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A B S T R A C T 

The intergalactic medium in the vicinity of galaxy protoclusters are interesting testbeds to study complex baryonic effects such as 
gravitational shocks and feedback. Here, we utilize hydrodynamical simulations from the SIMBA and The Three Hundred suites 
to study the mechanisms influencing large-scale Lyman- α transmission in 2 < z < 2 . 5 protoclusters. We focus on the matter 
o v erdensity-Lyman- α transmission relation ( δm 

− δF ) on Megaparsec-scales in these protoclusters, which is hypothesized to be 
sensitive to the feedback implementations. The lower density regions represented by the SIMBA-100 cosmological volume trace 
the power-law δm 

− δF relationship often known as the fluctuating Gunn–Peterson approximation. This trend is continued into 

higher density regions covered by simulations that implement stellar feedback only. Simulations with active galactic nucleus 
(AGN) thermal and AGN jet feedback, ho we v er, e xhibit progressiv ely more Lyman- α transmission at fix ed matter o v erdensity. 
Compared with the seven protoclusters observed in the COSMOS field, only two display the excess absorption expected from 

protoclusters. The others exhibit deviations: four show some increased transparency suggested by AGN X-ray thermal feedback 

models while the highly transparent COSTCO-I protocluster appears to reflect intense jet feedback. Discrepancies with the 
stellar-feedback-only model suggests processes at play beyond gravitational heating and/or stellar feedback as the cause of the 
protocluster transparencies. Some form of AGN feedback is likely at play in the observed protoclusters, and possibly long-ranged 

AGN jets in the case of COSTCO-I. While more detailed and resolved simulations are required to move forward, our findings 
open new avenues for probing AGN feedback at Cosmic Noon. 

Key words: methods: numerical – galaxies: clusters: general – intergalactic medium – large-scale structure of Universe. 
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 I N T RO D U C T I O N  

alaxy clusters did not form in a day; these giants were still in
heir adolescence stage at redshift z > 2, in structures commonly
nown as ‘galaxy protoclusters’. At this cosmic noon epoch, they
ere still in an active stage of mass assembly, and their member
alaxies may or may not end up in a present-day cluster (Chiang,
verzier & Gebhardt 2013 ). Protoclusters contribute a significant

raction to the cosmic star formation rate density (Chiang et al.
017 ) at Cosmic Noon when cosmic star-formation activity was
t its peak. Galaxy protoclusters do not necessarily exhibit very
onspicuous galaxy o v erdensities, with most nascent protocluster
ores accumulating masses of M � 10 14 M � by this epoch, and the
ass growth of these protoclusters is not necessarily monotonic (i.e.

he most massive protocluster cores at z ∼ 2 will not al w ays grow
nto the most massive z ∼ 0 clusters, for example, Cui et al. 2020 ;
emus, Dolag & Dannerbauer 2023 ). 
 E-mail: dong-chenze@g.ecc.u-tokyo.ac.jp 
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Aside from their important role in star formation and massive
alaxy assembly, protoclusters also show interesting interactions
ith the intergalactic medium (IGM), (for example Cai et al. 2017 ;
ikuta et al. 2019 ; Kooistra et al. 2022a ; Emonts et al. 2023 ). After

he end of cosmic reionization around z ∼ 6, the free streaming
hotons and the expansion of the universe quickly erase the thermal
emory of IGM towards reionization. The inverse Compton scat-

ering of electrons off the Cosmic Microwave Background (CMB)
s also an important cooling mechanism at high redshift, but its
ooling efficiency is about one magnitude lower than the cooling
aused by cosmic expansion at 2 < z < 3 (McQuinn & Upton
anderbeck 2016 ). The equilibrium between adiabatic expansion
nd photoionization heating leads to a power-law relation between
he temperature and density in the IGM, T = T 0 (1 + δ) γ−1 (Hui &
nedin 1997 ), where δ = ρ/ ̄ρ − 1 is the o v erdensity, T 0 is the typical

emperature for IGM with an average density. The temperature-
ensity equation-of-state index, γ ≈ 1 . 7 (Lee et al. 2015 ; Hiss et al.
018 ; Rorai et al. 2018 ), is a parameter arising from the balance
etween recombination and photoionization. This leads to a relation
etween hydrogen Lyman-alpha (Ly α) forest optical depth and IGM
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tate, often known as the Fluctuating Gunn–Peterson Approximation 
FGPA; Croft et al. 1998 , 2002 ): 

Ly α ∝ 

T −0 . 7 

� UV 

(1 + δ) 2 ∝ (1 + δ) β, (1) 

here � UV corresponds to the background ultraviolet (UV) photoion- 
zation rate, and β = 2 − 0 . 7( γ − 1) is another positi ve po wer-law
ndex. By observing Lyman- α absorption, this relation facilitates 
he probing of o v erdensity δ along lines of sight to background
bjects, for example, CLAMATO (Lee et al. 2014b , 2018 ; Horowitz
t al. 2022 ) and LATIS (Newman et al. 2020 ). Protoclusters are
sually the sites with the highest o v erdensities and strongest Lyman-

absorption, so this relation further enables the detection of 
rotoclusters at Cosmic Noon (Stark et al. 2015 ; Cai et al. 2016 ;
ee et al. 2016 ; Miller, Bolton & Hatch 2021 ; Qezlou et al. 2022 ). 
Baryonic processes associated with galaxy formation in and 

round the protoclusters add great complexity to the connection 
etween the IGM and galaxy protoclusters. Stellar and active galactic 
ucleus (AGN) feedback can inject energy into the IGM as they 
egulate the star formation, potentially causing deviations from the 
GPA due to collisional heating and ionization. Furthermore, even 
hock heating purely driven by gravitational collapse can raise the 
emperature of the gas within high-mass haloes (Kere ̌s et al. 2005 ),
 ventually dri ving the e volution into the complex and ‘missing’
hases of the IGM at late times (Dav ́e et al. 2001 ; Cen & Ostriker
006 ). Early works (Theuns, Mo & Schaye 2001 ) hinted at this more
omplex connection by inspecting individual quasar spectra. On the 
imulation side, various studies assessed the impact of feedback 
rocesses both on the summary statistics of the Lyman- α forest (for
xample Kollmeier et al. 2003 ; Christiansen et al. 2020 ; Nagamine
t al. 2021 ; Burkhart et al. 2022 ; Khaire et al. 2023 , 2024 ; Tillman
t al. 2023a , b ) and on Lyman- α absorption in the circumgalactic
edium of galaxies and quasars (Kollmeier et al. 2006 ; Meiksin,
olton & Tittley 2015 ; Meiksin, Bolton & Puchwein 2017 ; Turner
t al. 2017 ; Sorini et al. 2018 ; Sorini, Dav ́e & Angl ́es-Alc ́azar 2020 ;
ppleby et al. 2021 ; Mallik et al. 2023 ; Maitra, Mallik & Srianand
024 ). Kooistra et al. ( 2022a ) also predicted an ele v ation of IGM
emperature by the manual phenomenological implementation of 
GN feedback. 
Recently, Dong et al. ( 2023 ) found a particularly interesting 

ase, the COSTCO-I protocluster, which potentially holds strong 
mplications for the interplay between heating processes on the 
yman- α forest in protoclusters. This protocluster was first iden- 

ified in density reconstructions of the COSMOS spectroscopic 
atalogue (Ata et al. 2021 ) and resulting constrained simulations 
COSTCO project; Ata et al. 2022 ) as the progenitor of a late-
ime M = (4 . 6 ± 2 . 2) × 10 14 M � galaxy cluster. Ho we ver, a com-
arison with the Wiener-filtered tomographic IGM map from the 
LAMATO surv e y (Horowitz et al. 2022 ) indicated that COSTCO-
 is anomalously transparent to Lyman- α absorption, contrary to 
he significant absorption expected through FGPA given its galaxy 
 v erdensity. It is a special case among protoclusters residing in
he o v erlapping volume of CLAMATO and COSTCO (hereafter 
LAMATO ×COSTCO protoclusters), as none of the other proto- 
lusters have such transparent Lyman- α absorption at first glance. 
oreo v er, the une xpectedly high transmission is still evident after

veraging with a r = 15 cMpc h −1 tophat kernel, indicating that this
henomenon spans multiple ph ysical Meg aparsecs. Recent work by 
iller et al. ( 2022 ) suggests that the UV radiation from protocluster
GN seems unlikely to be the cause of extended Lyman- α transmis-

ion to the extent that we see unless an ultraluminous quasar is present 
Schmidt et al. 2018 ). Therefore, according to equation ( 1 ), such a
yman- α transparency could be attributed to a high IGM temperature 
cross several physical Mpc, given the uniform UV background 
nd o v erdensity confirmed by COSTCO. We hypothesize that the
xtended gas around COSTCO-I is a possible site of large-scale 
eating processes other than UV background ionization, which 
reaks the power-law relation between the temperature and density of 
GM. Ho we ver, the mechanism that caused the heating still remains
nclear, as it could be some combination of AGN and/or stellar
eedback along with gravitational shock heating. 

In this paper, we use the SIMBA cosmological galaxy formation 
imulation and The Three Hundred Cluster zoom simulation suite 
o investigate the impact of gravitational shock heating and various 
eedback processes on the Lyman- α forest within and around large 
aloes at z = 2 . 5. In Section 2 , we introduce the data adopted in
his study and describe how we derive the quantities of interest. In
ection 3 , we present our main findings based on the measurement
rom both observations and simulations. In Section 4 , we discuss the
esults and summarize the study. Throughout this paper, we adopt 
he cosmology of H 0 = 100 h km s −1 Mpc −1 = 70 km s −1 Mpc −1 , 

m 

= 0 . 315, and 
� 

= 0 . 685 for the observational data to maintain
onsistency with the cosmology in Dong et al. ( 2023 ). 

 DATA  

n order to quantify the heating of IGM around massive protoclusters
n simulations and compare with the observed case with large-scale 
as heating, we focus on the following quantities: o v erdensity δm 

and
yman-alpha transmission δF . The definition and measurement 
ethodology of these quantities for the CLAMATO ×COSTCO 

bservational data are described in Section 2.1 . The simulation suites
sed in this study are introduced in Section 2.2 , and in Section 2.4
e applied the same measurement to the simulations. 

.1 CLAMATO and COSTCO obser v ations 

his paper was moti v ated by the observational disco v ery of the
OSTCO-I galaxy protocluster at z = 2 . 30 (Lee et al. 2016 ; Ata
t al. 2022 ; Dong et al. 2023 ). The unusual nature of this protocluster
as first hinted at by Lee et al. ( 2016 ), but the official disco v ery
as made through constrained N -body simulations (Ata et al. 2022 )
ased on the reconstructed matter density field of the COSMOS 

alaxy spectroscopic sample in the redshift range 2 . 0 < z < 2 . 5
Ata et al. 2021 ). To briefly summarize, the initial conditions (ICs)
f the N -body simulations were first sampled using the COSMIC-
IRTH (Kitaura et al. 2020 ) algorithm, conditional to the observed
pectroscopic galaxy redshift distribution at 2 . 00 < z obs < 2 . 52 in
he COSMOS field. Ata et al. ( 2022 ) then ran the PKDGRAV3 N -
ody code (Potter, Stadel & Teyssier 2017 ) on the ICs derived from
his analysis, with a total of 57 posterior realizations and produced
imulation snapshots at z = 2 . 3 as well as at z = 0. This allows us to
ompute various quantities for all the CLAMATO ×COSTCO pro- 
oclusters, including some that are not typically accessible through 
bservations such as the matter density field. In addition, this allows
s to estimate the uncertainties related to the derived quantities thanks 
o the posterior realizations. 

Table 1 lists all the CLAMATO ×COSTCO protoclusters that 
e analyse in this study. Among the entries, ZFIRE was first
etect through medium-band imaging (Spitler et al. 2012 ) and later
onfirmed by Keck/MOSFIRE spectroscopy (Yuan et al. 2014 ). 
yperion (Casey et al. 2015 ; Chiang et al. 2015 ; Diener et al. 2015 ;
ee et al. 2016 ; Wang et al. 2016 ) is a complex of galaxy protoclusters

dentified at redshift 2 . 423 < z < 2 . 507, where only Hyperion 1, 3,
MNRAS 532, 4876–4888 (2024) 
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M

Table 1. CLAMATO ×COSTCO galaxy protoclusters analysed in this work. 
Note that Ata et al. ( 2022 ) only reported the final mass for Hyperion clusters 
as the sum of all member clusters (Hyperion 1–7), including Hyperion 2; 
Hyperion 6 and Hyperion 7 are outside the volume of the CLAMATO Lyman- 
α map. 

Protocluster RA Dec z obs Final mass ( h −1 M �) 

ZFIRE 150.094 2.251 2.095 (1 . 2 ± 0 . 3) × 10 15 

Hyperion 1 150.093 2.404 2.468 (2 . 5 ± 0 . 5) × 10 15 

Hyperion 3 149.999 2.253 2.444 –
Hyperion 4 150.255 2.342 2.469 –
Hyperion 5 150.229 2.338 2.507 –
COSTCO-I 150.11 2.161 2.298 (4 . 6 ± 2 . 2) × 10 14 

COSTCO-III 150.129 2.275 2.16 (5 . 3 ± 2 . 6) × 10 14 
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, and 5 are enclosed in the volume of CLAMATO. COSTCO-I and
OSTCO-III are newly disco v ered galaxy protocluster reported by
ta et al. ( 2022 ) based on constrained-simulation analysis. 
To derive the quantities of interest, we first measured the matter

 v erdensity, δm 

around the protoclusters from the N -body outputs.
o do this, we converted the particle data from the simulation output

nto a grid of δm, raw and used the mean density of the universe to
ormalize the matter density, 

m, raw = ρ/ ̄ρ − 1 . (2) 

hen, we smoothed the δm, raw field with a Gaussian kernel of 7.5
Mpc h −1 smoothing radius, and took the value of δm 

at the positions
f protoclusters as the o v erdensity associated with the protocluster. 
We measured the Lyman- α forest transmission fluctuation, δF =
 / ̄F − 1 (where F = exp ( −τLy α) is the Lyman- α transmission, and

¯
 is the mean Lyman- α transmission at z = 2 . 5 given by Becker
t al. 2013 ) associated with the protoclusters based on the Wiener-
ltered δWF 

F from the CLAMATO surv e y (Horowitz et al. 2022 ). To
atch the measurement of o v erdensity abo v e, we simply smoothed

he δWF 
F field with a Gaussian kernel of 7.5 cMpc h −1 and e v aluated

F at the position of the protocluster, which was used to compare
ith the δF matter o v erdensity. In addition, Wiener filtering under

rregular sightline sampling can lead to biased reconstructions, δF ,
ompared to the underlying truth (see Appendix A ). We corrected
he bias by introducing a rescaling factor for the δWF 

F values of
he CLAMATO ×COSTCO protoclusters, calibrated from simulated
ock sightlines. 

.2 Simulations 

n order to explore a wide range of halo masses, larger simulation
oxes are generally desired. Ho we ver, this typically requires a
rade-off between the simulation scale and the resolution given
nite computational resources. In our work, we aim to achieve
dequate resolution while retaining the ability to study massive
aloes ( M halo > 10 14 h 

−1 M � at z = 0) when picking the runs in each
imulation suite. We, therefore, use the large v olume a vailable in the
IMBA suite of cosmological hydrodynamical simulation, i.e. the
 = 100 h 

−1 cMpc box. We also study The Three Hundred ,
 series of zoom-in simulations that focus on the evolution of
he most massive galaxy clusters at z = 0. These simulations have
een run with several different feedback prescriptions. We introduce
he simulation suites below with a focus on their jet feedback
mplementation and summarize them in Table 2 . Due to the lim-
ted snapshots available in The Three Hundred , we study the
roperty of massive protoclusters with snapshots at z = 2 . 5, which
orrespond to the highest redshift in the CLAMATO volume. The
NRAS 532, 4876–4888 (2024) 
hoice of snapshot redshift can be justified for the following reasons.
irst, the median redshift of CLAMATO ×COSTCO protoclusters

s z = 2 . 444 (see Table 1 ), therefore adopting z = 2 . 5 is nomi-
ally the closest snapshot. Secondly, most clusters in The Three
undred sample have larger final masses ( > 10 15 h 

−1 M �) than
LAMATO ×COSTCO sample, thus a slightly higher redshift for

he simulated sample facilitates a better match with the evolutionary
tage of the observed protoclusters. 

.2.1 SIMBA 

he SIMBA simulation (Dav ́e et al. 2019 ) is a cosmological simula-
ion suite based on a forked version of the Gizmo (Hopkins 2015 )
ravity + hydrodynamics solver. The meshless-finite-mass (MFM)

cheme in Gizmo gets rid of artificial viscosity in its hydrodynamic
mplementation, which handles shocks in a more precise and realistic
ay. The SIMBA simulation includes a variety of input physics. The

adiative cooling and photoionization heating are implemented using
rackle-3.1 (Smith et al. 2017 ) with an on-the-fly, and self-
onsistent self-shielding treatment (Rahmati et al. 2013 ). SIMBA
dopts the ionizing background in Haardt & Madau ( 2012 ) (HM12),
hich is further modified to account for self-shielding. The star

ormation formalism is similar to its precursor, MUFASA (Dav ́e,
hompson & Hopkins 2016 ). The star formation rate (SFR) is
alculated with an H 2 -based Schmidt ( 1959 ) law, where the SFR
s proportional to the H 2 density and the inverse of dynamic time.
IMBA incorporates the stellar feedback from Type Ia & Type

I Supernovae (SNe) and Asymptotic Giant Branch (AGB) stars.
he SIMBA applied the decoupled two-phase winds for stellar

eedback, of which the effect is aligned with high-resolution FIRE
imulation (Feedback In Realistic Environments; Hopkins et al.
014 ). 
The major impro v ement in SIMBA subgrid models relative to MU-
ASA is the black hole physics. For the black hole accretion, SIMBA
mploys a combination of Bondi–Hoyle–Lyttleton accretion (Bondi
952 ) (from hot gas) and Torque-limited accretion (Hopkins &
uataert 2011 ) (from cold gas). The AGN feedback is modelled

n a two-phase approach, featuring criteria on the black hole mass
 BH and Eddington ratio f Edd . The ‘radiative’ mode is acti v ated for

he black holes in high accretion state ( f Edd > 0 . 2) or with low mass
 M BH < 10 7 . 5 M �), in which the black holes e x ert kinetic kick on
urrounding gas to create ‘AGN winds’ with a speed of ∼ 10 3 km s −1 .
 or more massiv e black holes with lower accretion rate, the feedback
nters ‘jet’ mode, where the gas at black hole vicinity is heated to
 10 7 K and launched with a speed of ∼ 7000 km s −1 . The crucial

eature of SIMBA’s AGN feedback arises from the directionality of
omentum ejection. For both wind and jet feedback, the ejected gas

aunches from the direction perpendicular to the inner disc around
he SMBH with an opening angle of zero. Given the high velocity of
he jet feedback, it leads to a highly collimated bipolar outflow, which
as an impact on the scale of observed radio lobes. The authors argue
he highly collimated implementation of feedback is later alleviated
y other processes on longer time-scales, such as the precession of
he inner disc and the interaction of outflow and ambient gas. For

ore detail, we refer the readers to the introductory paper of SIMBA
Dav ́e et al. 2019 ). 
SIMBA has simulation boxes with settings different in different

ox sizes and resolutions publicly available. In this study, we adopt
he flagship run (hereafter SIMBA-100) with the box size of 100
Mpc h −1 and 2 × 1024 3 particles to increase the volume and hence
alo mass co v erage compared with the 50 h 

−1 cMpc versions. 
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Table 2. Hydrodynamical simulations used in this work. We specify the alias, box size, cosmology, resolution, and feedback model in each run. 

Simulation Box size (cMpc h −1 ) Cosmology ( h, σ8 , 
m , 
b ) Mass resolution ( h −1 M �) Feedback model 

SIMBA-100 100 (0 . 68 , 0 . 82 , 0 . 3 , 0 . 048) 6 . 51 × 10 7 SIMBA full physics 
300-SIMBA zoom-in (0 . 678 , 0 . 823 , 0 . 307 , 0 . 048) 1 . 27 × 10 9 SIMBA full physics 
300-GadgetX zoom-in (0 . 678 , 0 . 823 , 0 . 307 , 0 . 048) 1 . 27 × 10 9 Stellar & AGN thermal feedback 
300-GadgetMUSIC zoom-in (0 . 678 , 0 . 823 , 0 . 307 , 0 . 048) 1 . 27 × 10 9 Stellar feedback 
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.2.2 The THREE HUNDRED 

he Three Hundred project (Cui et al. 2018 , 2022 ) is a set
f re-simulations of 324 large galaxy clusters. These clusters were 
rst selected from the 1 cGpc h −1 MDPL2 dark-matter-only sim- 
lation (Klypin et al. 2016 ) based on their halo mass at z = 0
 M h,z= 0 > 6 . 42 × 10 14 M �). A spherical volume with a radius r = 15
Mpc h −1 was then selected as the re-simulation region. The ICs were
enerated by the GINNUNGAGAP code with the re-simulation region 
plit into gas and dark matter particles, and the outer regions are
esampled using low-resolution particles to save the computation 
ost. The Three Hundred resimulation set provides a mass- 
omplete sample of the extremely massive haloes with flexibility 
n baryon model prescriptions. Our study includes the runs with 
adgetX, GadgetMUSIC, and GIZMO-SIMBA models for all 324 

lusters. 
The detail of three prescriptions in The Three Hundred is 

isted as follows. 

(i) GadgetMUSIC (hereafter 300-GadgetMUSIC): This pre- 
cription is based on Sembolini et al. ( 2012 ), running with GADGET-
 Tree-PM code, an updated version of GADGET-2 (Springel 2005 ) 
he classic entropy-conserving SPH formulation with a 40 neighbour 
3 interpolation kernel is used in the hydrodynamic solver of 

00-GadgetMUSIC. It adopts a metal-independent approach for 
adiative cooling and a homogeneous UV background (UVB) by 
aardt & Madau ( 2001 ) (HM01) for photoionization heating. On 

tar formation, it follows the hybrid multiphase model in Springel & 

ernquist ( 2003 ) with the Salpeter ( 1955 ) initial mass function
IMF). The kinetic stellar feedback and thermal stellar feedback 
n 300-GadgetMUSIC are realized based on Springel & Hernquist 
 2003 ) and the 2-phase model in Yepes et al. ( 1997 ), respectively.
here is neither black hole accretion nor black hole feedback 

mplemented in 300-GadgetMUSIC. 
(ii) GadgetX (hereafter 300-GadgetX): This prescription has 

 fe w dif ferences compared with 300-GadgetMUSIC. It uses an 
pdated SPH scheme (Beck et al. 2015 ) with impro v ement in
rtificial thermal diffusion, time-dependent artificial viscosity, high- 
rder Wendland C4 interpolating kernel, and wake-up scheme. On 
he gas heating and cooling, 300-GadgetX adopts Haardt & Madau 
 1996 ) (HM96) UVB and a metal-dependent cooling calculation 
Wiersma, Schaye & Smith 2009 ). It models star formation using
ornatore et al. ( 2007 ) and Chabrier ( 2003 ) IMF. 300-GadgetX also

mplemented kinetic stellar feedback following Springel & Hernquist 
 2003 ). Contrary to 300-GadgetMUSIC, 300-GadgetX suite has a 
lack hole physics implementation by Steinborn et al. ( 2015 ), which
ncludes a multiphase gas accretion and thermal AGN feedback. 

(iii) GIZMO-SIMBA (hereafter 300-SIMBA): This prescription 
dopted a slightly modified model based on the SIMBA cosmological 
uns. Because the resolution of The Three Hundred is downgraded 
ompared to SIMBA-100, Cui et al. ( 2022 ) re-calibrated the feedback 
odel based on a series of criteria related to stellar mass and halo
ass in their section 3.2. The modification is mainly moti v ated by

he deficit of star formation in satellite galaxies. The star formation 
fficiency was then tuned higher to alleviate the deficit, which led to
n o v erproduction of stars in central galaxies. In turn, the jet feedback
as tuned more powerful (with a max speed of ∼ 15 000 km s −1 ) to

egulate stellar mass in the central galaxies. As a result, the jets in
00-SIMBA are the strongest among the simulation suites in this 
tudy, which results in a relatively flat gas density profile at z = 0 (Li
t al. 2023 ). 

Apart from the snapshot at z = 2 . 5, we also use the output of halo
nder AHF (Knollmann & Knebe 2009 ) to determine the position of

he most massive haloes in each re-simulation. 

.3 Mock Lyman-alpha skewers 

s all the simulations used in this study utilized GADGET as their
ackbone, we use a light-weighted Python package pygad to handle 
he simulation output. The package integrates the modules for reading 
imulation data with automatically inferred units, producing maps of 
uantities with the given SPH kernel, and generating the Lyman- α
ptical depth. When generating the Lyman- α skewers, the package 
ill use the cosmology defined in the simulation output (see Table 2 ).
he cosmologies adopted in simulations have subtle per cent-level 
ifferences from the one used for the observational data reduction 
Ata et al. 2022 ; Horowitz et al. 2022 ). In this paper, we are aiming
t a largely qualitative comparison, so we do not consider these
ifferences to be important. Future analyses should, ho we ver, take
areful account of the assumed cosmology. 

In addition, the cosmological simulations suites adopted in this 
tudy adopted different empirical UVBs, which may cause inconsis- 
encies between the simulation and observed Lyman- α mean flux. 
o facilitate a fair comparison between simulations and observations 
e calibrated the transmission flux in simulations following the 

pproach in Christiansen et al. ( 2020 ). The details can be found
n Appendix B . 

.4 Simulation obser v ables 

or the simulations, we first identified the positions of massive haloes
 M h > 10 14 M � at present day) in SIMBA-100 and the most massive
alo in each of the The Three Hundred zoom-in simulation at
 = 2 . 5, then calculated the same Lyman- α forest and mass proxies as
or CLAMATO ×COSTCO protoclusters: δm 

and δF . This involved 
omputing the gridded matter density and Lyman- α transmission for 
ach zoom-in simulation snapshot using pygad . We then applied 
he same smoothing kernels as described in 2.1 , and finally e v aluated
he value at the position of corresponding haloes. Some of the central
aloes in The Three Hundred were at the edge of the simulation
oom-in regions and were not properly simulated at full resolution, 
o we remo v ed these haloes from our subsequent analysis. 

 RESULTS  

ig. 1 illustrates the distribution of gas particles on the temperature-
ensity phase diagram. As a ‘baseline’ run for this study, SIMBA-100 
MNRAS 532, 4876–4888 (2024) 
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Figure 1. The mass-weighted temperature–density relation for SIMBA-100 (upper left) and three feedback prescriptions (rest panels) on The Three 
Hundred cluster #0001 at z = 2 . 5. In each panel, the vertical grey dash line represents log 10 ρb / ̄ρb = 2 while the horizontal line is T = 10 5 K. The two dash 
lines divide the ρ − T phase space into diffused cold gas (lower left), warm-hot intergalactic medium (WHIM, upper left), hot halo gas (upper right), and 
condensed gas (lower right). Among the The Three Hundred runs, the fraction of the WHIM component in each panel reflects the strength of feedback. 
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eproduces the power-law temperature–density relation in the diffuse
old gas regime, and shows a population of WHIM gas on T >
0 5 K. All The Three Hundred phase diagrams exhibit a more
otable WHIM component since The Three Hundred runs are
oom-in simulations around extremely massive regions rather than
 regular cosmological volume used in SIMBA-100. Among these
hase diagrams, the WHIM fraction of 300-SIMBA run exceeds 300-
adgetX run, and 300-GadgetX outmatches 300-GadgetMUSIC run,
hich reflects the latter has relatively weak feedback. 
In Fig. 2 we display the projected matter density, gas temperature,

nd Lyman- α transmission maps of The Three Hundred cluster
0001. The matter density distribution is almost identical among
he different feedback prescriptions, which supports the idea that
ven strong feedback does not significantly alter the overall matter
istribution (Sunseri, Li & Liu 2023 ). The gas temperature maps,
NRAS 532, 4876–4888 (2024) 
o we ver, sho w distinct differences. The 300-SIMBA AGN jet-
eedback runs show the highest o v erall IGM temperature in The
hree Hundred , which is centred on hot ( > 10 7 K) bubbles at

he nodes of the cosmic web and ele v ated gas temperature ( ∼ 10 5 

) that extends over several Megaparsecs into regions with milder
 v erdensity. As a result, the Lyman- α forest absorption is almost
ompletely suppressed in this 300-SIMBA protocluster (top-right
anel of 2 ), and the protocluster appears as a roughly mean-density
egion when viewed through the Lyman- α forest. A search for
rotoclusters using only Lyman- α forest data (for example, Stark
t al. 2015 ; Cai et al. 2016 ; Lee et al. 2016 ) would probably miss
rotoclusters like this. 
Hot bubbles are also seen in the 300-GadgetX thermal AGN run,

ut they do not extend into underdensities and the gas temperature
n those regions remain cool ( ∼ 10 4 K). As a result, these regions
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Figure 2. 20 × 20 × 2 cMpc h −1 slice of The Three Hundred # 0001. The left column shows matter density maps, the middle panels are the gas temperature 
maps, and the right panel are the maps of Lyman- α transmission fluctuation δF . The δF map is smoothed with a Gaussian kernel with R = 1 cMpc h −1 . From 

top to bottom, the maps are from GIZMO-SIMBA, GadgetX, and GadgetMUSIC prescriptions, respectively. The centres of haloes are marked with red plus 
signs; the red circles illustrate the 7.5 cMpc h −1 scale used for Gaussian kernels of smoothing. The jet feedback of the 300-SIMBA run significantly heats up 
the surrounding IGM, leading to a high o v erall Lyman- α transmission even with the massive galaxy protocluster overdensity. 
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xhibit some Lyman- α forest absorption such that the 300-GadgetX 

ase is not as transparent as in 300-SIMBA. 
In the 300-GadgetMUSIC runs, high temperature gas is seen only 

n the direct vicinity of filaments within � 1Mpc from galaxies, and
he Lyman- α transmission value is therefore the lowest among the 
ifferent feedback prescriptions of The Three Hundred. The Lyman- 

absorption of this protocluster is clearly evident and would be 
asily detected in a search of the Lyman- α forest. 

Fig. 3 shows the smoothed Lyman- α forest transmission, δF , 
lotted against the correspondingly smoothed matter o v erdensity, 
m 

, measured for the ensemble of simulated protoclusters at z = 2 . 5.
e find a correlation between the two quantities within the individual

imulation suites: δF generally decreases when a halo has higher δm 

. 
he 300-SIMBA suite has the highest o v erall Lyman- α transmission
mong The Three Hundred runs, while the δF value of 300- 
adgetX protoclusters shows an offset of 
δF ∼ −0 . 1, i.e. more
yman- α opacity. The 300-GadgetMUSIC suite exhibits the least 

ransparent Lyman- α forest, which is probably due to the lack of
GN feedback in its feedback prescription. For SIMBA-100, we 

how the matter-transmission relationship based on the fluctuating 
MNRAS 532, 4876–4888 (2024) 
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Figure 3. The relation between δm and δF in simulations as well as data. The scatter plots with blue, orange, and green dots are measured from 300-SIMBA, 
300-GadgetX, and 300-GadgetMUSIC, respectively. The black dashed line depicts the FGPA relationship in SIMBA-100, where β = 1 . 6. The shadow region and 
contours show the global relation of the two quantities in SIMBA-100 simulation box, where the purple points are the values of massive haloes in SIMBA-100. 
The red points with error bars are the measurements from the CLAMATO ×COSTCO protocluster. The left histogram shows the distribution of δF measured 
from massive protoclusters in our simulation samples, with the same colour code as in the right panel. Most of the CLAMATO ×COSTCO protoclusters appear to 
be deviating from the standard transmission-density relationship, while COSTCO-I shows a good match with the 300-SIMBA protoclusters that are implemented 
with jet feedback. 
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unn–Peterson relationship o v er the entire box as the black dashed
ine in Fig. 3 . In addition, we generate pygad Lyman- α skewers
rom the simulated H I gas density and show the skewer-based matter-
ransmission relationship o v er the entire box as a grey-scale contour.
he corresponding values centred on individual protoclusters within
IMBA-100 are also indicated separately as purple points. The FGPA
f SIMBA-100 appears to flatten out in δF with increasing δm 

,
ut interestingly the points in 300-GadgetMUSIC seem to continue
ollowing the FGPA relation traced out by the lower density SIMBA-
00 points. This is in qualitative agreement with Viel, Schaye &
ooth ( 2013b ), who argued that stellar feedback does not have a

ignificant effect on the power spectrum (i.e. fluctuations) of the
yman- α forest. 
The most massive haloes in the SIMBA-100 box are generally

ot as massive as those in The Three Hundred , but they do
ot appear to follow a continuous relationship with those in 300-
IMBA. This is suspicious as one would expect the haloes in SIMBA-
00 to have similar properties as haloes in 300-SIMBA due to the
imilar feedback prescriptions; we believe this to be due to the
NRAS 532, 4876–4888 (2024) 
oarser resolution and the somewhat strengthened feedback 300-
IMBA, which we will discuss further in Section 4 . The data point
or COSTCO-I closest to the trend of 300-SIMBA simulations: its
 v erdensity is comparable with the less massive haloes in The Three
undred, while its transmission falls in the range of δF of 300-
IMBA. 
We have also overplotted in Fig. 3 the measured δF from the

LAMATO Wiener-filtered maps and the δm 

derived from the
OSTCO constrained simulations, for the observed protoclusters

isted in Table 1 . The error bars were estimated from the ensemble
f posterior realizations in the COSTCO simulation suite. 
The δm 

values of the observed CLAMATO ×COSTCO protoclus-
ers are generally δm 

> 1 as expected for overdensities, although
hose for Hyperion 3 and Hyperion 5 are only mildly o v erdense.
his is not in contradiction with their identification as protoclusters,
ecause protoclusters are often only mildly o v erdense o v er scales of
ultiple Megaparsecs (Chiang et al. 2013 ). Hyperion 3 and Hyperion
 are components of the Hyperion proto-supercluster (Cucciati et al.
018 ), which was shown by Ata et al. ( 2022 ) to be the progenitor of
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n eventual L ∼ 100 Mpc long filamentary supercluster with a total 
ass of M h,z= 0 ≈ 2 . 5 × 10 15 h 

−1 M �. Ho we ver, when compared
ith SIMBA simulation, these two protoclusters fall slightly below 

he FGPA δm 

- δF relationship, i.e. they are more Lyman- α opaque than 
xpected. Ho we ver, this discrepancy is at the ∼ 1 − 2 σ level and is
ikely due to random scatter caused by observational uncertainties. 

On the other hand, one sees clear deviations from SIMBA-100 
GPA in the other CLAMATO ×COSTCO structures. The majority 
f the protoclusters (COSTCO-III, ZFIRE, Hyperions 1 and 4) o v er-
aps with the δm 

- δF points from the 300-GadgetX cluster simulations, 
hich incorporates the effect of thermal AGN feedback. It indicates 
 clear departure from the global FGPA-like power-law relationship 
or these protoclusters, in that the amount of observed Lyman- α
bsorption is not commensurate with the matter o v erdensity traced 
y the COSMOS galaxies. 
COSTCO-I exhibits an even more significant departure from the 

GPA relationship, with a slightly positive δF value more usually 
ndicative of underdensities. Its δm 

- δF relationship does not appear 
onsistent with those of the 300-GadgetX protoclusters, and lies 
mong those of the 300-SIMBA simulations where AGN jet feedback 
as been implemented. 

 DISCUSSION  

.1 Gravitational collapse as the origin of protocluster heating? 

n this work, we made a comparison of the large-scale Lyman- α
orest transmission of several galaxy protoclusters observed within 
he COSMOS field (Ata et al. 2022 ; Horowitz et al. 2022 ) with
everal hydrodynamical simulation suites that have varied galaxy and 
GN feedback prescriptions. In particular, we aimed to investigate 

he anomalously low amount of absorption seen in the COSTCO-I 
rotocluster at z = 2.30 (Dong et al. 2023 ). 
Interestingly, the different feedback prescriptions lead to clearly 

istinct Lyman- α transmission values δF in the simulated proto- 
lusters, especially if the controlling variable of underlying matter 
 v erdensity δm 

is taken into account. This indicates that measur- 
ng the FGPA-like relationship between Lyman- α flux and matter 
 v erdensity within galaxy protoclusters can be a sensitive probe of
alaxy feedback. In a previous paper, Kooistra, Lee & Horowitz 
 2022b ) showed that hydrodynamical simulations with different 
eedback distributions exhibit dif ferent ef fecti ve slopes in their global 
F − δm 

relationships, but this is a subtle effect that would probably 
equire next-generation telescopes with ∼ 30m diameter apertures to 
btain sufficient signal to beat down the observational uncertainties. 
he results of Fig. 3 , on the other hand, suggests that focusing
n galaxy protoclusters could provide clearer constraints on the 
eedback mechanisms. 

Only two of the observed protoclusters within the 
LAMATO ×COSTCO volume appear to follow the global power- 

aw FGPA relationship, while most of the protoclusters exhibit clear 
eviations from FGPA. The majority of our protoclusters appear 
o follow the δF − δm 

relationship traced by the 300-GadgetX 

imulations, which incorporate the effect of AGN thermal X-ray 
eedback. The COSTCO-I protocluster, on the other hand, exhibits 
n even more extreme deviation from the FGPA, which places it
ithin the relationship traced by the AGN jet-feedback model of the 
00-SIMBA runs. Indeed, COSTCO-I is at a ∼ 5 σ discrepancy with 
he simulated 300-GadgetMUSIC protoclusters, which model only 
tellar/supernova feedback as well as the generic hydrodynamical 
ffect of gravitational shock-heating. 
In Dong et al. ( 2023 ), we discussed the possibility that the trans-
arent Lyman- α forest of COSTCO-I might simply be due to shock-
eating of the cosmic web driven by non-linear gravitational collapse 
ithin the o v erdense protocluster re gion. Giv en that stellar feedback

ppears to have only a minor effect on the FGPA-like photoionization
quilibrium of the Lyman- α forest in the 300-GadgetMUSIC proto- 
lusters (Viel et al. 2013a ), the 300-GadgetMUSIC protoclusters 
et an upper limit to the impact of gravitational shock heating in
rotoclusters at this redshift. While there is a possibility that The
hree Hundred has not fully converged for the Lyman- α forest 

see Appendix C , also the discussion on simulation resolution in
ourne, Zubovas & Nayakshin 2015 ), the clear deviations from 

GPA in the majority of the observed protoclusters suggest that 
ffects beyond simple gravitational collapse are likely at play. 
pcoming data sets from The Three Hundred with higher 

esolutions (Cui et al., in preparation) would help us to distinguish
he effect of the unresolved baryon process in the case. The fact
lso appears to be true for the COSTCO-III, Hyperion 1, Hyperion
, and ZFIRE protoclusters: although their δF are not as high as
OSTCO-I, they appear to deviate clearly from the adiabatic δm 

- 
F relationship. Even for the most massive simulated protocluster 
rogenitors ( M h,z= 0 > 10 15 M �) in the weak feedback model of 300-
adgetMUSIC, the Me gaparsec-scale o v erdensities hav e not yet

ollapsed sufficiently at Cosmic Noon to drive enough gravitational 
hock heating to suppress the Lyman- α forest signal to the level
een in the majority of the CLAMATO ×COSTCO protoclusters. 
his should also be true for lower mass, COSTCO-I-like haloes 
 h,z= 0 = (4 . 6 ± 2 . 2) × 10 14 h 

−1 M �, as they are even further from
irialization. 
In the literature, the importance of gravitational heating has mostly 

een discussed in the context of star formation quenching in galaxies.
he pioneering work by Dekel & Birnboim ( 2006 ) suggests that the
ccurrence of gravitational shocks leads to the bimodality of galaxies, 
s the gravitational shocks shut down the continuous gas supply via
old streams. Ho we ver, such a scenario is largely restricted by the
edshift evolution of halo mass and shock heating mass (c.f. fig. 7 of
ekel & Birnboim 2006 ), limiting the effect of gravitational shocks

o z < 2 galaxies. More recent works, for example, Liu & Cen ( 2017 )
nd Zhu & Feng ( 2017 ), also set the scope of such shock-heating-
nduced quenching to z < 2. In addition to the redshift restriction
f gravitational-induced shocks, the shock radii of these z ∼ 2 . 5
aloes also suggest that the shock scenario is not preferable. As a
ough estimation, the most massive halo in the z = 2 . 5 snapshot of
IMBA-100 has a total mass of 8 . 53 × 10 13 M � h 

−1 , which translates
nto r 200 c = 946 ckpc h −1 . The central galaxy group in COSTCO-I
 M h ≈ 6 × 10 13 h 

−1 M �; Dong et al. 2023 ) has a similar halo mass,
hus the extent of the central core halo spans a significantly smaller
egion than the observed scale of enhanced Lyman- α transparency in 
OSTCO-I, which is a few como ving Me gaparsecs. These scales
ould need to encompass the filamentary structures within the 
rotocluster region, which are at lower densities than haloes and 
herefore expected to collapse and shock-heat later at z ∼ 1 (for
xample, Martizzi et al. 2019 ). 

.2 Can AGN jet feedback explain COSTCO-I? 

mong the feedback prescriptions implemented in The Three Hun- 
red, we find that the 300-SIMBA AGN jet feedback model yields the
est match with the observed Lyman- α transmission of COSTCO-I. 
e also find a discrepancy between 300-SIMBA zoom-in runs and 

he SIMBA-100 cosmological volume, which ostensibly have similar 
eedback prescriptions. 
MNRAS 532, 4876–4888 (2024) 
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The massive cluster environment and the modified parameters
rom the original SIMBA model to 300-SIMBA contribute to the
ifference in transmission, but the simulation resolution might also
e an issue. In Appendix C we compare the SIMBA-100 run with
wo additional tests with the 300-SIMBA prescription. We find that
he stronger jet feedback gives rise to the WHIM gas with T ∼
0 7 K by z = 2 . 5, whereas the downgraded resolution changes the
ower-law ρ − T relation in the diffuse cold gas regime. As stated
n Section 4.1 , the fact suggests that the 300-SIMBA runs have
et to reach resolution convergence, but this will not undermine the
obustness of comparison between the different models implemented
or The Three Hundred , nor does it affect our disco v ery that
he majority of our observed protoclusters are in disagreement with
GPA. Understanding the impact of resolution better necessitates
oom-in simulation suites with impro v ed resolution (for example,
NG-Cluster; Nelson et al. 2023 ). 
We conclude that extreme transmission in the 300-SIMBA sample

tems from the collecti ve ef fect of a massive cluster environment,
tronger feedback, and low resolution, thus it is premature to claim
hat this particular AGN jet feedback model is necessarily an accurate
epiction of the Lyman- α forest observed in COSTCO-I. Neverthe-
ess, 300-SIMBA results are still useful for qualitative investigations
nto mechanisms that might facilitate large-scale heating of the IGM.
n particular, it confirms the highly collimated jet feedback can
oost the large-scale heating of surrounding gas, and make massive
rotoclusters transparent in the Lyman- α forest. This is broadly
onsistent with results from previous works on the effect of the
ifferent feedback prescriptions in the SIMBA suite of simulations
n the distribution and thermal state of gas in the IGM and CGM
Bradley et al. 2022 ; Sorini et al. 2022 ; Khrykin et al. 2024 ; Yang
t al. 2024 ). 

Within the next few years, the IGM tomography component of
he Subaru Prime Focus Spectrograph (PFS; Takada et al. 2014 ;
reene et al. 2022 ) will disco v er � 100 galaxy protoclusters at
 . 2 < z < 2 . 7 to enable a statistical sample to compare with the
ydrodynamical feedback models. By then, we aim to have resolved
uites of simulations to compare with the observations. 

 SUMMARY  A N D  C O N C L U S I O N S  

n this paper, we examined the effect of various galaxy and AGN
eedback mechanisms on the large-scale ( ∼Mpc) Lyman- α forest
ransmission of galaxy protoclusters at Cosmic Noon ( z = 2 . 5). This
as moti v ated by the recent observational disco v ery of a z = 2 . 30
alaxy protocluster, dubbed COSTCO-I (Dong et al. 2023 ), which
 xhibits e xcess Lyman- α transmission (i.e. too little absorption)
iven the significant matter overdensity that it represents. 
In addition to the 100 h 

−1 cMpc SIMBA-100 cosmological hy-
rodynamical simulation that features multiple stellar- and AGN-
eedback mechanisms, we also analysed a sample of cluster zoom-
n simulations from The Three Hundred suite, in which each
luster was also simulated with three different feedback prescriptions
stellar feedback, AGN thermal feedback, and AGN jet feedback). We
ocused on the redshift snapshot at z = 2 . 50 when most of the clusters
ere still in the protocluster stage. The simulated protocluster sample

rom The Three Hundred suite co v ers a range of cluster masses
p to 3 × 10 15 M � h 

−1 at z = 0, providing a good statistical sample
o study COSTCO-I. 

The observable we focused on was the smoothed Lyman- α
ransmission, δF , as a function of the similarly smoothed underlying

atter o v erdensity δm 

. While these quantities can be straightfor-
ardly calculated in the simulations, on the observational side we can
NRAS 532, 4876–4888 (2024) 
o direct comparisons thanks to the combination of the 3D Lyman- α
orest tomographic maps from the CLAMATO surv e y, as well as the
OSTCO constrained simulations co v ering the same volume, that
ere based on the observed spectroscopic galaxy distribution in the
OSMOS field. 
We summarize our findings as follows: 

(i) When averaged over apertures of several Megaparsecs around
ndividual galaxy protoclusters, we find clear differences in the
yman- α transmission depending on the feedback model. There is a
eak dependence of Lyman- α transmission on the underlying matter
ensity, but the different feedback models studied here all occupy
istinct populations in the matter density transmission ( δm 

− δF )
lane. This establishes that the Lyman- α forest around protoclusters
s a potentially powerful probe of feedback mechanisms at Cosmic
oon ( z ∼ 2 − 3). 
(ii) From the δm 

− δF relation for several of the observed
LAMATO ×COSTCO protoclusters, we find deviations from the
lobal power-law relationship that is expected to hold for the
hotoionized IGM at these epochs, i.e. there is a deficit of Lyman-
absorption in these structures. These protoclusters are in marginal

isagreement with the simulated protoclusters that incorporate stellar
eedback only (300-GadgetMUSIC model). Since this model also
ets an upper limit on the effect of shock heating from gravitational
ollapse, we argue that processes beyond gravitational shock-heating
r stellar feedback are possibly at play in enhancing the transparency
f the Lyman- α forest seen in these protoclusters. 
(iii) The COSTCO-I protocluster, in particular, exhibits an even

tronger deviation ( ∼ 5 σ ) from the FGPA relationship and 300-
adgetMUSIC. At face value, COSTCO-I is best matched to the
rotocluster population simulated with the AGN jet feedback model
300-SIMBA). Ho we ver, lo wer mass protoclusters in the SIMBA-
00 cosmological hydrodynamical box, which nominally has a
imilar feedback model, do not form a continuous relation with
he 300-SIMBA population in the δm 

− δF plane. This is probably
ue to the large-scale extreme environment within the 300-SIMBA
e gions ev en in early times, but there is a possibility that The
hree Hundred is not fully converged concerning the Lyman-
forest. Future analyses will need to be careful to ensure simulation

onvergence. 

Strong AGN feedback in galaxy protoclusters has potential im-
lications towards the use of the Lyman- α forest as a cosmological
robe. Cosmological analyses of the Lyman- α forest power spectrum
ypically make the implicit assumption that the IGM at Cosmic
oon follows the FGPA, which stellar feedback largely does not
erturb (Viel et al. 2013b ). Galaxy protoclusters represent regions
f the Universe with the strongest density fluctuations at the z � 2
poch, therefore widespread AGN feedback in these structures could
otentially smooth out the corresponding fluctuations that manifest
nto the Lyman- α forest. While Chabanier et al. ( 2020 ) analysed
he effect of AGN jet feedback on the 1D Lyman- α forest power
pectrum in the context of the HorizonAGN simulations, they did
ot check the specific case of galaxy protoclusters. It is therefore
nclear whether their AGN model would reproduce the protocluster
ffects seen in this paper. A recent paper by Rogers & Poulin ( 2023 )
ound an anomalous small-scale suppression in the Lyman- α forest
ower spectrum in tension with Planck, but our findings indicate that
he effect of AGN feedback needs to be taken into account in such
nalyses. 

In the near future, larger samples of Cosmic Noon galaxy proto-
lusters, such as those to be observed by the Subaru PFS Galaxy
volution surv e y, in combination with conv erged hydrodynamical



AGN feedback effect in protoclusters 4885 

s
m

A

T
f  

a
o
s
(  

f  

s
T
(
s
1
t
b
g
M
u
T
g
C
C

d
M
E
2
o
p  

A
v

D

T  

g
t
t
s
s

R

A  

A  

A  

B
B  

B
B
B  

1

B  

C
C
C
C
C  

C
C
C
C  

C  

C
C  

C
C
C  

C
D
D
D  

D
D
D  

E
G  

H
H  

 

H
H  

H
H
H  

H
H
K
K  

K  

K
K
K  

K  

K
K
K  

K
K
L  

L

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/532/4/4876/7723692 by guest on 12 Septem
ber 2024
imulations, will provide strong constraints on the AGN feedback 
echanisms at play in galaxy protoclusters. 
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PPENDI X  A :  C O R R E C T I O N  F O R  

BSERVATI ONA L  WIENER-FILTER  EFFECTS  

he Wiener filter – which was applied to the CLAMATO Lyman-
forest absorption data to create 3D flux maps – has a prior

f reconstructed transmission fluctuation δrec 
F = 0 (i.e. the mean

ransmission) for voxels in the reconstruction field. This introduces a
ias towards the mean flux value in regions without sufficient line-of-
ight sampling. According to fig. 7 of Lee et al. ( 2014a ), the Wiener
lter will introduce a tilt to the relationship between reconstructed
ux δrec 

F and underlying smoothed matter density, in cases where the
true’ flux δtrue 

F is known from numerical simulations. In this work,
e correct this effect by fitting a relation between COSTCO-FGPA

ransmission data and the mock reconstruction result (see Dong et al.
023 ) based on N -body simulations, assuming the same sightline
ampling as in CLAMATO. To account for the effect of smoothing
n this work, we applied the same smoothing scale 7.5 cMpc h −1 

or the data. In Fig. A1 , we find applying a correction factor of
.735 yields the best match between the reconstruction value and the
nderlying truth. 
the underlying true value δreal 
F in one COSTCO-FGPA realization, smoothed 

rection factor of 0.735 to the reconstructed values. After the correction, δrec 
F 
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Table B1. A summary table on the UVB adopted, the global neutral 
Hydrogen abundance, un-calibrated mean Lyman- α flux and calibration factor 
in each simulation. The calibration factor A UVB is the multiplier such that 
〈 exp ( −A UVB · τraw ) 〉 = 〈 F 〉 z= 2 . 5 , obs = 0 . 79, where τraw is the optical depth 
before the calibration. 

Simulation UVB 

neutral Hydrogen 
abundance 〈 F 〉 raw A UVB 

SIMBA-100 HM12 1 . 48 × 10 −2 0.79 0.91 
300-GadgetMUSIC HM01 5 . 97 × 10 −3 0.77 0.87 
300-GadgetX HM96 3 . 14 × 10 −3 0.78 0.93 
300-SIMBA HM12 4 . 20 × 10 −3 0.83 1.38 
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PPEN D IX  B:  C A L I B R AT I O N  O F  LY M A N -  α
RANSM ISSION  AT  z = 2 . 5 IN  SIMULATIONS  

ccording to Christiansen et al. ( 2020 ), for the optically thin case,
∝ 1 / � HI is a good approximation. Practically, this implies that 

hanging the UV background is ef fecti vely multiplying the H I optical
epth by a calibration factor. This allows us to derive the factor A UVB 

or each simulation and match the observation via rescaling the ‘raw’ 
utput of skewer generator. 
For the SIMBA-100 simulation, we first obtained the ‘raw’ 

yman- α optical depth τraw grid in SIMBA-100 with pygad , and 
hen derived a calibration factor A UVB such that 〈 A UVB · τraw 〉 =
 F 〉 z= 2 . 5 , obs = 0 . 79, where the observational mean flux value is taken
rom Becker et al. ( 2013 ). 

The Three Hundred simulations are centred on highly o v erdense 
egions that are not expected to yield the mean flux 〈 F 〉 when
v eraging o v er their Lyman- α sightlines. Therefore, we run comple-
entary cosmological simulations to carry out the A UVB calibration. 
hese complementary runs adopted the same cosmology, numerical 

esolution, and feedback models as shown in 2 . However, instead 
f zoom-in simulations of individual clusters, these complementary 
osmological simulations are run with random initial conditions 
n a (33 cMpc h −1 ) 3 cosmological box. The choice of IC a v oided
he e xtremely massiv e protoclusters in The Three Hundred 
ample, thus providing a better calibration. 

We present the calibration factors together with other information 
elated to the UVB in Table B1 . 
PPENDI X  C :  CONSI STENCY  TEST  BET WEEN  

I MBA-1 0 0  A N D  3 0 0 -SI MBA  

n this appendix, we show our observations on consistency be- 
ween SIMBA-100 and 300-SIMBA. To achieve this, we run 
wo test simulation boxes with randomly generated ICs (i.e. not 
n the environment of massive clusters) but keep the feedback 
rescription identical as in The Three Hundred. One simula- 
ion box has the identical resolution as SIMBA-100 and a box
ize of 25 cMpc h −1 , while another box has a degraded res-
lution as in The Three Hundred , and a box size of 33
Mpc h −1 . 

Fig. C1 illustrates the mass-weighted temperature–density relation 
f gas in the simulation (TDR; e.g. Cen & Ostriker 2006 ; Martizzi
t al. 2019 ) in SIMBA-100 and two test runs at z = 2 . 5. For the
onni v ance of discussion, we adopted the IGM phase classifica-
ion of Luki ́c et al. ( 2014 ). The IGM gas is divided into four
hases according to their temperature and density: diffuse cold gas 
 T < 10 5 K, ρb / ̄ρb < 100), warm-hot intergalactic medium (WHIM;
 > 10 5 K, ρb / ̄ρb < 100), hot halo gas ( T > 10 5 K, ρb / ̄ρb > 100),
nd condensed gas ( T < 10 5 K, ρb / ̄ρb > 100). We find, in the diffuse
egime, all the three simulation boxes reproduced a power-law ρ–
 relation T = T 0 (1 + δ) γ−1 , but the low-resolution run has a larger
ower-la w inde x γ , which may be rele v ant to the high o v erall Lyman-
transmission shown in Section 3 . The pattern of gas distribution

n the WHIM regime is different from simulation to simulation: 
ost of WHIM in SIMBA-100 has T ≤ 10 6 K, though there is a

mall fraction of WHIM reaching a temperature of 10 7 − 10 8 K,
hich can be attributed to the high resolution and large box size of
IMB A-100. In the 300-SIMB A high-resolution test run, we find a
ranch of WHIM gas spanning from ( log 10 ρb / ̄ρb , log 10 T ) = (1 , 6)
o ( log 10 ρb / ̄ρb , log 10 T ) = (0 , 7), implying the effect of stronger jet
eedback in 300-SIMBA. The branch, ho we ver, only contributes 
 negligible portion of the total gas mass. A similar trend is
ound in the 300-SIMBA low-resolution test run, but the limitation 
n resolution makes the pattern less notable. We conclude that 
he modification of feedback strength mainly leads to a popula- 
ion of WHIM gas with T > 10 7 K at redshift z = 2 . 5, and a
ower resolution is likely to have an impact on the diffuse cold
as. 
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Figure C1. From left to right: the mass-weighted z = 2 . 5 temperature–density relation for SIMBA-100 and two (high resolution and low resolution) 300- 
SIMBA runs with ICs that are roughly at mean cosmic density. In each panel, the v ertical gre y dash line represents log 10 ρb / ̄ρb = 2 while the horizontal line is 
T = 10 5 K. The two dash lines divide the ρ − T phase space into diffused cold gas (lower left), warm-hot intergalactic medium (WHIM, upper left), hot halo 
gas (upper right), and condensed gas (lower right). In each panel, we add a reference dashed line to emphasize the linear ρ − T relation of the diffuse cold gas 
regime and list the best-fitting parameters, log 10 T 0 (in Kelvin) and γ (defined in Section 1 ). All three panels show a similar pattern in the WHIM regime, while 
the low-resolution run has a distinct ρ − T relation in the diffuse cold gas regime. 
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