could already be a cluster at z ~ 2.45. While
Wang et al. (2018) found that gas fractions decrease and star for-
mation efficiencies increase for galaxies towards the cluster cen-
tre (i.e. dense environments), Champagne et al. (2021) presented
a contrasting view on this proto-cluster. The authors concluded
that the X-ray detection was attributed to an inverse-Compton
ghost instead of a hot-ICM and they reported the member galax-
ies as having similar SFEs to the field.

In this paper, we study the member galaxies of Hyperion in
the various peaks and filamentary regions. We combine a sam-
ple of galaxies with secure spectroscopic redshifts and a sample
of galaxies with high quality photometric redshifts to statisti-
cally probe the effect of environment on the molecular gas frac-
tions (igas), gas depletion timescales (Tgep = Mgas/S FR), and
the SFR within Hyperion as a function of the local over-density.
This paper is structured as follows. In Sect. 2, we present the
datasets and catalogues used in this study. In Sect. 3, we present
the spectral energy distribution (SED) fitting to derive the phys-
ical properties of our sample and the statistical treatment of our
sample of galaxies with photometric redshifts (photo-z sample).
Our results are presented in Sect. 4 and the discussions of our
results are presented in Sect. 5. Finally, we summarise the results
and present the conclusions of this work in Sect. 6. Through-
out this paper, we adopted a ACDM cosmology with Q,, = 0.3,
Qu =0.7,and Hy = 70 km s~ Mpc~!, with an initial mass func-
tion (IMF) drawn from Chabrier (2003).

2. Sample selection and data availability

In this paper, we study the member galaxies of the proto-
supercluster Hyperion (Cucciati et al. 2018). Hyperion falls
within the Cosmic Evolution Survey (COSMOS, Scoville et al.

2007) field, in the range of 149.6-150.52° in right ascension
(RA) and 1.74-2.73° in declination (Dec) and over a redshift
range of 2.39 < z < 2.54. The COSMOS field (~2 deg?) has
unprecedented depth and multi-wavelength coverage from X-
rays (Elvis et al. 2009; Civano et al. 2012; Marchesi et al. 2016),
ultraviolet (UV, Zamojski et al. 2007), optical (Capak et al.
2007; Leauthaud etal. 2007; Taniguchietal. 2007, 2015;

Muzzin et al. 2013), near-infrared (NIR, McCracken et al.
2010, 2012), mid-infrared (mid-IR, Sandersetal. 2007;
Le Floc’h etal. 2009), far-infrared (FIR, Lutzetal. 2011;

Oliver et al. 2012), sub-millimeter (sub-mm,Geach et al. 2017),
millimeter (Bertoldi et al. 2007; Aretxaga et al. 2011) to radio
(Schinnerer et al. 2010; Smolci¢ et al. 2017a). We took advan-
tage of the available multiwavelength photometric data in the
COSMOS-field to study the properties of galaxies in Hyperion.

2.1. Parent photometric catalogue: COSMOS2020

Publicly available photometric catalogues in the COSMOS field
with photometric coverage from UV to mid-IR (COSMOS2007,
Capak et al. 2007; COSMOS2015, Laigle etal. 2016; COS-
MOS2020, Weaver et al. 2022) have become progressively
deeper and larger over the years. In this work, we use the newest
available version: COSMOS2020 (henceforth, C20), which cov-
ers 40 photometric bands, down to a magnitude limit of 25.7
in IRAC channel 1 (Weaver et al. 2022). Wavelength coverage
of C20 includes near-UV (NUV) and far-UV (FUV) observa-
tions from Galaxy Evolution Explorer (GALEX), optical cov-
erage of g, 1 i, z ¥y bands with Subaru Hyper Suprime-Cam
along with broad, narrow, and intermediate bands, Hubble Space
Telescope (HST) ACS F814W imaging (Koekemoer et al. 2007),
NIR bands Y, J, H, K from VISTA, and mid-IR from Spizzer-
IRAC channels 1, 2, 3, and 4. In this paper, we adopted the
FARMER version, based on the Tractor source profile fitting tool
(Lang et al. 2016), of the C20 catalogue as our primary photo-
metric catalogue. We applied the galactic extinction corrections
from Schlafly & Finkbeiner (2011), as given in the C20 cata-
logue.

2.2. Other photometric catalogues

In addition to the UV to mid-IR coverage of the C20 catalogue,
observations in the FIR, sub-mm, and radio are also available in
the COSMOS field. The super-deblended photometric catalogue
(Jin et al. 2018) compiles the photometric data from far-infrared
to sub-millimetric bands from PACS (100 pm and 160 pm)
and SPIRE (250 wm, 350 pm, and 500 um) on Herschel space
telescope, SCUBA2 (850 um) and AzTEC (1.1 mm) on James
Clark Maxwell telescope, and MAMBO (1.2mm) on IRAM
30 m telescope. The super-deblended catalogue provides point
spread function photometric fluxes in the FIR/sub-mm bands
by de-blending the sources using deep MIPS-24 um images and
1.4 GHz (Schinnerer et al. 2010) or 3 GHz (Smol¢i¢ et al. 2017a)
VLA observations or K band observations from the UltraVISTA
catalogues.

The Automated Mining of the ALMA Archive in the COS-
MOS Field (A’COSMOS, Liu et al. 2019a) catalogue provides
ALMA sub-mm continuum photometric data. The A3COSMOS
catalogue provides fluxes of galaxies observed in ALMA bands
through targeted and serendipitous detections in the COSMOS-
field. In this work, we use the ‘prior’ catalogue of A*COSMOS,
where the sources are extracted with priors from the UV/optical
catalogues in the COSMOS field.
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2.3. Combining the photometric catalogues in the COSMOS
field

The three photometric catalogues put together give us a wave-
length coverage from UV to radio, which is essential to recover
galaxy properties. To identify the counterparts of the C20
galaxies in the Herschel super-deblended catalogue and in
A3COSMOS, we need to identify an angular separation within
which a true match can be found. We began by matching the
galaxies in a sufficiently large radius (~2 arcsec) and found the
local minimum in the distribution of the number of matches
between the two catalogues as a function of the angular sep-
aration. The local minimum angular separation can be a good
indication of the matching radius to employ while matching
the catalogues (a similar technique was used in e.g. Staab et al.
2024 and Forrest et al. 2024). Radii larger than the local min-
ima are likely to be contaminated with false matches. In the
case of matches between C20 and Herschel Super-deblended
catalogue, a local minimum angular separation was observed at
0.8”, which was used as the matching radius to find Herschel
Super-deblended counterparts of C20 galaxies. Similarly, for
A3COSMOS, the local minimum was found at 1”7, With this pro-
cedure, our final photometric catalogue consists of C20 galax-
ies, along with their Herschel super-deblended and A’*COSMOS
counterparts.

2.4. Spectroscopic catalogues
2.4.1. Wide-field spectroscopic surveys

Spectroscopic targets considered in our analysis are primarily
derived from the VlIsible MultiObject Spectrograph (VIMOS)
Ultradeep survey (VUDS, Le Fevre et al. 2015). VUDS is a
large spectroscopic survey conducted in three fields - COSMOS,
Extended Chandra Deep Field South (ECDFS) and VIMOS-
VLT Deep Survey (VVDS), observing galaxies between z ~
2—6 using the VIMOS spectrograph on Very Large Telescope
(VIMOS-VLT). The targets of VUDS are pre-selected to be
mostly brighter than ixg < 25 and using the photometric red-
shift cut from Capak et al. (2007), z, + 1o > 2.4 (Le Fevre et al.
2015; Cucciati et al. 2018).

Le Fevre et al. (2015) provided a spectroscopic redshift
quality-flagging system to label how the redshifts had been
determined and to quantify the reliability of the spectroscopic
redshift measurement. The flags vary from X1, X2, X3, X4,
and X9 with probabilities of secure redshifts of ~50-75%, 75—
85%, 95-100%, 100%, and 80%, respectively. The prefix ‘X’
is used to denote the nature of the observations where X = 0
indicates galaxies, X = 1 indicates broad-line active galactic
nuclei (AGNs), X = 2 indicates serendipitous detections that
are aptly separated from the target, and X = 3 denotes serendip-
itous detections at the position of the main target (mergers or
chance alignments). We based our sample selection criteria on
the VUDS flagging system including, X2, X3, X4, and X9 galax-
ies with X = 0,2, or 3 in our analysis (i.e. excluding broad-line
AGNSs).

The zCOSMOS survey is a spectroscopic redshift survey
in the COSMOS-field targeting 0 < z < 3 using the VIMOS
spectrograph on VLT. The zCOSMOS survey consists of two
sub-surveys: zCOSMOS Bright (Lilly et al. 2007, 2009) and
zCOSMOS Deep spectroscopic survey (Diener et al. 2013,2015).
The bright survey mainly sampled galaxies up to z ~ 1.2 and
iap < 22.5 and the zCOSMOS-Deep survey observed galaxies
at a higher redshift 1.4 < z < 3. The zZCOSMOS sample also has
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a similar flagging system for the robustness of the spectroscopic
redshifts as the VUDS survey. We adopted the same spec-z quality
selection criteria for the zZCOSMOS galaxies as VUDS.

Additionally, we also included the galaxies from the
DEIMOS-10K spectroscopic survey (Hasinger et al. 2018). This
also samples ~10* objects in the COSMOS-field using the DEep
Imaging Multi-Object Spectrograph (DEIMOS, Faber et al.
2003) instrument on Keck telescopes. Most of the galaxies in
this sample are at z < 2, but it includes a sub-sample of galaxies
at higher-redshifts. We adopted the same spec-z quality flags as
VUDS.

2.4.2. Targeted spectroscopic surveys: C3VO

The Charting Cluster Construction with the VUDS and
Observations of Redshift Evolution in Large Scale Environ-
ments (ORELSE, Lubin et al. 2009) survey (henceforth, C3VO,
Lemaux et al. 2022) targets candidate over-densities in the COS-
MOS, ECDFS, and CFHTLS-D1 fields. It uses DEIMOS and
Multi-Object Spectrometer For Infra-Red Exploration (MOS-
FIRE, McLean et al. 2008) on the Keck Telescope (Shen et al.
2021; Lemaux et al. 2022; Forrest et al. 2023; Staab et al. 2024
Shah et al. 2024; Forrest et al. 2024; Hung et al. 2024). The tar-
get over-densities for C3VO were identified using density maps
that were constructed with the available photometry and spec-
troscopy in these fields. The survey has successfully observed
~2000 galaxies in the three fields. The catalogue has been
described in detail in Lemaux et al. (2022), Forrest et al. (2023),
Staab et al. (2024) and Forrest et al. (2024). The observations
and data are presented in Forrest et al. (2024). Observations of
Hyperion in the C3VO catalogue were carried out with MOS-
FIRE masks and are presented in Forrest et al. (2024). The
C3VO catalogue initially consisted for DEEP2/ORELSE-style
spectroscopic redshift-flagging system (see Newman et al. 2013;
Lemaux et al. 2019 for more details), which was then converted
to a VUDS-style spectroscopic redshift quality flagging system
by Forrest et al. (2024). In that work, the authors included the
distinction for serendipitous detections and broad-line AGNs.
We adopted the flagging system similar to VUDS provided for
the C3VO catalogue by Forrest et al. (2024) and used galaxies
with quality flags X2, X3, X4 or X9 with X = 0,2, or 3.

We also included galaxies from the Massive Ancient Galax-
ies at z > 3 Near-Infrared Survey (MAGAZ3NE, Forrest et al.
2020), which specifically targets massive galaxies and their
surroundings with Keck/MOSFIRE to study the environmental
implications of the properties of massive galaxies in the COS-
MOS field. Although the survey predominantly targets galaxies
at z > 3, a portion of galaxies between 2 < z < 3 were spectro-
scopically confirmed on filler slots and additionally, due to the
considerable uncertainties associated with the photo-zs at these
redshifts, a portion of the targets in this survey were found to fall
in the redshift range of 2 < z < 3.

2.4.3. HST-Hyperion Survey

The HST-Hyperion survey is a targeted survey with HST to
obtain spectroscopic confirmation of galaxies in Hyperion (Pro-
gram ID: HST 16684, PI: Brian Lemaux). The COSMOS
field encompassing the Hyperion region was imaged with 25
pointings using HST/WFC3/FI160W and slitless grism spec-
troscopy with HST/WFC3/G141 over 50 orbits of HST. We
refer to Forrest et al. (2025), for a comprehensive overview
on the survey, the target and the data reduction, and grism
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redshift estimation. We used the grism redshifts provided
by Forrestetal. (2025). The authors also provide a qual-
ity flagging system for the grism redshifts. This system
takes into consideration the spectral fitting and the photomet-
ric fitting (when available) and assign quality flags, gy =
0-5. We included only those galaxies with grism redshift
quality flag >3 corresponding to >65% security in the redshifts.
Further details on the assignment of quality flags can be found
in Forrest et al. (2025).

Thus, our final spectroscopic catalogue of galaxies in
the Hyperion RA-Dec space includes galaxies from VUDS,
zCOSMOS, DEIMOS-10K, C3VO, MAGAZ3NE, and HST-
Hyperion. In all the cases except HST-Hyperion, the VUDS-
style flagging system for the quality of the spec-z was avail-
able and, hence, we uniformly applied the same quality flag
requirements to these galaxies. In the case of HST-Hyperion
targets, the grism-flagging system is different from the VUDS
spectroscopic flags and we selected galaxies with grism redshift
quality flags with a reliability of >65% in the determined spec-
troscopic redshifts. In the case of duplicates in the spectroscopic
observations between the various surveys, we gave precedence
to the highest quality spectroscopic flags. In cases of galaxies
with the same spectroscopic flags, the order of preference is:
C3VO, MAGAZ3NE, VUDS, DEIMOS-10K, and zCOSMOS
(Forrest et al. 2024).

2.5. Associating spectroscopically confirmed galaxies to their
photometric counterparts

To associate the observed photometry with the galaxies in our
spectroscopic sample, we found their counterparts in the C20
catalogue using an appropriate angular separation. Forrest et al.
(2024) matched the spectroscopic galaxies from C3VO, VUDS,
zCOSMOS, DEIMOS-10k, MAGAZ3NE with C20-CLASSIC
catalogue' using various parameters like differences in photo-
metric redshifts, sky co-ordinates, i and K band magnitudes,
and so on. For more details, we refer to Forrest et al. (2024),
where the matching radii/ angular separation for the different
spectroscopic surveys to find the C20 counterparts are given. We
verified that their criteria hold while matching with FARMER-
C20, using the procedure described in Sect. 2.3 and thus adopted
them to find the counterparts. We adopt the following match-
ing radii for the galaxies from different spectroscopic surveys:
0.7” for galaxies from VUDS, 0.49” for zCOSMOS, 1.35” for
DEIMOS10K and 0.53"” for C3VO-MOSFIRE.

For ~81.3% of the spec-z galaxies, we found a counterpart in
the FARMER-C20 catalogue. Around 13.3% of the spec-z galax-
ies do not match with FARMER-C20, but have a counterpart
in the CLASSIC-C20. Since ~96% of these CLASSIC matches
without a FARMER counterpart fall in the HSC or UltraVISTA
masked region of C20 (this mask was applied to remove obser-
vations contaminated by bright stars or that fall in the edges of
the HSC or Hyper-Suprime cam images, Weaver et al. 2022),
we proceeded with the galaxies that are matched to C20 Farmer
alone. Additionally, ~5.4% of the spec-z galaxies do not have a
match with the FARMER or CLASSIC version of the C20 cata-
logue. Finally, we found a small number with multiple matches
within the Hyperion RA-Dec range and resolved them manu-

' The classic catalogue of COSMOS2020 is based on flux extractions
using SExtractor (Bertin & Arnouts 1996), where the images are first
homogenised to a common point spread function (PSF) and the fluxes
are subsequently extracted using circular apertures (Weaver et al. 2022).

ally by assigning each of them to the source with the closest
proximity.

2.6. Associating spec-z galaxies to Hyperion

The density mapping of Hyperion was computed by
Cucciati et al. (2018), using a Voronoi Monte Carlo (VMC)
tessellation mapping technique. We refer to Cucciati et al.
(2018) for more details on the VMC mapping of Hyperion. To
summarise, the authors estimated the local density around galax-
ies based on spectroscopic galaxies from VUDS+zCOSMOS,
and COSMOS2015 photometric redshifts for galaxies without
a spec-z. First, the 2D local density is computed in overlapping
redshift slices, using the Voronoi tessellation, while taking
into account the photo-z uncertainties along the line of sight
via a Monte Carlo approach. As a second step, the density
field in each slice is mapped onto a regular RA-Dec grid. The
over-density (¢) field is then computed, based on the local
density and its mean value. The distribution of log(l + 9)
of all pixels in each slice is then fitted with a Gaussian and
the environment at each pixel is parameterised based on the
parameter o5, which is the number of ¢, based on the Gaussian
fit, corresponding to each log(1 + ¢) value. The slices are then
piled up along the redshift axis to build the third dimension. The
result is a data cube, where in each voxel the local environment
is parameterised in terms of os. Hyperion is identified as the
contiguous volume of the data cube with o5 > 2. The authors
also defined regions with o5 > 5 as the ‘peaks of Hyperion” and
have identified seven over-density peaks of this kind. Overall,
Hyperion spans a redshift range between 2.39 < z < 2.54.

In this work, we used o5 as the parameter to define the envi-
ronment of galaxies within Hyperion. We associated the RA-
Dec-redshift of a given spectroscopically confirmed galaxy with
the corresponding voxel in the VMC map and we assigned to that
galaxy the corresponding o5 value. When the galaxy was associ-
ated with a voxel with o5 > 2 within the Hyperion contours, the
galaxy was deemed to be a Hyperion member. All other spec-z
galaxies were not used in our analysis.

2.7. Combined optical/NIR and FIR sample

The main objective of this paper is to understand the role of the
environment in driving the evolution and properties of galax-
ies. Here, we focus specifically on the environmental effects on
the molecular gas content of galaxies. To probe the molecular
gas content, we rely on the dust as a tracer of the molecular
gas mass (e.g. Magdis et al. 2011; Leroy et al. 2011; Eales et al.
2012; Scoville et al. 2014, 2016).

The dust mass, dust luminosity, and obscured star formation
in a galaxy can be estimated by fitting its spectral energy dis-
tribution; specifically, in its FIR wavelengths. Thus, for our fur-
ther analysis, we selected the sub-sample of galaxies with >20
detection in at least one FIR/sub-mm bands (100 um-2.6 mm).
Our final sample comprises 14 spectroscopic Hyperion mem-
ber galaxies (2 from HST-Hyperion and 12 from ground-based
spec-z surveys). In the case of galaxies without a secure spec-
troscopic or grism redshift and only with a photometric red-
shift (i.e. for the photo-z sample), we applied the following cri-
teria: the galaxies must have a >20 detection in at least one
FIR/sub-mm band, along with their RA-Dec co-ordinates in the
projected Hyperion RA-Dec area and a non-zero probability on
their integrated photo-z to fall within the Hyperion redshift range
(2.39 < 7z £ 2.54). For this purpose, we computed the integrated
probability of the photo-z to be within 2.39 < z < 2.54 from
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Table 1. Our sample of spectroscopically confirmed Hyperion member galaxies.

ID RA Dec Spectroscopic Redshift z o5 SFR log(M.) log(Mg,s)
J2000) J2000) survey quality flag [Mg/yr] [Mo] [Mo]
HST2 149.94196  2.21345 HST-Hyperion 3* 24626 2.2 87 +8 10.18 + 0.04 103+ 04
409222 149.93806  2.21729 zCOSMOS 3.5 24523 29 8031 10.08 + 0.05 114 + 0.1
688810 150.34813  2.34498 C3VO-MOSFIRE 4.0 24789 3.0 40+20 10.00 £0.08 11.5+0.2
5101211337  150.32557 2.36018 VUDS 3.0 24859 3.0 39+4 9.94 + 0.05 11.8 £ 0.2
408290 149.74588  2.16358 zCOSMOS 4.5 24215 38 96+15 10.04 +£0.05 10.0 £ 0.2
HSTI 150.12676  2.36979 HST-Hyperion 3* 24499 39 28=+11 9.97 £ 0.02 10.2 £ 0.2
694682 150.35435 2.35270 C3VO-MOSFIRE 4.0 24562 39 103+39 10.19 £0.04 10.1 £ 0.1
601715 149.98886 2.21468 C3VO-MOSFIRE 4.0 24262 44 71+x16 10.82+0.03 10.34 £0.06
409450 149.95609 2.23012 zCOSMOS 35 24187 4.6 5322 10.35 + 0.07 11.6 £ 0.2
755231 150.10534  2.44535 C3VO-MOSFIRE 4.0 24821 52 90=x11 10.56 + 0.02 9.6 0.3
617482 149.99352  2.23855 C3VO-MOSFIRE 4.0 24507 6.5 400+20 10.69 +0.02 104 + 0.1
511027238 149.99516  2.23734 VUDS 3.0 24485 65 117+8 10.15 £ 0.03 10.2 £ 0.2
511234645 150.11432  2.36992 VUDS 2.0 24677 7.0 117+38 1042 +0.04 10.1+ 0.2
511233051 150.07718  2.38048 VUDS 4.0 24665 7.6 131 +17 1097 £0.08 10.4 £ 0.1

Notes. The spectroscopic/grism redshift (z), the spectroscopic redshift quality flag, the right ascension (RA), and declination (Dec) of our spectro-
scopic sample are tabulated along with their physical properties. In the case of the galaxies from HST-Hyperion (indicated by *), the grism redshift
quality flag is tabulated. The IDs are from the corresponding spectroscopic survey from which the redshifts are obtained (Forrest et al. 2024). The
o corresponds to the over-density level associated with the galaxy in the Hyperion VMC density field (Cucciati et al. 2018). The SFR and M,
presented here are obtained by fitting the available photometry from UV to radio for the galaxy using CIGALE (see Sect. 3.1). The gas masses are
computed from the dust mass obtained with fitting the FIR/sub-mm SED of the galaxy with a modified black body and assuming dgpr = 100 (see

Sect. 3.2).

the probability distribution of the photometric redshifts from
LePhare from Weaver et al. (2022). This gave us 616 photo-z
galaxies which are potential Hyperion member-candidates (see
Sect. 2.6 for associating local over-densities to galaxies). By
applying these selection criteria in the FIR and photo-z prob-
ability, we found that about ~51% of our photo-z sample and
~57% of our spectroscopic galaxies have at least one FIR band
detected with >30- and ~41% of our photo-z sample and ~78%
of our spec-z sample have multiple bands detected at >2¢ in the
FIR in addition to detections in the UV, optical bands, and radio
bands. Our final spec-z sample is presented in Table 1.

3. SED fitting

The multi-wavelength spectral energy distribution of a galaxy
encodes the emission from various components of the galaxy
such as the stars and the gas and dust emission. Modelling the
multi-wavelength SED of a galaxy could thus help us constrain
its physical properties such as stellar mass, star-formation rates
and dust mass. In this work, we use two SED-fitting methods
to constrain the physical properties of the member-galaxies of
Hyperion.

3.1. SED Fitting using CIGALE

We estimated the stellar mass (M, ) and the total star formation
rates (SFRs) of our sample using the SED fitting tool CIGALE
(Boquien et al. 2019). CIGALE employs the energy balance prin-
ciple, that accounts for the dust absorption in UV/optical and
the re-emission in the IR wavelengths. CIGALE models the com-
ponents of galaxies, such as stars, dust, nebular emission of
galaxies, and compares the models to observations and subse-
quently estimates physical properties such as stellar mass and
star-formation rate in a Bayesian approach.

We used the photometric fluxes from UV to NIR from the
C20 catalogue, along with the FIR and radio (3 GHz) fluxes
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from the Herschel-super-deblended catalogue, as well as the
sub-mm fluxes from the A3COSMOS catalogue. To perform the
SED fitting using CIGALE, we selected models that describe the
star-formation history (SFH), single stellar population (SSP),
nebular emission, dust attenuation, dust emission, and emis-
sion of the radio component. In Table 2, we describe the var-
ious parameters of each of these models used for our SED
fitting.

We use a delayed star-formation template with a burst com-
ponent to describe the SFHs of our galaxies. In this module
(Boquien et al. 2019), the SFR is described as:

1 )
SFR(f) oc —— X e~!/™min for 0 < 1 < 1o,

main

where 1, is the time of onset of star-formation and T, is the
e-folding time of the stellar population. The module also con-
tains some additional parameters such as the age of the main
population, folding time and age of the burst and the ampli-
tude of the burst, fouse. The amplitude is described as a mass
ratio between the stellar mass in the burst and the total stel-
lar mass. To describe the SSP, we used the Bruzual & Charlot
(2003) SSP models with a Chabrier (2003) IMF for solar
and sub-solar metallicities. To model the nebular component
of the galaxy, we used solar and sub-solar metallities and
an ionisation parameter of —3.0 and —-2.0 for the nebular
region.

Dust is an important component in a galaxy. The light from
stars, stellar-remnants, and nebular region is absorbed and re-
emitted by the dust present in a galaxy. This absorption and
re-emission of the dust needs to be accounted in our dust mod-
els to properly estimate the total SFR in a galaxy. We use the
Charlot & Fall (2000) recipe for the dust attenuation and the
Draine et al. (2014) for dust emission. In the case of dust attenu-
ation models, Charlot & Fall (2000) take into account the con-
tribution by the young stars (<10Myr) and the older stellar
population separately. In the case of the young stellar popula-
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Table 2. Parameters used for SED fitting with CIGALE.

Modules Parameters Description

SFH sth delayed Delayed star formation history with optional exponential burst
tau_main [Myr] 1000,1500,2000,2500 e-folding time of the main stellar population mode
age_main [Myr] 1000,2000 Age of the main stellar population in the galaxy
tau_burst [Myr] 100 e-folding time of the late starburst population model
f_burst 0.0,0.05 Mass fraction of the late burst population

SSP Bruzual & Charlot (2003) Single stellar population

IMF Chabrier (2003) Initial mass function

Z 0.2,1 Metallicity, Z; = 0.02

log(U) -3.0,-2.0 Ionisation parameter of the nebular component

Zgas 0.6,1 Gas metallicity, Zo = 0.02

Dust attenuation Charlot & Fall (2000)

Av_ISM 0.3,1.0,1.7 V-band attenuation in the interstellar medium

u 0.3,0.44 Avism/(Avpc + Avism)

Dust emission Draine et al. (2014)

Gpah 1.12,2.5,3.9 Mass fraction of PAHs

Unin 1.0,5.0,10.0 Minimum radiation field

@ 1.5,2.0,2.5,3.0 Power-law slope

0% 0.02,0.1 Fraction illuminated from U, t0 Upax

qgIrR 2.19,2.58 Value of the FIR/radio correlation coefficient for star formation.

Notes. We refer to Boquien et al. (2019) for a detailed description of each of the SED fitting parameter.

tion, their emission is attenuated both by the dust in the birth
cloud and in the ISM, while the older stars are attenuated by
only the dust in the ISM. For both these cases, the attenuation
is modelled as a power law normalised to the attenuation in the
V-band,

AIVSM - A}lSM(/lv//l)&, AISM/(AISM + A";C),

where ¢ is the slope of the power law (—0.7 for ISM and —1.3
for birth clouds, Boquien et al. 2019). The total attenuation is
estimated using the V-band attenuation through the ISM (AIVSM)
and the ratio (i) between the attenuation of the old stars (older
than 10 Myr) to the young stars (younger than 10 Myr).

To model the dust emission in our sample, we use the
Draine et al. (2014) module in CIGALE. These templates con-
strain the PAH emission and model the dust continuum emission
considering the dust heated from the general stellar population
and from the star-forming regions separately. The Draine et al.
(2014) templates have the following updates in comparison to
the Draine & Li (2007): increased range of radiation field inten-
sities and PAH mass fractions and the power-law slope (@) that
fits dust emission linked to star-formation is now a free param-
eter. We also use a radio component module of CIGALE that
models the radio-synchroton emission since we have the 3 GHz
band observed for most of our galaxies. We choose the value for
IR-radio correlation from Delhaize et al. (2017) along with the
power-law slope for the star-forming galaxies.

3.2. Constraining dust mass using Modified Black Body fit

The thermal emission of the dust component of galaxies can be
described by a single temperature Modified Black Body (MBB,
Casey 2012):

Sy (1-e™)By(T),

where B,(T) is the black body radiation at temperature, 7, and
7, is the frequency dependent optical depth.

In the case of an optically thin dust scenario, the thermal
emission can be linked to the dust mass and to the dust emissivity
index (e.g. Gilli et al. 2014; Pozzi et al. 2020) as:

Sy = Mausi(1 + 2D *k0(v/ oY B(Taust)- (1

To estimate the dust masses of our sample, we fit the pho-
tometric points in the wavelength range 100 pm-2.5 mm with
the simplified modified Black body (MBB) function described in
Eq. (1). As ~45% of our photometric sample are dominated by
upperlimits, we use this simplistic approach to avoid over fitting
the dust emission with complicated models that contain many
parameters. We adopt the following value of kg = 0.486 cm?g™!
at vp = 353 GHz (19 = 850 um) from Draine et al. (2014). We
also fixed § = 2 (Magnelli et al. 2012) and Tyt = 35 K for our
galaxies, thus leaving the SED normalisations as the free param-
eter (e.g. Magnelli et al. 2014; Pozzi et al. 2020; Traina et al.
2024).

For every galaxy, we determined the best-fit SED normal-
isation and the associated dust mass using a Bayesian Monte
Carlo Markov chain approach with a y? likelihood function to
determine the posterior probability distribution of the dust mass.
The dust mass was sampled in a uniform prior in log space,
between 10°~10'>M,. We used the Python package EMCEE
(Foreman-Mackey et al. 2013) to run the MCMC. We estimated
our y? likelihood function using the formulation proposed by
Sawicki (2012) and Boquien et al. (2019):

nulim — My
2] o

\/Eo-n

where N is the number of photometric bands for a given galaxy,
Ju 1s the flux if it is a detection (>207) and f;, i if it is an upper-
limit; m,, is the model flux at the photometric band and o, is the
observed error on the fluxes. We then estimate our best-fit model
by maximising the In(likelihood) from running the MCMC with
250 walkers and 1000 chain steps. The best-fit dust mass and the
850 um rest-frame fluxes from the best-fit model are then used
in further analysis.

n=N

e-Sm] 5l

n=1

1+ef(
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3.3. Treatment of spec-z and photo-z galaxies

To estimate the physical properties of the spec-z members of
Hyperion, we performed the two SED fitting (CIGALE and MBB)
at the given spectroscopic redshift of the members. We obtained
the total SFR and the stellar mass from the CIGALE SED fitting
and the dust mass and rest-frame 850 pm luminosities from the
MBB SED fitting.

In the case of the photo-z members, we estimated the over-
density associated with each of our galaxies from the Hyperion
3D cube using their RA-Dec-redshift. In the case of the galaxies
with spectroscopic/grism redshift, we can assign a value of the
local over-density directly using the secure spec-z. In the case of
the photometric sample, due to the lack of robust spectroscopic
redshift, we used a statistical approach to estimate their environ-
mental and physical properties.

The photometric redshift and the photo-z probability distri-
bution function (PDF) of these galaxies are derived in C20 using
both LePhare (Arnouts et al. 2002; Ilbert et al. 2006) and EAZY
(Brammer et al. 2008). In our analysis, we used the LePhare
photo-z PDF. For every galaxy in our photo-z sample, we drew
an object 1000 times from the C20-LePhare photo-z PDF.

At each value of z; that falls within 2.39 < z < 2.54 taken
from the i-th realisation, we associated the over-density value by
extracting the o5 from the Hyperion cube at the RA and Dec
of the galaxy along with the redshift value, z;, of the realisation
(Sect. 2.6). For a given realisation, i, if the galaxy is associated
with a voxel with o5 > 2 within Hyperion, we flagged the galaxy
as being a Hyperion member in the realisation, i. Over all reali-
sations, the median number of photo-z objects that are classified
as Hyperion members per realisation was found to be 17, a sam-
ple comparable to that of our spectral member sample (i.e. 14
galaxies).

To estimate the physical properties of the photo-z galaxies,
we performed the CIGALE and MBB SED fitting at three red-
shifts, z = 2.39, 2.46, and 2.54, corresponding to the redshift
range spanned by Hyperion, z = 2.39-2.54. Thus we obtained
three values of SFR, M, and My, estimates with their associ-
ated errors. This gave us a redshift-parameter (SFR, M., and
M gust) relation for each of our galaxies. When a galaxy is flagged
as a Hyperion member in a given realisation, i, we interpolate
the SFR[i], error-SFR[i], M.[i], error-M.[i], Mgu[i], and error-
Maust[7] of the galaxy at z[7]. This gave us 1000 realisations of
redshifts and a varying number of o5, SFRs, M., and My, along
with their associated errors for each of the galaxies, which were
used in our subsequent analysis.

4. Results

In this section, we study the environmental dependence of the
properties of the gas reservoirs hosted by Hyperion member
galaxies. To estimate the molecular gas mass of our galaxies, we
can use their dust content as a tracer of molecular gas. It can be
estimated from the dust mass of a galaxy assuming a gas-to-dust
ratio 6gpr (Mmol = 0GDR X Maust; Magdis et al. 2011; Leroy et al.
2011; Scoville et al. 2016).

We adopted the commonly used value for normal star-
forming galaxies with solar-like metallicities dgpr = 100
for our sample (e.g. Leroyetal. 2011; Magdis etal. 2012;
Rémy-Ruyer et al. 2014; Valentino et al. 2018; Dunne et al.
2021). In addition, we estimated the 850 um rest-frame fluxes for
our galaxies and estimate the gas mass using the Lgso um — My,
relation from Scoville et al. (2016). The gas masses computed
with the dust mass from the MBB equation (Eq. (1)) and derived
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from the 850 um fluxes display a broad agreement (~10). Thus,
we use the dust-mass derived molecular gas mass with dgpr in
our analysis.

From the molecular gas mass of a galaxy, we can estimate
the depletion timescales 7Tqp = Mpol/SFR and the gas frac-
tions feas = Mmol/M, of the galaxy. The molecular gas deple-
tion timescale can be used to understand the timescales at which
the molecular gas content of a galaxy can be depleted due to the
star-formation. In other words, this factor is an inverse of the effi-
ciency of star-formation (SFE = SFR/M,,s). The molecular gas
fraction quantifies the availability/lack of the molecular gas in a
galaxy and its distribution as a function of the environment. In
this section, we study evolution of the depletion timescale (or
SFE) and the gas fractions of a galaxy as a function of its local
environment to probe the environmental effects in evolution of
galaxies in Hyperion.

Our final sample of Hyperion galaxies consists of both galax-
ies with a reliable spec-z as well as galaxies for which we rely on
their photo-zs due to the absence of reliable spectroscopic infor-
mation. To study the environmental dependence of Tgep, fgas and
SFR in Hyperion, we need to use an approach that can allow us
to combine the two samples. Hence we made 1000 realisations
Of Tdep, Mgas» and the SFR and o5 relation where:

— In every realisation, we included the spectroscopic sample
(14 galaxies).

— In a given realisation i, we included only those photo-z galax-
ies that can be classified as Hyperion members in realisation
i (see Sect. 3.3 for the analysis on photo-z galaxies).

— For both, spec-z and photo-z galaxies, we added an additional
random error drawn from a Gaussian distribution whose
sigma or width was determined from the uncertainty of each
quantity for each galaxy, for every realisation. This was done
to compensate for the inclusion of spec-z galaxies in every
realisation.

Thus, for every 7qep, Mgas, and SFR versus o realisation, we
have 14 spec-z galaxies and a varying number of photo-z mem-
bers, with a median of 17 photo-z members per realisation. To
study the dependence of these physical parameters on the envi-
ronment, we make a linear fit in log scale including the con-
tribution of the error on the y-axis. This thus gives us 1000
best fit slopes and intercepts for Tqep, Meas, and SFR versus o7
relations.

Once we obtained the best fit slopes and intercepts for all
the realisations of 7gep, Mgas, and SFR versus o, we used the
median slopes and intercepts of the distribution of the 1000 fits
as our final best-fit relations.

4.1. Molecular gas depletion timescale as a function of
environment

The relation between the molecular gas depletion time and the
local environment of Hyperion members is plotted in Fig. 1. In
both the panels, the blue contours show the distribution of the
photo-z galaxies combined in the 1000 realisations. The spec-z
Hyperion members are represented as purple stars (for ground-
based spec-z) and pink diamonds (for HST-Hyperion spec-zs).
The best-fit relation is shown as the black-solid line. This is com-
puted from the median slope and intercepts of the fits of the 1000
realisations of photo-z galaxies along with the spec-z galaxies
(see Sect. 4).

In the left panel of Fig. 1, we see a decrease in the gas deple-
tion timescales at denser environments. This trend was also seen
in the sample of Wang et al. (2018), where they analysed a sam-
ple of 12 spectroscopic members of Peak-5 of Hyperion. For our
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Fig. 1. Molecular gas depletion timescale as a function of the environment, quantified by o5 — the number of standard deviations from the mean in
the log(1 + §) distribution of local over-density. In both the panels, the blue-contours represent the distribution of the photo-z galaxies from their
1000 realisations. The blue-contours are the 0.05, 0.16, 0.25, 0.5, 0.75, 0.84 and, 0.9 quantile levels of photo-z galaxies distribution from their
1000 realisations. The purple stars are the spec-z Hyperion members, the pink diamonds represent the spec-z galaxies from HST-Hyperion sample.
The best fit relation and the 1-o error are shown as the black-solid line and the grey shaded regions respectively. The best-fit slopes and intercepts
corresponding to each plot are written in the inset-yellow panel. The errors on the slopes and intercepts are the standard deviation of the slopes
and intercepts of the 1000 relations. The left panel shows the 74, — s relation for photo-z and spec-z Hyperion galaxies. The right panel shows

the 74¢p — s relation of Hyperion member galaxies with o5 > 4.
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Fig. 2. Molecular gas fraction, pg,s = Mg,/M, as a function of the environment described in terms of 5. The symbols and contours used in this

figure are the same as Fig. 1.

spec-z and photo-z sample in Hyperion, we see a median slope
of —0.13 £ 0.06 for the 74ep — 05 Telation.

In the right panel, we plot the 74ep — 05 for Hyperion spec-
z and photo-z member galaxies with o5 > 4 to understand
the environmental implications of depletion timescales in the
densest regions of Hyperion. The relation has a similar trend
compared to the trend of all Hyperion galaxies with a slope of
—0.14£0.06. In general, we see a ~20 trend of decreasing 74, Or
increasing SFE with denser environment in Hyperion, where the
depletion timescale decreases by a factor of ~6 between o5 = 2
and o5 = 8.

4.2. Molecular gas fraction as a function of environment

Figure 2 shows the molecular gas fractions as a function of the
environment in Hyperion. The contours and symbols used are
similar to those in Fig. 1. In the left panel of Fig. 2, we show the

evolution of g, as a function of the environment for our spec-z
and photo-z galaxies for Hyperion. We see a decrease in the gas
fraction with increasing over-densities. The best-fit slope for this
relation is —0.12 + 0.06.

In the right panel of Fig. 2, we compare the g, — 05 relation
for galaxies with o5 > 4, representing the densest regions of
Hyperion. Here, we see a rather flat trend in gas fractions with
increasing densities, with a slope of 0.01 + 0.05.

4.3. Star-formation rates as a function of environment

In Fig. 3, we show the evolution of the star-formation rates in
galaxies as a function of their environment. The contours and
the symbols used are similar to those used in Fig. 1.

The SFR - o relation for Hyperion is shown in the left
panel of Fig. 3. The SFR increases with increasing densities,
with a slope of 0.11 + 0.06. This trend slightly strengthens
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Fig. 3. Star formation rate as a function of the environment (075). The symbols and contours used in the figure are the same as those described in

Fig. 1.

in the densest regions of Hyperion (os > 4, right panel of
Fig. 3), where we see a ~2.250 significant trend with slope of
0.18 + 0.08 for the SFR-os relation in the densest regions of
Hyperion.

Overall, we see an increase in SFR with decreasing depletion
timescales and gas fractions within Hyperion, becoming stronger
in the densest regions. These trends are similar to those reported
in the literature for Hyperion (specifically, peak 5 of Hyperion
presented in Wang et al. 2018) and within other C3VO proto-
clusters (Lemaux et al. 2022). We further discuss the implica-
tions of these results in Sect. 5.

5. Discussion
5.1. Potential environmentally driven molecular gas depletion

Probing the evolution of the molecular gas depletion timescales
in galaxies across the various environments of Hyperion could
hold clues to understanding the star-formation mechanisms and
the stellar mass growth. Within Hyperion, we see that the molec-
ular gas depletion timescales decrease with increasing over-
densities at ~2.10 level within Hyperion and ~2.3¢0 level in the
peaks of Hyperion. In other words, we find that galaxies at the
densest regions in Hyperion exhibit higher star-formation effi-
ciencies (SFE = SFR/M,,) than the galaxies in less-dense envi-
ronments, with galaxies in denser regions appearing to have both
a decreased gas reservoir and increased star-formation activity.
Wang et al. (2018) also found a similar trend in the sample of
galaxies in the X-ray cluster CLJ1001 (corresponding to peak-
5 of Hyperion), where they found higher SFEs (or shorter 74ep)
towards denser environments.

In the case of the observed depletion timescales, we find
a mean depletion timescale for the combined sample of spec-
troscopic and photometric members of ~355 + 31 Myr. This is
lower than most of the main-sequence depletion times proposed
for the field galaxies at z ~ 2.45 (~1.5 Gyr in Liu et al. 2019b,
~900 Myr in Scoville et al. 2017 and ~570 Myr in Tacconi et al.
2018, as shown by the three lines in Fig. 4). Four of our spec-
troscopic galaxies have depletion timescales larger than ~3 Gyr,
longer than the field main-sequence at z ~ 2.45. But, these
galaxies fall within the star-forming main-sequence at z ~ 2.45
(Fig. A.1), suggesting that their longer depletion times is likely
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due to the presence of a large gas reservoir rather than low star-
formation rates.

Many studies on proto-clusters have found similar deple-
tion timescales for the member galaxies, comparable or shorter
to the main-sequence depletion timescales for the field galax-
ies proposed in the literature. Champagne et al. (2021) stud-
ied 8 spectroscopically confirmed galaxies associated with the
core of the peak 1 of Hyperion and found a depletion timescale
of ~340Myr, similar to what we find within the peaks and
filamentary regions of Hyperion. However, their gas masses
are computed using CO emission line and the value of aco
assumed (6.5 Mg /(K kms~! pc?)) is not comparable to the dgpr
(our 6gpr = 100, gives aco ~ 3Mp/(Kkm s pcz), based on
cross-calibrations between the tracers from Dunne et al. 2021;
Gururajan et al. 2023; Frias Castillo et al. 2024) we assume for
our sample. Similarly, Wang et al. (2018) find a mean deple-
tion timescale of ~400Myr for the peak-5 of Hyperion. The
authors have also computed the gas mass based on CO emis-
sion, assuming an aco ~ 4.1 Mg/(Kkm s! pcz). On both these
studies, assuming a lower aco comparable to our dgpg, results
in shorter depletion timescales than our estimated depletion
timescales. Other studies on proto-clusters with CO observa-
tions find similar SFEs or g4, to the main-sequence field galax-
ies at the same redshifts (Lee et al. 2017; Dannerbauer et al.
2017; Gémez-Guijarro et al. 2019; Miller et al. 2018; Long et al.
2020). In the top panel of Fig. 4, we compare the depletion
timescales of our spec-z sample as a function of their stellar
masses with other proto-cluster member galaxies in the literature
(Lee et al. 2017; Wang et al. 2018; Gémez-Guijarro et al. 2019;
Tadaki et al. 2019; Zavala et al. 2019) at z ~ 2—-3. Although with
a large dispersion, we find a broad agreement between the deple-
tion scales found in Hyperion members and those found in other
proto-clusters members at the same redshift (Fig. 4, top panel).
However, our members mostly populate the lower stellar mass
range in comparison to the other proto-clusters.

5.2. Properties of the molecular gas reservoir as a function
of the environment

The cold molecular gas fractions of spectroscopic and photo-
metric Hyperion member galaxies are computed based on their
molecular gas masses and stellar masses. In the case of the
members of Hyperion, we find a mean py,s = 0.83 + 0.36.
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Fig. 4. Depletion timescale (top panel) and molecular gas fraction
(bottom panel) as a function of stellar mass. The purple stars and
pink diamond represent the ground-based and HST spec-z members
of Hyperion respectively. The comparison sample consists of proto-
cluster galaxies in the literature between z ~ 2-3 (Leeetal. 2017
in green-filled hexagons, Wang et al. 2018 in orange-filled squares,
Goémez-Guijarro et al. 2019 in maroon open pentagons, Tadaki et al.
2019 in blue downward triangles, and Zavala et al. 2019 in dark-blue
open triangles). The main-sequence depletion times and gas fractions
at z ~ 2.45 from Scoville et al. (2017), Tacconi et al. (2018), Liu et al.
(2019Db) are plotted as the dotted, dashed and dot-dashed lines.

These values are in agreement with the field main-sequence
gas fractions at z ~ 2.45 reported by Tacconi et al. (2018)
(~1.2), slightly lower than Liu et al. (2019b) (~1.8) and much
lower than the values reported by Scoville et al. (2017) (~7).
In the case of gas fractions in proto-clusters in comparison
to the field, studies have reported similar gas fractions (e.g.
Leeetal. 2017; Zavalaetal. 2019; Champagne et al. 2021),
lower gas fractions (e.g. Hill et al. 2020) or higher gas frac-
tions (e.g. Tadaki et al. 2019; G6émez-Guijarro et al. 2019). In
our case, we find 28% our spectroscopic sample to have very
high values of pg,s > 10. Such high values in member galax-
ies of proto-clusters have also been reported in Tadaki et al.
(2019) and Goémez-Guijarro et al. (2019). Tadaki et al. (2019)
assume a higher aco ~ 4.5 My/(Kkms™! pc?) (higher than our
OgpRr cross-calibrated aco ~ 3), whereas, Gomez-Guijarro et al.
(2019) assume a similar aco ~ 3Mg/(Kkms™! pc?). In the bot-
tom panel of Fig. 4, we compare the molecular gas fractions of
Hyperion members (spec-z sample) to member galaxies of other

proto-clusters in the literature (Lee et al. 2017; Wang et al. 2018;
Gomez-Guijarro et al. 2019; Tadaki et al. 2019; Zavala et al.
2019) at z ~ 2 — 3. Overall, we find a broad agreement with
the other proto-cluster member galaxies.

The evolution of molecular gas fractions as a function of the
environment is shown in Fig. 2. In the left panel, we see a 20
trend of decreasing gas fractions at denser environments within
Hyperion. Nonetheless, this trend becomes rather flat when com-
paring only the densest regions of Hyperion. This might indi-
cate a transition from gas-rich members in the rarer-filamentary
regions of Hyperion which become gas poor while approach-
ing the denser regions. Wang et al. (2018) find similar trends for
the evolution of gas fractions with proximity to the cluster cen-
tre (a proxy to the denser regions). They find a sharp transition
between gas rich members in the outskirts to gas poor members
in the centre. The spatial scales considered in Wang et al. (2018)
are roughly equivalent to the Hyperion o5 > 4 regions.

5.83. Star formation as a function of the environment in
Hyperion

Evolution of the star-formation rates of galaxies as a function
of the environment has been probed for many proto-clusters
and low-z clusters (e.g. Capak etal. 2011; Hatch et al. 2011,
Wang et al. 2016; Lemaux et al. 2022; Staab et al. 2024). While
in low- and intermediate-z (z < 1.5) clusters, the SFR tends
to decrease towards the cluster centre hosting more massive
and passive galaxies (e.g. Tomczak etal. 2019; Lemaux et al.
2019; Old et al. 2020), Lemaux et al. (2022) found that, in high-
z proto-clusters, SFRs increase at denser environments (see also
Alberts et al. 2014; Shimakawa et al. 2018; Monson et al. 2021;
Laishram et al. 2024; Taamoli et al. 2024). This reversal in the
SFR-environment trend at z > 2 indicates that, at this epoch,
cluster-centre galaxies could be more active and star-forming,
and would transition into more passive systems in the future. In
our case, we also find a positive correlation between the SFR and
the environment among Hyperion members, with more intensely
star-forming systems found in the denser environments (~1.80
within Hyperion and ~2.25¢ in the peaks of Hyperion). These
systems also have a higher star-formation efficiency (Fig. 1,
shorter depletion timescales), but do not show signs of enhanced
gas fractions. In contrast, we observe a decrease in gas fractions
as we move from less dense, filamentary regions ( o5 < 4) to
the densest environments in Hyperion (Fig. 2, left panel). This
increase in SFR at denser environments despite no significant
increase in gas fractions could indicate that mechanisms other
than inflowing gas could be responsible for driving the SFRs
in the densest regions of Hyperion. Furthermore, physical pro-
cesses such as merging events, tidal torquing or gas compres-
sion, ram-pressure stripping could further impact the SFR trends
seen in these galaxies (e.g. Boselli & Gavazzi 2014; Bialas et al.
2015; Coogan et al. 2018).

5.4. Environmentally driven galaxy evolution in Hyperion

In our analysis, we see that galaxies in the densest regions of
Hyperion show enhanced star-formation rates and efficiencies
while having a deficit of molecular gas with respect to galax-
ies inhabiting less dense environments. However, the trends
that we measure are at a significance of ~20-, and, thus, we
need larger, uniformly selected samples across various envi-
ronments to be more conclusive on the environmental impact
on these galaxy properties. From Figs. 1,2, and 3, we find an
increase in the SFR, increase in the SFE (decreasing deple-
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tion timescale) and flat/slight decrease in gas fractions with
increasing over-densities within Hyperion. Thus, the increased
efficiencies are mainly driven by the increased SFR. The sup-
pression in molecular gas seen within Hyperion can be attributed
to many possible reasons such as compaction of gas due to
tidal forces (e.g. Mok et al. 2017), ram-pressure stripping (e.g.
Cortese et al. 2010; Wetzel et al. 2013; Bahé & McCarthy 2015;
Matharu et al. 2021), or a lack of gas accretion from the cosmic
web (e.g. Dekel & Birnboim 2006; Dekel et al. 2009).

We also see a tentative ~20- correlation between the deple-
tion times and stellar mass for the spectroscopic galaxies within
Hyperion (Fig. B.1, Spearman correlation coefficient » = —0.52
and p—value = 0.06). Galaxies at the high-mass end (e.g.
log(M./Mgy) ~ 10.25-10.5) of the stellar mass function likely
have to start transitioning en masse to reproduce the high
quenched fractions seen for such masses at z ~ 1-1.5 (e.g.
Nantais et al. 2017; Lemaux et al. 2019; Baxter et al. 2023).
This gives ~1.5-2.5 Gyr until z ~ 1.5—-1 for the galaxies to be
quenched, and it takes around ~1 Gyr to transition into the red-
sequence once the star-formation has ceased. The mass range
log(M../Mg) ~ 10.25-10.5 is also the preferential mass that is
seen to begin transitioning to quiescence in z ~ 1 clusters (e.g.
Tomczak et al. 2019). The tentative trends we observe in our
Tdep» Mgas and SFR further supports this possible transition, as the
galaxies in the central regions appear to exhaust their molecular
gas supply in ~350 Myr (assuming no further gas accretion) after
which they would begin transitioning into quiescence. Further-
more, at z ~ 2—3, the cold gas inflows in massive halos (similar
to the peaks of Hyperion) are likely to be cut-off due to virial
shock heating (e.g. Overzier 2016), which further supports the
transition into quiescence.

For studies on gas properties using dust as a proxy, there
could be potential caveats induced by the assumption of the gas-
to-dust ratio, dgpg, primarily due to its dependence on metal-
licities (decreasing dgpr at increasing metallicities). In the case
of solar metallicities, our assumed value of dgpr = 100 would
be well suitable (e.g. Magdis et al. 2012; ?), but, we currently
do not have an estimate of the metallicities in the member-
galaxies of Hyperion, although, could potentially be constrained
in the near-future with the availability of [OIII], [OII] and Hg
lines from C3VO-Mosfire and HST-Hyperion. The environmen-
tal dependence of the metallicities of galaxies specifically in
high-z (z ® 2) proto-clusters has been probed in the literature, but
remains poorly constrained. In the case of low-z clusters, most
studies find that the metallicities increase in dense environments
(e.g. Cooper et al. 2008; Ellison et al. 2009; Peng & Maiolino
2014; Wu et al. 2017; Schaefer et al. 2019). In the case of proto-
clusters at z * 2, the environmental dependence on metallicity
is debated, some studies find a decreasing metallicity at dense
environments (e.g. Valentino et al. 2015; Chartab et al. 2021;
Sattari et al. 2021), while others find no environmental implica-
tions (e.g. Kacprzak et al. 2015; Tran et al. 2015; Namiki et al.
2019) or an increasing metallicity at dense environments (e.g.
Kulas et al. 2013; Shimakawa et al. 2015; Pérez-Martinez et al.
2023).

6. Summary

In this paper, we present a sample of spectroscopically confirmed
member galaxies with detections in the FIR photometric bands
of the proto-supercluster Hyperion, along with potential mem-
bers with only photometric redshifts. Through this study, we
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probe the gas reservoirs in the galaxies in Hyperion as a func-
tion of the local environment they reside in.

The proto-supercluster Hyperion is extremely large and mas-
sive, containing seven overdense peaks connected by less-dense,
filamentary regions. The photometric observations for these
galaxies have primarily been derived from the C20-Farmer cat-
alogue, along with the COSMOS-super-deblended catalogue in
the FIR wavelengths and the A>COSMOS catalogue in the sub-
millimeter. The spectroscopic confirmation of our sample mainly
comes from the C3VO catalogue that contains spectroscopic
observations using MOSFIRE and DEIMOS on Keck and the
HST-Hyperion programme, along with the ancillary spectro-
scopic measurements from VUDS, zCOSMOS, DEIMOS10k,
and MAGAZ3NE surveys. The environmental properties of
these galaxies were obtained from the density field maps con-
structed by Cucciati et al. (2018) using the VMC mapping tech-
nique. We selected a sample of galaxies with detections in the
FIR/sub-mm wavelengths and our final sample consists of 14-
spectroscopically confirmed Hyperion member galaxies (spec-z
sample) and 616 potential Hyperion member galaxies contain-
ing high-quality photometric redshifts, without a spectroscopic
redshift (photo-z sample).

The stellar masses, SFRs, and gas masses of our sample were
constrained by fitting the SEDs of the galaxies between optical
and radio wavelengths (for SFR and stellar mass) and FIR wave-
lengths (for the gas mass) using CIGALE and a simple MBB for
the dust emission. From the derived physical properties and the
environmental properties, we explore the impact of the environ-
ment on the gas content in the galaxies of Hyperion. We high-
light the main results of this study below:

— Although the molecular gas depletion timescales of the
member-galaxies of Hyperion are in broad agreement with
the values reported in other proto-clusters at z ~ 2-3, our
sample hosts shorter depletion times than the field galaxies
atz ~ 2.45.

— We observe a decrease in the depletion timescale with
increasing over-densities, both within Hyperion (~2.10) and,
specifically, in the densest regions of Hyperion (~2.307). This
is similar to the results obtained in Wang et al. (2018), where
the authors report an increased efficiency (decreased deple-
tion time) in the cluster centre (i.e. densest regions of the
proto-supercluster).

— While studying the fraction of molecular gas, we found sim-
ilar values to those observed in the field, although with a
large scatter. Additionally, 4/14 of our spectroscopically con-
firmed galaxies show the presence of a large gas fraction
in them similar to those reported in Tadaki et al. (2019) and
Gomez-Guijarro et al. (2019).

— The gas fractions of member galaxies in Hyperion decreases
with increasing over-densities (we observe a ~20 trend),
similar to those reported by Wang et al. (2018); however, this
trend becomes rather flat in the densest regions of Hyperion.
This suggests that the galaxies in the filamentary regions of
Hyperion could be more gas rich than those in the peaks of
Hyperion.

— We also see a slight trend between the SFR and the environ-
ment in the member galaxies of Hyperion (~1.80), similar to
those reported for high-z proto-clusters (e.g. Lemaux et al.
2022). The SFR in the peaks of Hyperion increases more
steeply with increasing over-densities (~2.25¢ trend).

— Thus, galaxies in the densest environments of Hyperion show
an increase in the SFE, which is mainly supported by an
increasing SFR and reinforced by a decreasing molecular gas
fractions in the denser regions.
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In this work, we used a sample of 14 galaxies with robust spec-
troscopic redshifts available and in the stellar mass range of
log(M./Mg) ~9.8—11.3, along with 616 galaxies with robust
photometric redshifts. However, deriving the precise environ-
mental properties associated with each galaxy requires a secure
spectroscopic redshift. Even though our results hint towards
(~20) dependencies on the environment in the properties of the
gas reservoirs in galaxies, we need larger, uniformly selected
samples to obtain a concrete understanding of environmen-
tal implications in gas reservoirs of galaxies. Thus, dedicated
follow-ups in the sub-mm could not only help increase the spec-
troscopic confirmation of Hyperion member galaxies, but also
help constrain their gas properties. In addition, testing these rela-
tions on a large number of uniformly selected proto-clusters
could help provide a global overview of the impact of the envi-
ronment and probe any structure-to-structure variations.

Acknowledgements. We thank the anonymous referee for their valuable com-
ments. GG acknowledges support from the grants PRIN MIUR 2017 -
20173ML3WW_001, ASIn.1/023/12/0 and INAF-PRIN 1.05.01.85.08. GG, OC,
RD, MT, DV, and, SB acknowledge support from the INAF mini-grant 2023
"LION: Looking for the Imprint of Overdensity Networks". DCB is supported
by an NSF Astronomy and Astrophysics Postdoctoral Fellowship under award
AST-2303800. DCB is also supported by the UC Chancellor’s Postdoctoral Fel-
lowship. Some of this work is based on observations taken by HST Program
16684 with the NASA/ESA HST, which is operated by the Association of Uni-
versities for Research in Astronomy, Inc., under NASA contract NAS5-26555.
The authors wish to recognise and acknowledge the very significant cultural role
and reverence that the summit of Maunakea has always had within the indige-
nous Hawaiian community. We are most fortunate to have the opportunity to
conduct observations from this mountain. This work is also based on observa-
tions collected at the European Southern Observatory under ESO programmes
175.A-0839, 179.A-2005, and 185.A-0791, as well as work supported by the
National Science Foundation under Grant No. 1908422. Some of the data pre-
sented herein were obtained at Keck Observatory, which is a private 501(c)3
non-profit organization operated as a scientific partnership among the Califor-
nia Institute of Technology, the University of California, and the National Aero-
nautics and Space Administration. The Observatory was made possible by the
generous financial support of the W. M. Keck Foundation. This work was sup-
ported by NASA’s Astrophysics Data Analysis Program under grant number
80ONSSC21K0986. This work was also supported by the international Gemini
Observatory, a program of NSF NOIRLab, which is managed by the Associ-
ation of Universities for Research in Astronomy (AURA) under a cooperative
agreement with the U.S. National Science Foundation, on behalf of the Gemini
partnership of Argentina, Brazil, Canada, Chile, the Republic of Korea, and the
United States of America. Some of the data used in this work is based on obser-
vations collected at the European Southern Observatory under ESO programme
ID 179.A-2005 and on data products produced by CALET and the Cambridge
Astronomy Survey Unit on behalf of the UltraVISTA consortium.

References

Alberts, S., Pope, A., Brodwin, M., et al. 2014, MNRAS, 437, 437

Alberts, S., Adams, J., Gregg, B., et al. 2022, ApJ, 927, 235

Aravena, M., Spilker, J. S., Bethermin, M., et al. 2016, MNRAS, 457, 4406

Aretxaga, I., Wilson, G. W., Aguilar, E., et al. 2011, MNRAS, 415, 3831

Arnouts, S., Moscardini, L., Vanzella, E., et al. 2002, MNRAS, 329, 355

Bahé, Y. M., & McCarthy, I. G. 2015, MNRAS, 447, 969

Baxter, D. C., Cooper, M. C., Balogh, M. L., et al. 2023, MNRAS, 526, 3716

Bertin, E., & Arnouts, S. 1996, A&AS, 117, 393

Bertoldi, F., Carilli, C., Aravena, M., et al. 2007, ApJS, 172, 132

Béthermin, M., Daddi, E., Magdis, G., et al. 2015, A&A, 573, A113

Betti, S. K., Pope, A., Scoville, N., et al. 2019, ApJ, 874, 53

Bialas, D., Lisker, T., Olczak, C., Spurzem, R., & Kotulla, R. 2015, A&A, 576,
A103

Bolatto, A. D., Wolfire, M., & Leroy, A. K. 2013, ARA&A, 51, 207

Boquien, M., Burgarella, D., Roehlly, Y., et al. 2019, A&A, 622, A103

Boselli, A., & Gavazzi, G. 2014, A&A Rev., 22, 74

Boselli, A., Fossati, M., Longobardi, A., et al. 2022, A&A, 659, A46

Brammer, G. B., van Dokkum, P. G., & Coppi, P. 2008, ApJ, 686, 1503

Bruzual, G., & Charlot, S. 2003, MNRAS, 344, 1000

Capak, P., Aussel, H., Ajiki, M., et al. 2007, ApJS, 172, 99

Capak, P. L., Riechers, D., Scoville, N. Z., et al. 2011, Nature, 470, 233

Casey, C. M. 2012, MNRAS, 425, 3094

Casey, C. M., Cooray, A., Capak, P, et al. 2015, ApJ, 808, L33

Castignani, G., Combes, F., Jablonka, P., et al. 2022, A&A, 657, A9

Chabrier, G. 2003, PASP, 115, 763

Champagne, J. B., Casey, C. M., Zavala, J. A., et al. 2021, ApJ, 913, 110

Chapman, S. C., Blain, A, Ibata, R., et al. 2009, ApJ, 691, 560

Charlot, S., & Fall, S. M. 2000, ApJ, 539, 718

Chartab, N., Mobasher, B., Shapley, A. E., et al. 2021, ApJ, 908, 120

Chiang, Y.-K., Overzier, R., & Gebhardt, K. 2014, ApJ, 782, L3

Chiang, Y.-K., Overzier, R. A., Gebhardt, K., et al. 2015, ApJ, 808, 37

Chiang, Y.-K., Overzier, R. A., Gebhardt, K., & Henriques, B. 2017, ApJ, 844,
L23

Chun, K., Smith, R., Shin, J., Kim, S. S., & Raouf, M. 2020, ApJ, 889, 173

Civano, F,, Elvis, M., Brusa, M., et al. 2012, ApJS, 201, 30

Coogan, R. T., Daddi, E., Sargent, M. T., et al. 2018, MNRAS, 479, 703

Cooper, M. C., Newman, J. A., Weiner, B. J., et al. 2008, MNRAS, 383,
1058

Corbelli, E., Bianchi, S., Cortese, L., et al. 2012, A&A, 542, A32

Cortese, L., Bendo, G. J., Isaak, K. G., Davies, J. 1., & Kent, B. R. 2010,
MNRAS, 403, L.26

Cucciati, O., Lemaux, B. C., Zamorani, G., et al. 2018, A&A, 619, A49

Cucciati, O., De Lucia, G., Fontanot, F., et al. 2023, Mem. Soc. Astron. It., 94,
227

Dannerbauer, H., Kurk, J. D., De Breuck, C., et al. 2014, A&A, 570, A55

Dannerbauer, H., Lehnert, M. D., Emonts, B., et al. 2017, A&A, 608, A48

Dekel, A., & Birnboim, Y. 2006, MNRAS, 368, 2

Dekel, A., Birnboim, Y., Engel, G., et al. 2009, Nature, 457, 451

Delhaize, J., Smolcié, V., Delvecchio, 1., et al. 2017, A&A, 602, A4

Dessauges-Zavadsky, M., Zamojski, M., Schaerer, D., et al. 2015, A&A, 577,
A50

Dey, A., Lee, K.-S., Reddy, N., et al. 2016, ApJ, 823, 11

Diener, C., Lilly, S. J., Knobel, C., et al. 2013, ApJ, 765, 109

Diener, C., Lilly, S. J., Ledoux, C., et al. 2015, ApJ, 802, 31

Draine, B. T., & Li, A. 2007, ApJ, 657, 810

Draine, B. T., Aniano, G., Krause, O., et al. 2014, ApJ, 780, 172

Dressler, A. 1980, AplJ, 236, 351

Dressler, A. 1984, ARA&A, 22, 185

Dunne, L., Maddox, S. J., Vlahakis, C., & Gomez, H. L. 2021, MNRAS, 501,
2573

Eales, S., Smith, M. W. L., Auld, R., et al. 2012, ApJ, 761, 168

Ellison, S. L., Simard, L., Cowan, N. B., et al. 2009, MNRAS, 396, 1257

Elvis, M., Civano, F., Vignali, C., et al. 2009, ApJS, 184, 158

Faber, S. M., Phillips, A. C., Kibrick, R. I, et al. 2003, in Instrument Design and
Performance for Optical/Infrared Ground-based Telescopes, eds. M. Iye, &
A. F. M. Moorwood, SPIE Conf. Ser., 4841, 1657

Fassbender, R., Nastasi, A., Bohringer, H., et al. 2011, A&A, 527, L10

Foreman-Mackey, D., Hogg, D. W., Lang, D., & Goodman, J. 2013, PASP, 125,
306

Forrest, B., Tran, K.-V. H., Broussard, A., et al. 2017, ApJ, 838, L12

Forrest, B., Marsan, Z. C., Annunziatella, M., et al. 2020, ApJ, 903, 47

Forrest, B., Lemaux, B. C., Shah, E., et al. 2023, MNRAS, 526, L56

Forrest, B., Lemaux, B. C., Shah, E. A, et al. 2024, ApJ, 971, 169

Forrest, B., Shen, L., Lemaux, B. C., et al. 2025, ApJ, 985, 61

Franck, J. R., & McGaugh, S. S. 2016, ApJ, 833, 15

Frias Castillo, M., Rybak, M., Hodge, J. A., et al. 2024, arXiv e-prints
[arXiv:2404.05596]

Fumagalli, M., & Gavazzi, G. 2008, A&A, 490, 571

Fumagalli, M., Krumholz, M. R., Prochaska, J. X., Gavazzi, G., & Boselli, A.
2009, ApJ, 697, 1811

Geach, J. E., Dunlop, J. S., Halpern, M., et al. 2017, MNRAS, 465, 1789

Genzel, R., Tacconi, L. J., Lutz, D., et al. 2015, ApJ, 800, 20

Gerke, B. F.,, Newman, J. A., Davis, M., et al. 2012, ApJ, 751, 50

Gilli, R., Norman, C., Vignali, C., et al. 2014, A&A, 562, A67

Gomez, P. L., Nichol, R. C., Miller, C. J., et al. 2003, ApJ, 584, 210

Goémez-Guijarro, C., Riechers, D. A., Pavesi, R., et al. 2019, ApJ, 872, 117

Greenslade, J., Clements, D. L., Cheng, T., et al. 2018, MNRAS, 476, 3336

Gururajan, G., Bethermin, M., Sulzenauer, N., et al. 2023, A&A, 676, A89

Hasinger, G., Capak, P., Salvato, M., et al. 2018, ApJ, 858, 77

Hatch, N. A., Kurk, J. D., Pentericci, L., et al. 2011, MNRAS, 415, 2993

Hayashi, M., Tadaki, K.-I., Kodama, T., et al. 2018, ApJ, 856, 118

Hill, R., Chapman, S., Scott, D., et al. 2020, MNRAS, 495, 3124

Hung, D., Lemaux, B. C., Cucciati, O., et al. 2025, ApJ, 980, 155

Ilbert, O., Arnouts, S., McCracken, H. J., et al. 2006, A&A, 457, 841

Ito, K., Tanaka, M., Valentino, F,, et al. 2023, ApJ, 945, L9

Jin, S., Daddi, E., Liu, D., et al. 2018, ApJ, 864, 56

Jin, S., Dannerbauer, H., Emonts, B., et al. 2021, A&A, 652, A1l

Kacprzak, G. G., Yuan, T., Nanayakkara, T., et al. 2015, ApJ, 802, L26

Kakimoto, T., Tanaka, M., Onodera, M., et al. 2024, ApJ, 963, 49

A312, page 13 of 15


http://linker.aanda.org/10.1051/0004-6361/202553926/1
http://linker.aanda.org/10.1051/0004-6361/202553926/2
http://linker.aanda.org/10.1051/0004-6361/202553926/3
http://linker.aanda.org/10.1051/0004-6361/202553926/4
http://linker.aanda.org/10.1051/0004-6361/202553926/5
http://linker.aanda.org/10.1051/0004-6361/202553926/6
http://linker.aanda.org/10.1051/0004-6361/202553926/7
http://linker.aanda.org/10.1051/0004-6361/202553926/8
http://linker.aanda.org/10.1051/0004-6361/202553926/9
http://linker.aanda.org/10.1051/0004-6361/202553926/10
http://linker.aanda.org/10.1051/0004-6361/202553926/11
http://linker.aanda.org/10.1051/0004-6361/202553926/12
http://linker.aanda.org/10.1051/0004-6361/202553926/12
http://linker.aanda.org/10.1051/0004-6361/202553926/13
http://linker.aanda.org/10.1051/0004-6361/202553926/14
http://linker.aanda.org/10.1051/0004-6361/202553926/15
http://linker.aanda.org/10.1051/0004-6361/202553926/16
http://linker.aanda.org/10.1051/0004-6361/202553926/17
http://linker.aanda.org/10.1051/0004-6361/202553926/18
http://linker.aanda.org/10.1051/0004-6361/202553926/19
http://linker.aanda.org/10.1051/0004-6361/202553926/20
http://linker.aanda.org/10.1051/0004-6361/202553926/21
http://linker.aanda.org/10.1051/0004-6361/202553926/22
http://linker.aanda.org/10.1051/0004-6361/202553926/23
http://linker.aanda.org/10.1051/0004-6361/202553926/24
http://linker.aanda.org/10.1051/0004-6361/202553926/25
http://linker.aanda.org/10.1051/0004-6361/202553926/26
http://linker.aanda.org/10.1051/0004-6361/202553926/27
http://linker.aanda.org/10.1051/0004-6361/202553926/28
http://linker.aanda.org/10.1051/0004-6361/202553926/29
http://linker.aanda.org/10.1051/0004-6361/202553926/30
http://linker.aanda.org/10.1051/0004-6361/202553926/31
http://linker.aanda.org/10.1051/0004-6361/202553926/31
http://linker.aanda.org/10.1051/0004-6361/202553926/32
http://linker.aanda.org/10.1051/0004-6361/202553926/33
http://linker.aanda.org/10.1051/0004-6361/202553926/34
http://linker.aanda.org/10.1051/0004-6361/202553926/35
http://linker.aanda.org/10.1051/0004-6361/202553926/35
http://linker.aanda.org/10.1051/0004-6361/202553926/36
http://linker.aanda.org/10.1051/0004-6361/202553926/37
http://linker.aanda.org/10.1051/0004-6361/202553926/38
http://linker.aanda.org/10.1051/0004-6361/202553926/39
http://linker.aanda.org/10.1051/0004-6361/202553926/39
http://linker.aanda.org/10.1051/0004-6361/202553926/40
http://linker.aanda.org/10.1051/0004-6361/202553926/41
http://linker.aanda.org/10.1051/0004-6361/202553926/42
http://linker.aanda.org/10.1051/0004-6361/202553926/43
http://linker.aanda.org/10.1051/0004-6361/202553926/44
http://linker.aanda.org/10.1051/0004-6361/202553926/45
http://linker.aanda.org/10.1051/0004-6361/202553926/45
http://linker.aanda.org/10.1051/0004-6361/202553926/46
http://linker.aanda.org/10.1051/0004-6361/202553926/47
http://linker.aanda.org/10.1051/0004-6361/202553926/48
http://linker.aanda.org/10.1051/0004-6361/202553926/49
http://linker.aanda.org/10.1051/0004-6361/202553926/50
http://linker.aanda.org/10.1051/0004-6361/202553926/51
http://linker.aanda.org/10.1051/0004-6361/202553926/52
http://linker.aanda.org/10.1051/0004-6361/202553926/53
http://linker.aanda.org/10.1051/0004-6361/202553926/53
http://linker.aanda.org/10.1051/0004-6361/202553926/54
http://linker.aanda.org/10.1051/0004-6361/202553926/55
http://linker.aanda.org/10.1051/0004-6361/202553926/56
http://linker.aanda.org/10.1051/0004-6361/202553926/57
http://linker.aanda.org/10.1051/0004-6361/202553926/58
http://linker.aanda.org/10.1051/0004-6361/202553926/59
http://linker.aanda.org/10.1051/0004-6361/202553926/59
http://linker.aanda.org/10.1051/0004-6361/202553926/60
http://linker.aanda.org/10.1051/0004-6361/202553926/61
http://linker.aanda.org/10.1051/0004-6361/202553926/62
http://linker.aanda.org/10.1051/0004-6361/202553926/63
http://linker.aanda.org/10.1051/0004-6361/202553926/64
http://linker.aanda.org/10.1051/0004-6361/202553926/65
https://arxiv.org/abs/2404.05596
http://linker.aanda.org/10.1051/0004-6361/202553926/67
http://linker.aanda.org/10.1051/0004-6361/202553926/68
http://linker.aanda.org/10.1051/0004-6361/202553926/69
http://linker.aanda.org/10.1051/0004-6361/202553926/70
http://linker.aanda.org/10.1051/0004-6361/202553926/71
http://linker.aanda.org/10.1051/0004-6361/202553926/72
http://linker.aanda.org/10.1051/0004-6361/202553926/73
http://linker.aanda.org/10.1051/0004-6361/202553926/74
http://linker.aanda.org/10.1051/0004-6361/202553926/75
http://linker.aanda.org/10.1051/0004-6361/202553926/76
http://linker.aanda.org/10.1051/0004-6361/202553926/77
http://linker.aanda.org/10.1051/0004-6361/202553926/78
http://linker.aanda.org/10.1051/0004-6361/202553926/79
http://linker.aanda.org/10.1051/0004-6361/202553926/80
http://linker.aanda.org/10.1051/0004-6361/202553926/81
http://linker.aanda.org/10.1051/0004-6361/202553926/82
http://linker.aanda.org/10.1051/0004-6361/202553926/83
http://linker.aanda.org/10.1051/0004-6361/202553926/84
http://linker.aanda.org/10.1051/0004-6361/202553926/85
http://linker.aanda.org/10.1051/0004-6361/202553926/86
http://linker.aanda.org/10.1051/0004-6361/202553926/87

Gururajan, G., et al.: A&A, 698, A312 (2025)

Keene, J., Blake, G. A, Phillips, T. G., Huggins, P. J., & Beichman, C. A. 1985,
AplJ, 299, 967

Kleiner, D., Pimbblet, K. A., Jones, D. H., Koribalski, B. S., & Serra, P. 2017,
MNRAS, 466, 4692

Koekemoer, A. M., Aussel, H., Calzetti, D., et al. 2007, ApJS, 172, 196

Kretschmer, M., Agertz, O., & Teyssier, R. 2020, MNRAS, 497, 4346

Kulas, K. R., McLean, 1. S., Shapley, A. E., et al. 2013, ApJ, 774, 130

Laigle, C., McCracken, H. J., Ilbert, O., et al. 2016, ApJS, 224, 24

Laishram, R., Kodama, T., Morishita, T., et al. 2024, ApJ, 964, L33

Lang, D., Hogg, D. W., & Mykytyn, D. 2016, The Tractor: Probabilistic
astronomical source detection and measurement, Astrophysics Source Code
Library [record ascl:1604.008]

Le Fevre, O., Tasca, L. A. M., Cassata, P, et al. 2015, A&A, 576, A79

Le Floc’h, E., Aussel, H., Ilbert, O., et al. 2009, ApJ, 703, 222

Leauthaud, A., Massey, R., Kneib, J.-P,, et al. 2007, ApJS, 172, 219

Lee, K.-G., Hennawi, J. F., White, M., et al. 2016, ApJ, 817, 160

Lee, M. M., Tanaka, 1., Kawabe, R, et al. 2017, ApJ, 842, 55

Lemaux, B. C., Lubin, L. M., Sawicki, M., et al. 2009, ApJ, 700, 20

Lemaux, B. C., Tomczak, A. R., Lubin, L. M, et al. 2017, MNRAS, 472, 419

Lemaux, B. C., Le Fevre, O., Cucciati, O., et al. 2018, A&A, 615, A77

Lemaux, B. C., Tomczak, A. R., Lubin, L. M., et al. 2019, MNRAS, 490, 1231

Lemaux, B. C., Cucciati, O., Le Fevre, O., et al. 2022, A&A, 662, A33

Leroy, A. K., Bolatto, A., Gordon, K., et al. 2011, ApJ, 737, 12

Lewis, L., Balogh, M., De Propris, R., et al. 2002, MNRAS, 334, 673

Lewis, A.J. R,, Ivison, R. J., Best, P. N, et al. 2018, ApJ, 862, 96

Lilly, S. J., Le Fevre, O., Renzini, A, et al. 2007, ApJS, 172, 70

Lilly, S. J., Le Brun, V., Maier, C., et al. 2009, ApJS, 184, 218

Liu, D., Lang, P, Magnelli, B., et al. 2019a, ApJS, 244, 40

Liu, D., Schinnerer, E., Groves, B., et al. 2019b, ApJ, 887, 235

Long, A. S., Cooray, A., Ma, J., et al. 2020, ApJ, 898, 133

Lubin, L. M., Gal, R. R., Lemaux, B. C., Kocevski, D. D., & Squires, G. K. 2009,
Al, 137, 4867

Lutz, D., Poglitsch, A., Altieri, B., et al. 2011, A&A, 532, A90

Magdis, G. E., Daddi, E., Elbaz, D., et al. 2011, ApJ, 740, L15

Magdis, G. E., Daddi, E., Béthermin, M., et al. 2012, ApJ, 760, 6

Magnelli, B., Lutz, D., Santini, P, et al. 2012, A&A, 539, A155

Magnelli, B., Lutz, D., Saintonge, A., et al. 2014, A&A, 561, A86

Marchesi, S., Lanzuisi, G., Civano, E, et al. 2016, ApJ, 830, 100

Matharu, J., Muzzin, A., Brammer, G. B., et al. 2021, ApJ, 923, 222

McConachie, I., Wilson, G., Forrest, B., et al. 2022, ApJ, 926, 37

McCracken, H. J., Capak, P., Salvato, M., et al. 2010, ApJ, 708, 202

McCracken, H. J., Milvang-Jensen, B., Dunlop, J., et al. 2012, A&A, 544, A156

McGee, S. L., Balogh, M. L., Wilman, D. J., et al. 2011, MNRAS, 413, 996

McLean, 1. S., Steidel, C. C., Matthews, K., Epps, H., & Adkins, S. M. 2008,
in Ground-based and Airborne Instrumentation for Astronomy II, eds. I. S.
McLean, & M. M. Casali, SPIE Conf. Ser., 7014, 701427

Miller, T. B., Chapman, S. C., Aravena, M., et al. 2018, Nature, 556, 469

Mok, A., Wilson, C. D., Golding, J., et al. 2016, MNRAS, 456, 4384

Mok, A., Wilson, C. D., Knapen, J. H., et al. 2017, MNRAS, 467, 4282

Monson, E. B., Lehmer, B. D., Doore, K., et al. 2021, ApJ, 919, 51

Morokuma-Matsui, K., Kodama, T., Morokuma, T., et al. 2021, ApJ, 914, 145

Muldrew, S. 1., Hatch, N. A., & Cooke, E. A. 2015, MNRAS, 452, 2528

Muldrew, S. I., Hatch, N. A., & Cooke, E. A. 2018, MNRAS, 473, 2335

Muzzin, A., Wilson, G., Yee, H. K. C., et al. 2012, ApJ, 746, 188

Muzzin, A., Marchesini, D., Stefanon, M., et al. 2013, ApJ, 777, 18

Nakanishi, H., Kuno, N., Sofue, Y., et al. 2006, ApJ, 651, 804

Namiki, S. V., Koyama, Y., Hayashi, M., et al. 2019, ApJ, 877, 118

Nantais, J. B., Muzzin, A., van der Burg, R. F. J., et al. 2017, MNRAS, 465, L104

Newman, A. B., Treu, T., Ellis, R. S., et al. 2013, AplJ, 765, 24

Newman, A. B, Ellis, R. S., Andreon, S., et al. 2014, ApJ, 788, 51

Noble, A. G., Muzzin, A., McDonald, M., et al. 2019, ApJ, 870, 56

Old, L. J., Balogh, M. L., van der Burg, R. F. J., et al. 2020, MNRAS, 493, 5987

Oliver, S. J., Bock, J., Altieri, B., et al. 2012, MNRAS, 424, 1614

Oteo, I, Ivison, R. J., Dunne, L., et al. 2018, ApJ, 856, 72

Ouchi, M., Shimasaku, K., Akiyama, M., et al. 2005, ApJ, 620, L1

Overzier, R. A. 2016, A&A Rev., 24, 14

Owers, M. S., Hudson, M. J., Oman, K. A., et al. 2019, ApJ, 873, 52

Paccagnella, A., Vulcani, B., Poggianti, B. M., et al. 2019, MNRAS, 482,
881

A312, page 14 of 15

Papadopoulos, P. P., & Greve, T. R. 2004, ApJ, 615, L29

Papadopoulos, P. P, Thi, W. F., & Viti, S. 2004, MNRAS, 351, 147

Peng, Y.-J., & Maiolino, R. 2014, MNRAS, 443, 3643

Peng, Y.-J., Lilly, S. J., Renzini, A., & Carollo, M. 2012, ApJ, 757, 4

Pérez-Martinez, J. M., Dannerbauer, H., Kodama, T., et al. 2023, MNRAS, 518,
1707

Pérez-Martinez, J. M., Dannerbauer, H., Emonts, B. H. C., et al. 2025, A&A,
696, A236

Pozzi, F., Calura, F., Zamorani, G., et al. 2020, MNRAS, 491, 5073

Rémy-Ruyer, A., Madden, S. C., Galliano, F., et al. 2014, A&A, 563, A31

Sanders, D. B., Salvato, M., Aussel, H., et al. 2007, ApJS, 172, 86

Sattari, Z., Mobasher, B., Chartab, N., et al. 2021, ApJ, 910, 57

Sawicki, M. 2012, PASP, 124, 1208

Schaefer, A. L., Tremonti, C., Pace, Z., et al. 2019, ApJ, 884, 156

Schinnerer, E., Sargent, M. T., Bondi, M., et al. 2010, ApJS, 188, 384

Schlafly, E. F., & Finkbeiner, D. P. 2011, ApJ, 737, 103

Scoville, N., Aussel, H., Brusa, M., et al. 2007, ApJS, 172, 1

Scoville, N., Aussel, H., Sheth, K., et al. 2014, ApJ, 783, 84

Scoville, N., Sheth, K., Aussel, H., et al. 2016, ApJ, 820, 83

Scoville, N., Lee, N., Vanden Bout, P., et al. 2017, ApJ, 837, 150

Shah, E. A., Lemaux, B., Forrest, B., et al. 2024, MNRAS, 529, 873

Shen, L., Lemaux, B. C., Lubin, L. M., et al. 2021, ApJ, 912, 60

Shimakawa, R., Kodama, T., Steidel, C. C., et al. 2015, MNRAS, 451, 1284

Shimakawa, R., Kodama, T., Hayashi, M., et al. 2018, MNRAS, 473, 1977

Smolci¢, V., Delvecchio, 1., Zamorani, G., et al. 2017a, A&A, 602, A2

Smol¢i¢, V., Miettinen, O., Tomici¢, N., et al. 2017b, A&A, 597, A4

Socolovsky, M., Almaini, O., Hatch, N. A., et al. 2018, MNRAS, 476, 1242

Solomon, P. M., & Vanden Bout, P. A. 2005, ARA&A, 43, 677

Speagle, J. S., Steinhardt, C. L., Capak, P. L., & Silverman, J. D. 2014, ApJS,
214,15

Staab, P., Lemaux, B. C., Forrest, B., et al. 2024, MNRAS, 528, 6934

Steidel, C. C., Adelberger, K. L., Dickinson, M., et al. 1998, ApJ, 492, 428

Steidel, C. C., Adelberger, K. L., Shapley, A. E., et al. 2000, ApJ, 532, 170

Strazzullo, V., Gobat, R., Daddi, E., et al. 2013, ApJ, 772, 118

Strazzullo, V., Pannella, M., Mohr, J. J., et al. 2019, A&A, 622, A117

Taamoli, S., Mobasher, B., Chartab, N., et al. 2024, ApJ, 966, 18

Tacconi, L. J., Neri, R., Genzel, R., et al. 2013, AplJ, 768, 74

Tacconi, L. J., Genzel, R., Saintonge, A., et al. 2018, ApJ, 853, 179

Tadaki, K.-I., Kodama, T., Hayashi, M., et al. 2019, PASJ, 71, 40

Taniguchi, Y., Scoville, N., Murayama, T., et al. 2007, ApJS, 172, 9

Taniguchi, Y., Kajisawa, M., Kobayashi, M. A. R., et al. 2015, PASJ, 67, 104

Tempel, E., Kipper, R., Tamm, A., et al. 2016, A&A, 588, A14

Tomczak, A. R., Lemaux, B. C., Lubin, L. M., et al. 2019, MNRAS, 484, 4695

Toshikawa, J., Kashikawa, N., Overzier, R., et al. 2014, ApJ, 792, 15

Toshikawa, J., Kashikawa, N., Overzier, R., et al. 2016, ApJ, 826, 114

Toshikawa, J., Uchiyama, H., Kashikawa, N., et al. 2018, PASJ, 70, S12

Toshikawa, J., Malkan, M. A., Kashikawa, N., et al. 2020, ApJ, 888, 89

Traina, A., Magnelli, B., Gruppioni, C., et al. 2024, A&A, 690, A84

Tran, K.-V. H., Franx, M., Illingworth, G., Kelson, D. D., & van Dokkum, P.
2003, ApJ, 599, 865

Tran, K.-V. H., Nanayakkara, T., Yuan, T., et al. 2015, ApJ, 811, 28

Umehata, H., Tamura, Y., Kohno, K., et al. 2015, ApJ, 815, L8

Valentino, F., Daddi, E., Strazzullo, V., et al. 2015, ApJ, 801, 132

Valentino, F., Magdis, G. E., Daddi, E., et al. 2018, ApJ, 869, 27

von der Linden, A., Wild, V., Kauffmann, G., White, S. D. M., & Weinmann, S.
2010, MNRAS, 404, 1231

Wang, T., Elbaz, D., Daddi, E., et al. 2016, ApJ, 828, 56

Wang, T., Elbaz, D., Daddi, E., et al. 2018, ApJ, 867, L29

Weaver, J. R., Kauffmann, O. B., Ilbert, O., et al. 2022, ApJS, 258, 11

Wetzel, A. R., Tinker, J. L., Conroy, C., & van den Bosch, F. C. 2013, MNRAS,
432,336

Williams, C. C., Alberts, S., Spilker, J. S., et al. 2022, Ap]J, 929, 35

Wu, P-F, Gal, R. R., Lemaux, B. C., et al. 2014, ApJ, 792, 16

Wu, P-F, Zahid, H. J., Hwang, H. S., & Geller, M. J. 2017, MNRAS, 468, 1881

Zamojski, M. A., Schiminovich, D., Rich, R. M., et al. 2007, ApJS, 172, 468

Zanella, A., Daddi, E., Magdis, G., et al. 2018, MNRAS, 481, 1976

Zavala, J. A., Casey, C. M., Scoville, N, et al. 2019, ApJ, 887, 183

Zhang, Y. H., Dannerbauer, H., Pérez-Martinez, J. M., et al. 2024, A&A, 692,
A22


http://linker.aanda.org/10.1051/0004-6361/202553926/88
http://linker.aanda.org/10.1051/0004-6361/202553926/89
http://linker.aanda.org/10.1051/0004-6361/202553926/90
http://linker.aanda.org/10.1051/0004-6361/202553926/91
http://linker.aanda.org/10.1051/0004-6361/202553926/92
http://linker.aanda.org/10.1051/0004-6361/202553926/93
http://linker.aanda.org/10.1051/0004-6361/202553926/94
http://linker.aanda.org/10.1051/0004-6361/202553926/95
http://linker.aanda.org/10.1051/0004-6361/202553926/95
http://linker.aanda.org/10.1051/0004-6361/202553926/95
http://ascl.net/1604.008
http://linker.aanda.org/10.1051/0004-6361/202553926/96
http://linker.aanda.org/10.1051/0004-6361/202553926/97
http://linker.aanda.org/10.1051/0004-6361/202553926/98
http://linker.aanda.org/10.1051/0004-6361/202553926/99
http://linker.aanda.org/10.1051/0004-6361/202553926/100
http://linker.aanda.org/10.1051/0004-6361/202553926/101
http://linker.aanda.org/10.1051/0004-6361/202553926/102
http://linker.aanda.org/10.1051/0004-6361/202553926/103
http://linker.aanda.org/10.1051/0004-6361/202553926/104
http://linker.aanda.org/10.1051/0004-6361/202553926/105
http://linker.aanda.org/10.1051/0004-6361/202553926/106
http://linker.aanda.org/10.1051/0004-6361/202553926/107
http://linker.aanda.org/10.1051/0004-6361/202553926/108
http://linker.aanda.org/10.1051/0004-6361/202553926/109
http://linker.aanda.org/10.1051/0004-6361/202553926/110
http://linker.aanda.org/10.1051/0004-6361/202553926/111
http://linker.aanda.org/10.1051/0004-6361/202553926/112
http://linker.aanda.org/10.1051/0004-6361/202553926/113
http://linker.aanda.org/10.1051/0004-6361/202553926/114
http://linker.aanda.org/10.1051/0004-6361/202553926/115
http://linker.aanda.org/10.1051/0004-6361/202553926/116
http://linker.aanda.org/10.1051/0004-6361/202553926/117
http://linker.aanda.org/10.1051/0004-6361/202553926/118
http://linker.aanda.org/10.1051/0004-6361/202553926/119
http://linker.aanda.org/10.1051/0004-6361/202553926/120
http://linker.aanda.org/10.1051/0004-6361/202553926/121
http://linker.aanda.org/10.1051/0004-6361/202553926/122
http://linker.aanda.org/10.1051/0004-6361/202553926/123
http://linker.aanda.org/10.1051/0004-6361/202553926/124
http://linker.aanda.org/10.1051/0004-6361/202553926/125
http://linker.aanda.org/10.1051/0004-6361/202553926/126
http://linker.aanda.org/10.1051/0004-6361/202553926/127
http://linker.aanda.org/10.1051/0004-6361/202553926/128
http://linker.aanda.org/10.1051/0004-6361/202553926/129
http://linker.aanda.org/10.1051/0004-6361/202553926/130
http://linker.aanda.org/10.1051/0004-6361/202553926/131
http://linker.aanda.org/10.1051/0004-6361/202553926/132
http://linker.aanda.org/10.1051/0004-6361/202553926/133
http://linker.aanda.org/10.1051/0004-6361/202553926/134
http://linker.aanda.org/10.1051/0004-6361/202553926/135
http://linker.aanda.org/10.1051/0004-6361/202553926/136
http://linker.aanda.org/10.1051/0004-6361/202553926/137
http://linker.aanda.org/10.1051/0004-6361/202553926/138
http://linker.aanda.org/10.1051/0004-6361/202553926/139
http://linker.aanda.org/10.1051/0004-6361/202553926/140
http://linker.aanda.org/10.1051/0004-6361/202553926/141
http://linker.aanda.org/10.1051/0004-6361/202553926/142
http://linker.aanda.org/10.1051/0004-6361/202553926/143
http://linker.aanda.org/10.1051/0004-6361/202553926/144
http://linker.aanda.org/10.1051/0004-6361/202553926/145
http://linker.aanda.org/10.1051/0004-6361/202553926/146
http://linker.aanda.org/10.1051/0004-6361/202553926/147
http://linker.aanda.org/10.1051/0004-6361/202553926/148
http://linker.aanda.org/10.1051/0004-6361/202553926/148
http://linker.aanda.org/10.1051/0004-6361/202553926/149
http://linker.aanda.org/10.1051/0004-6361/202553926/150
http://linker.aanda.org/10.1051/0004-6361/202553926/151
http://linker.aanda.org/10.1051/0004-6361/202553926/152
http://linker.aanda.org/10.1051/0004-6361/202553926/153
http://linker.aanda.org/10.1051/0004-6361/202553926/153
http://linker.aanda.org/10.1051/0004-6361/202553926/154
http://linker.aanda.org/10.1051/0004-6361/202553926/154
http://linker.aanda.org/10.1051/0004-6361/202553926/155
http://linker.aanda.org/10.1051/0004-6361/202553926/156
http://linker.aanda.org/10.1051/0004-6361/202553926/157
http://linker.aanda.org/10.1051/0004-6361/202553926/158
http://linker.aanda.org/10.1051/0004-6361/202553926/159
http://linker.aanda.org/10.1051/0004-6361/202553926/160
http://linker.aanda.org/10.1051/0004-6361/202553926/161
http://linker.aanda.org/10.1051/0004-6361/202553926/162
http://linker.aanda.org/10.1051/0004-6361/202553926/163
http://linker.aanda.org/10.1051/0004-6361/202553926/164
http://linker.aanda.org/10.1051/0004-6361/202553926/165
http://linker.aanda.org/10.1051/0004-6361/202553926/166
http://linker.aanda.org/10.1051/0004-6361/202553926/167
http://linker.aanda.org/10.1051/0004-6361/202553926/168
http://linker.aanda.org/10.1051/0004-6361/202553926/169
http://linker.aanda.org/10.1051/0004-6361/202553926/170
http://linker.aanda.org/10.1051/0004-6361/202553926/171
http://linker.aanda.org/10.1051/0004-6361/202553926/172
http://linker.aanda.org/10.1051/0004-6361/202553926/173
http://linker.aanda.org/10.1051/0004-6361/202553926/174
http://linker.aanda.org/10.1051/0004-6361/202553926/175
http://linker.aanda.org/10.1051/0004-6361/202553926/175
http://linker.aanda.org/10.1051/0004-6361/202553926/176
http://linker.aanda.org/10.1051/0004-6361/202553926/177
http://linker.aanda.org/10.1051/0004-6361/202553926/178
http://linker.aanda.org/10.1051/0004-6361/202553926/179
http://linker.aanda.org/10.1051/0004-6361/202553926/180
http://linker.aanda.org/10.1051/0004-6361/202553926/181
http://linker.aanda.org/10.1051/0004-6361/202553926/182
http://linker.aanda.org/10.1051/0004-6361/202553926/183
http://linker.aanda.org/10.1051/0004-6361/202553926/184
http://linker.aanda.org/10.1051/0004-6361/202553926/185
http://linker.aanda.org/10.1051/0004-6361/202553926/186
http://linker.aanda.org/10.1051/0004-6361/202553926/187
http://linker.aanda.org/10.1051/0004-6361/202553926/188
http://linker.aanda.org/10.1051/0004-6361/202553926/189
http://linker.aanda.org/10.1051/0004-6361/202553926/190
http://linker.aanda.org/10.1051/0004-6361/202553926/191
http://linker.aanda.org/10.1051/0004-6361/202553926/192
http://linker.aanda.org/10.1051/0004-6361/202553926/193
http://linker.aanda.org/10.1051/0004-6361/202553926/194
http://linker.aanda.org/10.1051/0004-6361/202553926/195
http://linker.aanda.org/10.1051/0004-6361/202553926/196
http://linker.aanda.org/10.1051/0004-6361/202553926/197
http://linker.aanda.org/10.1051/0004-6361/202553926/198
http://linker.aanda.org/10.1051/0004-6361/202553926/199
http://linker.aanda.org/10.1051/0004-6361/202553926/200
http://linker.aanda.org/10.1051/0004-6361/202553926/201
http://linker.aanda.org/10.1051/0004-6361/202553926/202
http://linker.aanda.org/10.1051/0004-6361/202553926/203
http://linker.aanda.org/10.1051/0004-6361/202553926/203
http://linker.aanda.org/10.1051/0004-6361/202553926/204
http://linker.aanda.org/10.1051/0004-6361/202553926/205
http://linker.aanda.org/10.1051/0004-6361/202553926/206
http://linker.aanda.org/10.1051/0004-6361/202553926/207
http://linker.aanda.org/10.1051/0004-6361/202553926/208
http://linker.aanda.org/10.1051/0004-6361/202553926/209
http://linker.aanda.org/10.1051/0004-6361/202553926/210
http://linker.aanda.org/10.1051/0004-6361/202553926/210

Gururajan, G., et al.: A&A, 698, A312 (2025)

Appendix A: Star-forming main sequence in spec-z
Hyperion member galaxies

The SFR versus stellar mass of the Hyperion member galaxies
with a spectroscopic redshift are plotted in Fig. A.1. We see that
majority of the spec-z Hyperion members are on the star-forming
main-sequence at the given redshift. Thus, the longer depletion
timescales seen in some of the spec-z members in Fig. 1 can be
attributed to the presence of larger gas reservoirs in galaxies that
host main-sequence like SFRs.
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Fig. A.1. Star formation rate versus stellar mass plot for our sample of
spec-z galaxies. The SRF versus stellar mass of the Hyperion member
galaxies with a spectroscopic redshift. The over-density o associated
with these galaxies are shown in the colourbar. The star-forming main-
sequence relation at z = 2.46 from Speagle et al. (2014) is shown in by
the red solid line.

Appendix B: Evolution of stellar mass with the
environment for FIR-selected Hyperion galaxies

The relation between the stellar-mass and the over-density o of
the spec-z and photo-z Hyperion member galaxies are shown in
Fig. B.1. The stellar mass of our sample of galaxies do not show
a strong dependence on their local over-densities. Thus, this indi-
cates that the stellar mass does not play a major role in driving
the trends of depletion timescales, molecular gas fractions and
SFRs as a function of the over-density (see Figs. 1,2, and 3).
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Fig. B.1. Stellar mass as a function of the local over-density of galaxies
in Hyperion. The blue-contours represent the distribution of the photo-
z galaxies from their 1000 realisations. The purple stars are the spec-
z Hyperion members, the pink diamonds represent the spec-z galaxies
from HST-Hyperion sample. The best fit relation and the 1-o- error are
shown as the black-solid line and the grey shaded regions respectively.
The best-fit slopes and intercepts are written in the inset-yellow panel.
The errors on the slopes and intercepts are the standard deviation of the
slopes and intercepts of the 1000 relations.
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