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ABSTRACT

We report a z = 2.30 galaxy protocluster (COSTCO-I) in the COSMOS field, where the Lyman-α

forest as seen in the CLAMATO IGM tomography survey does not show significant absorption. This

departs from the transmission-density relationship (often dubbed the fluctuating Gunn-Peterson ap-

proximation; FGPA) usually expected to hold at this epoch, which would lead one to predict strong

Lyα absorption at the overdensity. For comparison, we generate mock Lyman-α forest maps by apply-

ing FGPA to constrained simulations of the COSMOS density field, and create mocks that incorporate

the effects of finite sightline sampling, pixel noise, and Wiener filtering. Averaged over r = 15h−1 Mpc

around the protocluster, the observed Lyman-α forest is consistently more transparent in the real

data than in the mocks, indicating a rejection of the null hypothesis that the gas in COSTCO-I fol-

lows FGPA (p = 0.0026, or 2.79σ significance). It suggests that the large-scale gas associated with

COSTCO-I is being heated above the expectations of FGPA, which might be due to either large-scale

AGN jet feedback or early gravitational shock heating. COSTCO-I is the first known large-scale region

of the IGM that is observed to be transitioning from the optically-thin photoionized regime at Cosmic

Noon, to eventually coalesce into an intra-cluster medium (ICM) by z = 0. Future observations of

similar structures will shed light on the growth of the ICM and allow constraints on AGN feedback

mechanisms.

Keywords: Intergalactic medium (813) — Quasar absorption line spectroscopy (1317) — High-redshift

galaxy clusters (2007) — N-body simulations (1083) — Intracluster medium (858)

1. INTRODUCTION

After the end of hydrogen reionization by z ∼ 6, the

vast majority of hydrogen in the universe is ionized and

heated. As photon heating is no longer effective in the

optically-thin ionized intergalactic medium (IGM), the

Corresponding author: Chenze Dong

chenze.dong@ipmu.jp

competition between photon heating and adiabatic cool-

ing gradually erases the thermal history of reionization

(Hui & Haiman 2003; Trac et al. 2008). By the “Cosmic

Noon” epoch of z ∼ 2 − 4, this is expected to result in

a universal power-law temperature-density relation for

the IGM:

T ∝ (1 + δm)γ−1, (1)

where T is the temperature of IGM, and δm = ρ/ρ̄−1 is

the underlying matter overdensity traced by the IGM.
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γ is the power-law index of the temperature-density re-

lation, which is expected to be γ ≈ 1.5 from theoretical

expectations (Hui & Gnedin 1997); at z ∼ 2−3 this has

largely been confirmed by Lyα forest observations (Lee

et al. 2015; Hiss et al. 2018; Rorai et al. 2018).

The residual neutral hydrogen in the optically-thin,

photoionized IGM is detectable as Lyman-alpha (Lyα)

forest absorption1, which is often approximated by an

analytical relation between matter overdensity and Lyα

optical depth τ

τ ∝ T−0.7

Γuv
(1 + δm)2 ∝ (1 + δm)β , (2)

in which Γuv is the background ultraviolet (UV) pho-

toionization rate, and the power-law index β satisfies

β = 2−0.7(γ−1) after substituting in the temperature-

density relationship of Equation 1. While this power-

law relation, often known as the fluctuating Gunn-

Peterson approximation (FGPA), is not expected to

be exact, comparisons with hydrodynamical simulations

have found that it remains a useful heuristic (Peirani

et al. 2014; Sorini et al. 2016) and is useful over a wide

range of applications in the z > 2 Lyα forest.

At later times (z < 1.5 or lookback times of <

9.5 Gyrs), FGPA is expected to gradually break down

as large-scale shocks from non-linear gravitational col-

lapse lead to collisional heating of the IGM. Simulta-

neously, feedback from galaxies and supermassive black

holes are expected to deposit additional energy into the

IGM, leading to a complex multi-phase IGM (Cen &

Ostriker 2006) at z ∼ 0 that still remains to be fully

characterized (e.g., Shull et al. 2012; de Graaff et al.

2019).

Galaxy protoclusters — progenitors of the massive

galaxy clusters seen at late times – are an interesting

testbed for the evolution of cosmic gas, as they collapse

earlier than less dense regions of the Universe, and host

significant fractions (> 20%) of cosmic star-formation at

high redshifts (Chiang et al. 2017). Early searches for

z & 1 protoclusters were dominated by searches around

‘signposts’ such as radio galaxies or luminous quasars —

leading to unrepresentative and incomplete protocluster

samples. Over the past decade, however, ‘blind’ searches

in photometric or spectroscopic data have become more

common (see Overzier 2016 for a review). Arguably

the most sophisticated technique to-date is the appli-

cation of density reconstructions and constrained simu-

lations on z & 2 galaxy redshift surveys covering rep-

resentative cosmic volumes in the COSMOS field (Ata

1 In this paper, “Lyα” absorption refers implicitly to optically-thin
forest absorption; we will not discuss optically-thick absorbers.

et al. 2021, 2022). This has allowed bespoke gravita-

tional modelling of observed 2.0 < z < 2.5 large-scale

structures, hence enabling the discovery and charac-

terization of protoclusters down to lower final masses

(M(z = 0) ≈ 4 − 6 × 1014 h−1M�) than feasible with

most other methods.

While the matter associated with low-redshift cluster

halos occupy volumes of ∼ 1Mpc3, at z & 2 their La-

grangian extent is of order & (10 cMpc)3 (Chiang et al.

2013). This is prior to the regime of fully non-linear col-

lapse and gravitational shock-heating, therefore the Lyα

absorption from z & 2 protoclusters is still expected to

trace the density on ∼Mpc scales (Miller et al. 2021).

This fact has motivated various searches of z > 2 galaxy

protoclusters through their Lyα forest absorption (Stark

et al. 2015a; Lee et al. 2016; Cai et al. 2016; Ravoux et al.

2020; Qezlou et al. 2022; Newman et al. 2022).

In this Letter, we use the Ata et al. (2022) protocluster

sample (and associated data products) in combination

with Lyα forest absorption data in the COSMOS field

to show that the infalling gas associated with a z =

2.30 galaxy protocluster appears to be heated beyond

the expectations of the FGPA, over scales of multiple

Mpc. Throughout this paper, we adopt a cosmology of

H0 = 100h km s−1 Mpc−1 = 70 km s−1 Mpc−1, Ωm =

0.315, and ΩΛ = 0.685. To avoid confusion, we use

h−1 Mpc as the unit of comoving distance, and pMpc

when discussing physical scales.

2. DATA

2.1. The COSTCO-I Galaxy Protocluster

The possible presence of a protocluster at z = 2.30 in

the COSMOS field was first noted as a compact over-

density of galaxies by Lee et al. (2016), along with the

unusually high Lyα transmission given the overdensity.

However, no detailed analysis was carried out.

The protocluster was subsequently confirmed by Ata

et al. (2022). In this study, they applied the techniques

of density reconstructions and constrained simulations

to existing large-scale spectroscopic surveys that have

targeted galaxies at the z ∼ 2−3 epoch in the COSMOS

field (e.g. zCOSMOS, VUDS, MOSFIRE; Lilly et al.

2007, Le Fèvre et al. 2015, Kriek et al. 2015). First, in

Ata et al. (2021), the COSMIC-BIRTH hybrid Monte-Carlo

density reconstruction algorithm (Kitaura et al. 2021)

was applied to estimate the underlying density field and

corresponding initial density fluctuations (at z = 100)

that would eventually evolve to provide the best match

for the 2.0 < z < 2.5 spectroscopic galaxy distribution

over the central ∼ 1 deg2 of COSMOS. This technique

computes the Bayesian posterior probability of the pos-

sible initial conditions, thus sampling the uncertainties
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inherent in the observational data. A subset of the initial

condition realizations were used to seed numerical N-

body ‘constrained’ simulations (dubbed the ‘COSTCO’

suite, Ata et al. 2022) that were ran to z = 0 to track the

gravitational evolution of the density field traced by the

observed galaxies. They then identified galaxy clusters

with M > 2×1014 h−1M� in the z = 0 simulation snap-

shot, which were then matched to observed structures at

2.0 < z < 2.5. This study confirmed several previously-

known protoclusters in COSMOS such the ZFIRE pro-

tocluster at z = 2.095 (Nanayakkara et al. 2016) and the

‘Hyperion’ proto-supercluster at z ≈ 2.45 − 2.50 (Cuc-

ciati et al. 2018). In addition to these, a number of new

protoclusters were also discovered.

COSTCO J100026.4+020940 (hereafter “COSTCO-

I”), located at RA = 150.110◦ ± 0.042◦, dec = 2.161◦ ±
0.040◦ and z = 2.298 ± 0.007, was one of the strongest

detections (at 8.7σ significance) among these newly-

discovered protoclusters. The final mass was estimated

to be M(z = 0) = (4.6 ± 2.2) × 1014 h−1M�. While

Ata et al. (2022) did not further examine COSTCO-I

in detail, we searched the spectroscopic redshift catalog

compiled by Momose et al. (2022) and identified member

galaxies of COSTCO-I. Since the position of COSTCO-I

varies among the realizations, we adopted the following

approach to obtain a robust choice of core members:

First, we usd the position of COSTCO-I reported by

Ata et al. (2022) as an initial guess for the protocluster

center, and selected galaxies within a 6h−1 Mpc trans-

verse radius and line-of-sight (LOS) velocity window of

|∆v| < 600 km s−1. Then, we iteratively recalculated

the protocluster center as the median position of the

member galaxies and repeated the member selection un-

til convergence. With this method, we found 7 galaxies

in the vicinity of COSTCO-I. Note that these galaxies

are merely the putative collapsed core — the full La-

grangian extent that would eventually collapse into the

z = 0 cluster occupies a larger extent than this. Of these

core galaxies, the most massive galaxy has a stellar mass

of M∗ = 5.6×1010M�. These galaxies are shown in Fig-

ure 1, which is an interactive figure that can be viewed

online and also has been uploaded to Zenodo.

After identifying the protocluster core, we estimated

the group mass, MV , in order to set the upper limit to

the extent of the intra-group or intra-cluster medium

that could already be present at z = 2.30. We used

the virial theorem approach outlined by Girardi et al.

(1998):

MV =
3π

2

σ2
pRp

G
; (3)

G is the gravitational constant, and Rp = 0.577 pMpc

and σp = 361 km s−1 are the projected radius and

LOS velocity dispersion respectively, as defined in Gi-

rardi et al. (1998)). This yielded a core virial mass of

MV = 8.2 × 1013M�. This estimate assumed that the

protocluster core is already virialized, which would set

an upper limit on the amount of hot intra-group gas

that might be present — if these galaxies do not form

a virialized halo, the amount of extended hot gas would

be significantly less. We also cannot discount the possi-

bility of the velocity spread being caused by the galaxies

being lined up in a filament along the LOS over several

Mpc. However, since the COSMOS-BIRTH density re-

construction technique takes peculiar velocities into ac-

count, both possibilities (lack of virialization or a LOS

filament) are in principle included in the posterior re-

sults. In other words, we are confident that COSTCO-I

will collapse into a cluster regardless of whether our es-

timate of the core properties is accurate.

For this analysis, we also had in hand the z = 2.30

matter overdensity field, δm = ρ/ρ̄ − 1, where ρ is

the matter density, from 57 constrained realizations of

the COSTCO N -body simulation suite that was de-

signed to match the observed COSMOS galaxy dis-

tribution. These simulation outputs have a box size

of Lbox = 512h−1 Mpc and are binned in 2563 grid

cells, covering the COSMOS volume in the redshift

range 2.00 < z < 2.52. The second panel of Figure 2

shows the matter density contrast from one realization of

COSTCO in the vicinity of the COSTCO-I protocluster.

Note that the barycenter of COSTCO-I in this partic-

ular COSTCO realization shown in Figure 2 is slightly

offset from the reported position by Ata et al. (2022),

which comes from averaging over all the realizations in

the COSTCO suite. This illustrates the fact that the

ensemble of COSTCO realizations represents a poste-

rior sample encapsulating our uncertainties regarding

the protocluster masses and positions.

2.2. Lyα Forest Absorption Data

We now briefly describe the Lyα forest absorption

maps that we used to study the large-scale gas in the

COSTCO-I protocluster, which is from the CLAMATO

survey (Lee et al. 2014, 2018; Horowitz et al. 2022).

The CLAMATO survey was a spectroscopic survey

that targeted z ∼ 2 − 3 UV-bright background sources

that probe the Lyα forest in the COSMOS field, using

the LRIS spectrograph on the Keck-I telescope. For the

first time, star-forming galaxies were also systematically

targeted as background sources in addition to the tradi-

tional quasars. This enabled a high density of Lyα forest

sightlines on the sky (857 deg−2) which yielded a mean

transverse separation of 2.35h−1 Mpc over a footprint

of ∼0.2 deg2 in the center of the COSMOS field.

https://member.ipmu.jp/chenze.dong/materials/COSTCO-I/
https://doi.org/10.5281/zenodo.7559495
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Figure 1. A preview of interactive plot (at this url) demonstrating the position of COSTCO-I members in the volume
of CLAMATO. The red, yellow, cyan surfaces represent Wiener-filtered Lyα flux of CLAMATO smoothed with 4 h−1 Mpc
Gaussian filter, δwF = −0.1, 0, 0.1, respectively; the white dots are positions of galaxies in the catalog by Momose et al. (2022).
We emphasize the core members of COSTCO-I with red spheres, and it is clear there is no Lyα excess (red contours) associated
with the protocluster. The static preview shows the field in the transverse plane projected over redshift range 2.27 < z < 2.33,
but the online version is fully 3D with a redshift range of 2.18 < z < 2.41. In the interactive figure, users can zoom in/out
and/or rotate the figure about any axis. At the bottom of the interactive figure are 4 buttons. These allow the user to reset the
view back to the default orientation, a view along Right Ascension, a view along Declination, and a view along redshift.

The raw spectra were reduced, and then the unab-

sorbed continuum C was estimated using the mean-

flux regulation technique (Lee 2012). After selecting

spectra with a continuum-to-noise ratio (CNR) crite-

ria 〈CNR〉 ≥ 1.2, the final sample for 3D reconstruction

comprised of 320 galaxies and quasars in total. For each

spectral pixel in the rest frame 1041Å < λ < 1185Å, the

Lyα transmitted flux is defined as

δF =
f

C〈F 〉(z) − 1, (4)

where 〈F 〉(z) is the average transmission at a given red-

shift z. The processed pixel data was mapped to a

comoving volume covering 34h−1 Mpc × 28h−1 Mpc ×
438h−1 Mpc along the R.A., Dec, and line-of-sight di-

mensions, respectively.

The Wiener filtering algorithm dachshund (Stark

et al. 2015a) was then applied on the pixel data to create

a reconstructed map of the 3D Lyα absorption δw
F in the

redshift range 2.05 < z < 2.55. The correlation lengths

adopted for this reconstruction are L⊥ = 2.5h−1 Mpc

and L‖ = 2.0h−1 Mpc in the transverse and line-of-sight

dimensions, respectively.

Note that as part of their CLAMATO data release,

Horowitz et al. (2022) also reconstructed the underlying

3D matter density field using a different constrained re-

alization method (Horowitz et al. 2021) from COSTCO.

However, this used a combination of coeval galaxy po-

sitions in addition to the Lyα absorption as its input,

assuming an FGPA-type relationship. Since we would

like to use only the Lyα forest transmission for this anal-

ysis, we will use the Wiener-filtered Lyα map instead of

the matter density map. The 3D contours in Figure 1 in-

dicate the Lyα absorption in the vicinity of COSTCO-I.

It is clear that the region in the vicinity of COSTCO-

I exhibits only average absorption (δw
F ∼ 0) instead of

https://member.ipmu.jp/chenze.dong/materials/COSTCO-I/
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Figure 2. A series of smoothed sliceplots with thickness 2h−1 Mpc (150.095 <RA< 150.125) that include the COSTCO-I
galaxy protocluster, which is marked with the star. From top to bottom, the panels show the transmission of CLAMATO, the
density contrast of one COSTCO constrained simulation, the transmission of the corresponding COSTCO-FGPA Lyα forest
mock and finally the mean Lyα transmission averaged over all realizations. The abscissa (‘x’-axis) is along the LOS dimension,
while the ordinate (‘z’-axis) is along increasing declination in the transverse plane. All the maps are smoothed with a 4h−1 Mpc
Gaussian kernel, while the circles indicate the r = 15h−1 Mpc sphere over which we average in Section 3.2. In addition, we mark
with dashed circles two other extended structures around the COSTCO-III (at z = 2.18) and CC2.2 (at z = 2.22) protoclusters,
even though their barycenters are outside the plane of the slices shown here.

the strong absorption expected of a protocluster (Stark

et al. 2015a; Qezlou et al. 2022)

3. ANALYSIS

The top panel in Figure 2 shows a narrow projected

slice of the reconstructed Lyα transmission from CLAM-

ATO, centered on the COSTCO-I coordinates, in com-

parison with a single realization of the matter den-

sity field that was constrained from galaxy tracers by

COSTCO (second panel). In this figure, not only do

we not see significant Lyα absorption associated with

COSTCO-I, we see significant absorption features as-

sociated with two other protoclusters reported by Ata

et al. (2022): at z = 2.18 we see the extended signal

from COSTCO-III, while at z = 2.22 there is a signal

associated with the CC2.2 protocluster (Darvish et al.

2020, but also detected in COSTCO). In both cases, the

protocluster centers actually lie outside of the map re-

gion shown in the figure, which further emphasizes the

lack of signal associated with COSTCO-I.

This lack of Lyα absorption associated with a known

galaxy protocluster appears to depart from the FGPA

(Equation 2), in which matter overdensities are expected

to yield strong Lyα absorption on scales of ∼Mpc or

greater. We also checked the preliminary maps from the

LATIS Survey (Newman et al. 2020), a completely in-

dependent IGM tomography survey which also targeted

the COSMOS field. A visual inspection of their Fig-

ure 26 shows no excess Lyα absorption in the vicinity of

COSTCO-I.

We now proceed to quantify this discovery by adopting

as our null hypothesis that the protocluster gas associ-

ated with COSTCO-I follows the FGPA. The COSTCO

constrained simulations offers a convenient way to test

this null hypothesis: since its matter density field was

estimated using galaxies as tracers, we can ‘paint’ the

Lyα absorption using FGPA, and incorporate the ob-

servational uncertainties of CLAMATO (e.g. sightline

sampling, pixel noise, Wiener filtering).

3.1. COSTCO-FGPA Mock IGM Maps
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We use 57 COSTCO realizations at the z = 2.3

snapshot to generate the mock IGM tomography data

that is matched to CLAMATO observational proper-

ties. To convert real-space matter density of COSTCO

into redshift-space transmission Fsim, we make use of

the FGPA relation (Equation 2), In our calculation, we

adopt the widely-used value β = 1.6 (e.g., Kooistra et al.

2022a). Note the τ value here is extracted from real-

space; to be consistent with the observations, we shift

the τ to the redshift-space value τred, and then compute

the Lyα transmission in redshift space from

Fsim = exp (−τred) (5)

As the proportional coefficient of the FGPA relation

(Equation 2) is yet to be determined, we keep it as an

unknown and solve its value by setting a mean trans-

mission value (Becker et al. 2013)

〈Fsim〉 = 〈F 〉z=2.30 = 0.8447 (6)

Note that the resolution of the simulations is rela-

tively coarse, with a grid of 2h−1 Mpc. Therefore, the

resulting FGPA transmission sightlines can not be ex-

pected to accurately reproduce the small-scale statistics

of the Lyα forest. However, the Appendix of Horowitz

et al. (2021) shows that even such a coarse grid res-

olution should suffice to recover the structures of the

cosmic web on scales of ∼ 2h−1 Mpc. We therefore do

not expect the low resolution of the COSTCO suite to

significantly affect our analysis.

With the simulated FGPA transmission field Fsim
from the COSTCO suite in hand, we proceeded to gener-

ate mock skewers that reproduce the observational prop-

erties of CLAMATO as closely as possible, through the

following steps:

1. We extract noiseless 1-dimensional Fsim sightlines

at the [x, y, z] positions probed by the CLAMATO

sightlines. This process incorporates the positions

of CLAMATO sightlines in the plane of sky, as well

the finite lengths of the segments along each LOS

based on the redshift of the background sources.

We also applied the pixel masks that were used

to mask metal-line absorption in the CLAMATO

spectra.

2. Continuum errors were introduced using the pro-

cess described by Krolewski et al. (2017). This

assumed that the continuum estimation process

results in 10% fluctuations in the observed trans-

mission, i.e.

Fobs =
Fsim

1 + δcont
, (7)

where δcont is a Gaussian random deviate with

mean value 0 and standard deviation 0.1.

3. Random pixel noise was added based on the signal-

to-noise ratio, SNR estimated for each individ-

ual CLAMATO sightline. This resulted in a final

transmitted flux

F = Fobs +Nobs, (8)

where Gaussian random deviate Nobs (with stan-

dard deviation σ = F/SNR) is the noise term. Fi-

nally, we obtained δF = F/〈F 〉 − 1 and computed

the noise σF from the SNR value of each sightline.

For each COSTCO realization, we repeated the final

noise-addition step 20 times with different noise seeds,

to enhance the size of our mock sample. As a result,

we have 57 × 20 = 1140 sets of mock skewers with

identical spatial sampling and signal-to-noise properties

as CLAMATO, that were all designed to be consistent

with the galaxy density field observed in the COSMOS

field. We dub this the COSTCO-FGPA sample. We

compile the pixel positions, δF and σF , and fed them

into dachshund as was done with the real CLAMATO

data. In the Wiener reconstruction, we kept the corre-

lation lengths, L‖ = 2h−1 Mpc and L⊥ = 2.5h−1 Mpc,

the same as that of CLAMATO. In the Appendix, we

compare the overall properties of COSTCO-FGPA with

the real CLAMATO data.

The output of these mock reconstructions, δw
F , thus

constitutes our null hypothesis: based on our knowledge

of the COSTCO-I protocluster from the observed galaxy

distribution, the COSTCO-FGPA mock data represents

what we expect to see if the associated Lyα forest follows

FGPA. Moreover, the ensemble of 1140 mock realiza-

tions represents all our uncertainties regarding the pro-

tocluster properties estimated by COSTCO (mass dis-

tribution and position) as well as those stemming from

CLAMATO (sightline sampling and pixel noise).

3.2. Detection of Large-Scale Heating in COSTCO-I

In the third and fourth panels of Figure 2 we show the

COSTCO-FGPA maps for one realization and the en-

semble mean, respectively. One can immediately see the

difference of δw
F between the CLAMATO and COSTCO-

FGPA. The CLAMATO IGM transmission value at the

position of COSTCO-I is close to the mean (δw
F ∼ 0),

while from the COSTCO-FGPA realization one sees

strong absorption (δw
F < −0.2) at the same position.

The presence of absorption feature in the averaged δF
map for COSTCO-FGPA further confirms the mock ab-

sorption feature.
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Figure 3. The distribution of δpcF derived from the method in Section 3.2. We include all the 9 protoclusters in the overlap of
CLAMATO and COSTCO volumes. The blue histogram is the distribution of δpcF in 1140 COSTCO-FGPA mock realizations;
the orange lines mark the δpcF of corresponding protoclusters in the observed CLAMATO; the grey vertical dash lines represent
δpcF = 0. We highlight COSTCO-I with bold text (the center plot) — the mocks for this structure are clearly inconsistent with
the CLAMATO measurement.

As the COSTCO-FGPA δw
F shares the same shape and

coordinate system with CLAMATO δw
F , we can perform

a direct, quantitative comparison between the CLAM-

ATO and any COSTCO-FGPA realization at the po-

sition of the protocluster. First, we smooth the δw
F

maps with a R = 4h−1 Mpc top-hat kernel (Stark et al.

2015b), and then compute the mean δw
F value enclosed

by a R = 15h−1 Mpc sphere centered at the reported

COSTCO-I position; we refer to this quantity as δpc
F .

The radius is inspired by Ata et al. (2022), who defined

a protocluster as structure that consistently formed a

z = 0 cluster within a R = 15h−1 Mpc radius of each

other in the z = 0 snapshots.

We computed δpc
F centered on the protocluster for

all 1140 COSTCO-FGPA realizations, and compared

them with the value computed from CLAMATO. This

distribution is shown in the central panel of Fig-

ure 3. The CLAMATO Lyα transmission associated

with COSTCO-I is clearly more transparent (less ab-

sorbed) than seen in the COSTCO-FGPA mocks: we

find that only 3 out of a total of 1140 COSTCO-FGPA

realizations exhibit a δpc
F value greater than seen in

CLAMATO. The COSTCO-FGPA mocks represent the

null hypothesis that the gas in COSTCO-I is follow-

ing FGPA, for which we find a probability of p =

1− 3/1140 = 0.00263 (corresponding to 2.79σ assuming

a Gaussian distribution) after incorporating all known

uncertainties. This is well below the standard hypoth-

esis testing threshold of p = 0.05, indicating a clear re-

jection of the null hypothesis: the protocluster gas in

COSTCO-I does not follow the FGPA. Based on Equa-

tion 2, the reduced Lyα optical depth (i.e. increased

transmission) in COSTCO-I might be due to an increase

in the large-scale gas temperature, or enhanced local UV

background.

COSTCO-I is not the only COSTCO-detected proto-

cluster that falls within the CLAMATO volume. We

therefore also computed δpc
F for these other protoclus-
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ters, which include well-known structures such as the

ZFIRE protocluster at z = 2.11 (Nanayakkara et al.

2016) and the various peaks of Hyperion at z ≈ 2.45 −
2.52 (Cucciati et al. 2018). These are shown in the non-

central panels of Figure 3, where the CLAMATO Lyα

transmission is generally consistent with the COSTCO-

CLAMATO mocks. This suggests that a transparent

Lyα forest in protocluster gas is not an ubiquitous pro-

cess at this epoch, although with we cannot rule out

more subtle deviations from FGPA with the current

data. Indeed, there are hints that the ZFIRE proto-

cluster might not obey FGPA (bottom-central panel of

Figure 3), but more detailed studies would be needed to

confirm this.

The transparent Lyα forest of COSTCO-I extends

across physical scales of > 4 pMpc. We have identified a

compact overdensity of galaxies that forms the putative

protocluster core, which would have a characteristic ra-

dius of r200 = 400 pkpc = 0.92h−1 Mpc based on our es-

timated virial mass of MV = 5.78×1013 h−1M�. This is

considerably smaller than the extent of the transparent

gas we see in the protocluster and is therefore unlikely

to be due to early formation of an intra-cluster medium

(ICM). Indeed, previous studies of hot gas possibly as-

sociated with ICM formation at z ∼ 2 (e.g., Wang et al.

2016; Champagne et al. 2021) were on much smaller

scales of ∼ 100kpc. In any case, Lee et al. (2016) had

tested a toy model in which the Lyα transmission was

set to 100% transmission (F ≡ exp(−τ) = 1) within a

1.5h−1 Mpc radius of a simulated protocluster but with

the gas outside following FGPA. This had a negligible

effect on the averaged δpc
F computed over several Mpc,

so a virialized ICM with r200 = 0.92h−1 Mpc cannot

be responsible for the spatially extended deviation from

FGPA.

We believe there are three possibilities for this large-

scale (> 4pMpc) protocluster heating. The first scenario

is that the protocluster gas is being collisionally shock-

heated due to gravitational collapse of the accreting ma-

terial on large scales. However, this seems disfavored by

prior theoretical analysis of the large-scale Lyα forest

signal in z ∼ 2 protoclusters. Miller et al. (2021) studied

z ∼ 2.4 protoclusters within the IllustrisTNG100 hydro-

dynamical simulation (Weinberger et al. 2017; Pillepich

et al. 2018). They found that for an uniform UV back-

ground, the effect of collisional ionization is negligible on

the smoothed 3D Lyα forest signal associated with pro-

toclusters. Kooistra et al. (2022b), on the other hand,

performed zoom-in hydrodynamical simulations on a set

of galaxy protoclusters, with various phenomenological

pre-heating prescriptions of the protocluster gas. They

did however perform fiducial runs where gas hydrody-

namics was in effect, but no feedback or pre-heating was

applied. Even in z = 2 protoclusters associated with the

most massive z = 0 clusters (M(z = 0) ∼ 1015 h−1M�),

simple gravitational shock heating appears to be gener-

ally insufficient to make the ∼Mpc-scale Lyα absorp-

tion significantly more transparent than the canonical

FGPA. These two studies, however, analyzed only a

small number of simulated protoclusters: ∼ 20 by Miller

et al. 2021 and 5 by Kooistra et al. 2022a. Therefore,

while they did not find large-scale gravitational shock

heating at z ∼ 2.3, we cannot rule out the possibility

that this is in progress in a small fraction of protoclus-

ters. A more comprehensive study involving large num-

bers of simulated protoclusters would help clarify this.

The second possibility for the large-scale heating

is that feedback processes from protocluster galaxies

or AGN is responsible for the reduced absorption in

COSTCO-I. Kooistra et al. (2022b) applied a sim-

ple phenomenological pre-heating model to protocluster

gas, which imposed an entropy floor, Kfloor, such that

protocluster gas cells at z = 3 have internal gas entropy

values of T n
−2/3
e > Kfloor, where T is the gas tempera-

ture and and ne is the electron density (see also Borgani

& Viel 2009). Their results showed that a significant en-

tropy floor of Kfloor & 50 keV cm−3 would be required

to cause increased Lyα transmission to δF ∼ 0 in z ∼ 2

protoclusters. Kooistra et al. (2022b) were agnostic on

the possible mechanisms that could cause such preheat-

ing. Over the years, however, there has been a grow-

ing consensus that feedback from AGN is necessary to

reproduce various properties related to galaxy clusters

and groups (e.g., Puchwein et al. 2008; McCarthy et al.

2010). AGN feedback is included in the IllustrisTNG100

simulation analyzed by Miller et al. (2021), who showed

that it does not appear to cause strong deviations from

a FGPA-like relationship between the Lyα transmission

and matter density in z = 2.44 protoclusters. How-

ever, the AGN feedback energy in the TNG model is

deposited isotropically in the immediate vicinity of each

SMBH. The AGN feedback in the Simba simulations

(Davé et al. 2019), on the other hand, implements a

collimated-jet feedback scheme for low-Eddington ratio

AGN. This allows feedback energy to reach much larger

scales compared with TNG (Tillman et al. 2022). AGN

jet feedback also appears to be driving large-scale heat-

ing at z ∼ 2 in the HorizonAGN suite (Chabanier et al.

2020) with significant effects on global Lyα forest statis-

tics, although they did not focus on protoclusters. At

low-z, radio lobes from giant radio galaxies have been

shown to extend up to ∼ 4 − 5 Mpc (Delhaize et al.

2021; Oei et al. 2022), so similar mechanisms operating
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in high-redshift protoclusters could be heating up the

proto-ICM over similar scales.

Finally, an enhanced local UV radiation field, Γuv,

from AGN within the protocluster could be an alter-

native cause of deviations from FGPA. However, Miller

et al. (2021) also considered a radiative model with a

realistic quasar luminosity function in their analysis of

IllustrisTNG100 protoclusters, and showed that this is

unlikely to denude the Lyα forest absorption of proto-

clusters to the extent that we see in COSTCO-I. Rare

hyper-luminous quasars (with absolute magnitudes of

M1450 & −27) would have a more significant effect on

the Lyα absorption (Visbal & Croft 2008; Schmidt et al.

2018) than the simulated AGN considered by Miller

et al. (2021), but we see no Type-I quasars within this

protocluster. On the other hand, obscured Type-II

quasars emitting anisotropically away from our line-of-

sight might indeed cause deviations from FGPA. Hyper-

luminous quasars are however rare in the Universe and

we therefore deem it less unlikely cause of the Lyα trans-

parency in COSTCO-I than collisional heating or jet-

feedback. It would however be an exciting discovery

if an obscured hyper-luminous quasar were responsible

for the transparency of COSTCO-I. We will investigate

this possibility in a follow-up study of the protocluster

members.

4. CONCLUSION

In this Letter, we presented evidence that the Lyα

forest associated with an observed galaxy protocluster

at z = 2.298 is considerably more transparent (i.e. less

absorbed) than expected given the overdensity of the

protocluster. We interpret this to be caused by elevated

gas temperatures that departs from the usual FGPA re-

lationship that governs the Lyα transmission as a func-

tion of underlying matter density field.

Whichever the true heating mechanism might be, the

COSTCO-I galaxy protocluster appears to be the first

known large-scale structure where the gas is under-

going the transition from the optically-thin photoion-

ized temperature-density relationship of Cosmic Noon

(z ∼ 2 − 4), into the ICM by z = 0. In follow-up

studies, we will study the effects of various feedback

mechanisms in hydrodynamical simulations specifically

in context of z ∼ 2− 3 protoclusters, while also examin-

ing the multi-wavelength data extant in COSMOS field

to search for trends in the constituent galaxies and gas

associated with COSTCO-I.
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APPENDIX

In this Appendix, we compare the global properties of the COSTCO-FGPA mock maps with the CLAMATO

observational data. In Figure 4, we present the probability distribution function (PDF) of CLAMATO and COSTCO-

FGPA transmission field. We find that the CLAMATO and COSTCO-FGPA transmission distributions are in good

agreement in the low transmission region, while the high transmission region is not well-reproduced in the mock

transmission map. We attributed this to the tracers used in COSTCO, which are galaxies with known spectroscopic

redshifts. According to the galaxy formation and evolution theory, galaxies are formed in the dark matter halos which

are located in the density peaks. This means that reconstructions at their most reliable in high density (low Lyα forest

transmission) regions; on contrary, the structures in the low density regions are mostly introduced by noises of mock

data.

As proposed by Kooistra et al. (2022a), the Lyα transmission-density relation can be a diagnostic of galaxy feedback.

Figure 5 depicts this relation for the whole CLAMATO volume and the COSTCO-I region. The left column shows the
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Figure 4. The distribution of δwF values from Wiener-filtered Lyα absorption maps in the CLAMATO field. The orange
histograms are the distribution of different realizations from the COSTCO-FGPA reconstructions, while the blue histogram is
for the actual CLAMATO data. The distributions agree reasonably well in the low-transmission regime (δwF . 0) which traces
overdensities.

relationship from one COSTCO-FGPA realization without noise, finite sightline sampling, or Wiener-filter. We find

that the FGPA relation is tightly preserved after applying redshift distortions (i.e. peculiar velocities) in both the full

volume and near COSTCO-I; After picking sightline sampling, adding noise, and Wiener-Filtering, the majority of the

whole volume still follows the FGPA relation, while the pixels around COSTCO-I show a slightly different trend. We

regard it as a consequence of information loss during the generation of mock skewers. The transmission and density in

the full CLAMATO volume do show a correlation, but it is not consistent with FGPA relation of β = 1.6. This is likely

due to additional uncertainties in the matter density construction (δM ) that is not reproduced in the COSTCO-FGPA

relationship. Around COSTCO-I, we do not find a notable trend between the transmission and density – the δF values

remain almost constant. This is reminiscent of the flat transmission-density relations that have high levels of pre-

heating as studied by Kooistra et al. (2022b). However, more quantitative studies involving the transmission-density

relationship would require large observational samples and more careful modelling of systematics.
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