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46 ABSTRACT
a7 Recent observations from JWST have revealed unexpectedly luminous galaxies, exhibiting stellar masses
a8 and luminosities signi cantly higher than predicted by theoretical models at Cosmic Dawn. In this study, we
a9 present a suite of cosmological zoom-in simulations targeting high-redshift (z 10) galaxies with dark matter
50 halo masses in the range£010 11 M at z = 10, using state-of-the-art galaxy formation simulation codes
51 (ENzO, RAMSES, CHANGA, GADGET-3, GADGET-4, and Gizm0). This study aims to evaluate the conver-
52 gence of the participating codes and their reproducibility of high-redshift galaxies with the galaxy formation
53 model calibrated at relatively low redshift, without additional physics for high-redshift environments. The sub-
54 grid physics follows the AGORA CosmoRun framework, with adjustments to resolution and initial conditions
55 to emulate similar physical environments in the early universe. The participating codes show consistent results
56 for key galaxy properties (e.g., stellar mass), but also reveal notable differences (e.g., metallicity), indicating
57 that galaxy properties at high redshifts are highly sensitive to the feedback implementation of the simulation.
58 Massive halos (Mo 5 10 M at z = 10) succeed in reproducing observed stellar masses, metallicities,
59 and UV luminosities at 10 z 12 without requiring additional subgrid physics, but tend to underpredict those
60 properties at higher redshift. We also nd that varying the dust-to-metal ratio modestly affects UV luminosity
61 of simulated galaxies, whereas the absence of dust signi cantly enhances it. In future work, higher-resolution
62 simulations will be conducted to better understand the formation and evolution of galaxies at Cosmic Dawn.
63 Keywords: galaxies: high-redshift — galaxies: formation — galaxies: evolution — method: numerical —

64 hydrodynamics
6 1. INTRODUCTION o1 have identi ed galaxy candidates extending to z =15 — 25

s Emerging with the rst data from the James Webb Space *%€-9-, Ferez-Gonalez etal. 2025; ?). .

« Telescope (JWST), the Cosmic Dawn was unveiled, shed® JWST observations have also revealed that these high-z
« ding light on the faintest galaxies ever observed. Although® 92laxies exhibit exceptionally high UV luminosities, creat-
« high-redshift objects around z = 8 — 10 were detected by the® INg @ strong tension in standard galaxy formation theories
- Hubble Space Telescope (HST) (e.g., Ellis et al. 2013; Oescf Within the LCDM cosmological framework. Initially, Lalg

« et al. 2016; Mainali et al. 2018; Finkelstein et al. 2022), et al. (2023) reported six n;nasswe galaxy candidates with stel-
.» galaxies beyond this redshift were too faint to be observed® 1ar masses greater than w atz=74 = 9:1. These

1 for HST. Since the launch of the JWST. however. numerous® candidates were several orders of magnitude brighter and

.+ studies using the JWST NIRCam data have reported higtie More massive than the LCDM cosmology prediction, im-
s redshift galaxy candidates beyond z = 10 (e.g., Castellan&* plying baryon-to-stellar conversion ratios approaching unity

s et al. 2022; Adams et al. 2023; Leung et al. 2023; Finkel* (Lovell et al. 2023; Boylan-Kolchin 2023). This strong ten-

-7 stein et al. 2024: Carniani et al. 2024; Robertson et al. 2024% Sion was partially resolved after the revision of the paper
- Whitler et al. 2025; Brez-Gonalez et al. 2025). 14 (Boylan-Kolchin 2023) with calibration of the NIRCam and

. Although one of the ultra-high-redshift galaxy candidates® updated stellar masses. Still, the early uniyerse unveiled by
= suggested in early JWST studies (e.g., Donnan et al. 2028 JWST seems to have more luminous galaxies than expected
s Bouwens et al. 2023; Finkelstein et al. 2023) turned out to be”’PY LCDM cosmology. _ _

= a low-redshift interloper (Arrabal Haro et al. 2023: Harikane® 10 alleviate this tension, various explanations have been
= et al. 2024), many other candidates have been con rmet® ProPosed. Some studies suggest a top-heavy initial mass

= through spectroscopic analyses (e.g., Bunker et al. 2023; Tage function (IMF) characterized by a larger fraction of mas-
s chella et al. 2023; Wang et al. 2023; Schouws et al. 2025 Sive stars can enhance the UV luminosity of high-z galaxies

w Harikane et al. 2024, 2025). Observational efforts to detect? (€-9-, Inayoshi et al. 2022; Finkelstein et al. 2023; Yung et al.
» even more distant galaxies continue to progress rapidly. R&s 2024). This fraction could be achieved by the environments
= cent spectroscopic measurements have con rmed galaxiest ©f the early universe — high cosmic microwave background
= redshifts of up to z = 14 (e.g., Carniani et al. 2024; Robert= (CMB) temperature, which can suppress fragmentation and

% son et al. 2024; Whitler et al. 2025) and photometric survey&® facilitate the collapse of giant molecular clouds (Chon et al.
17 2022). Active galactic nuclei (AGN) are also considered as

1s @ possible source of UV photons. Several studies, however,
Code leaders 119 Suggest that AGNs are not dominant contributors to UV lu-



120 MiNosity (e.g., Ono et al. 2023; Trinca et al. 2024), and their
122 contribution to UV luminosity is still in debate. Halo
122 Alternatively, Dekel et al. (2023) and Li et al. (2024) pro-
123 pose the feedback-free starburst (FFB) model. According
w2« t0 this model, the free-fall time of dense gas clouds can HAL02 153 776 503 331 171 0:87
1zs be shorter than the timescale for stellar wind or supernova HALO3 46:8  28:6  5:02  3:05  2:09  1:06
1z feedback effects. Although this condition holds in dense HAL04 51:6 334  18:6 878  4:88 179
127 gas environments in very massive halos, this scenario leads _HALOS 81:2 477 253 159 596  1:78
128 tO signi cantly increased star formation ef ciencies in early
120 galaxies. Indeed, the FirstLight simulations (Ceverino et al.
130 2024) have shown that the galaxy-averaged star formation ef-

= clency (SFE) increases at these high redshifts due to higher, VIIl). The CosmoRun simulation has not only demonstrated

122 ISM densities. The so-called attenuation-free model (AFM)173 good agreement with observations in key galaxy properties

12 has also been proposed to reconcile the tension (e.g., TSUNAg o a5 stellar mass and the mass—metallicity relation (MZR),

1 €1 al. 2023; Ferrara et al. 2025)'_ In this model, the radiation v 4150 revealed similarities and differences in different
135 oUt ows from bursty star formation push dust outward, re- gravity and hydrodynamics schemes. Now, the AGORA

= sulting in signi cantly reduced atten_uatlon, Wh_'Ch COUI_d also . High-z Run suite extends the AGORA framework to the early
7 erl:_rfltance the overabundance of bright galaxies at high red: ,ierse  focusing on zoom-in simulations of overdense re-
138 SNITL.

. . . .. 1 gions that host the earliest, most massive galaxies. By ap-
13 While a variety of theoretical models to explain high-

10 plying the galaxy formation model calibrated in CosmoRun

redshift galaxies are actively proposed and debated, receil 1o these environments, the High-z Run allows us to assess

11 nUMerical simulations suggest the tension may be less severe;

o g2 its ability to reproduce luminous high-redshift galaxies ob-
than initially thought. For example, McCaffrey et al. (2023) 183 served by JWST, while offering new insights into inter-code

argues that the most massive galaxies in Renaissance S'mullﬁ'agreements and differences at Cosmic Dawn.

us tions are consistent with the JWST survey data in stellar mass — “1yiq paper is structured as follows. Section 2 provides an

e gnsnzt&:__rl Eé?:;g r;_:;lt?;iii).(:\éso,sresulis flrogg);ge EIEEI% overview of the CosmoRun and details of the High-z Run, in-
imulati .g., Sun et al. ; Feld-

17 cluding initial conditions, re nement strategies, analysis and
w7 mann et al. 2025)-demonstrate that_the observed abqndanlgfmock observation methodologies, and a brief description of
of UV-bright galaxies and the evolution of the UV luminos-

; ) : 189 participating simulation codes. In Section 3, we analyze the
ity density can natural ly be explained by the standard galaxy

; . " i ) % properties and evolution of high-z galaxies from z = 15 to
1o formation model without any additional subgrid physics. - _ 10, focusing on gas properties, stellar mass, and metal-

= Inthis paper, we introduce the AGORA High-z Run, a suite, licity of target halos, and compare these results with JWST

12 Of Zoom-in simulations during Cosmic Dawn based on the spectroscopy data. We also present mock observations of

12 AGORA CosmoRun model. The AGORA simulation compar. o High-z Run and examine the UV brightness of simulated

o iso_n project begaf_‘ with the objective _Of enhancing the _reli-lgs galaxies. Section 4 discusses the star formation rate, ef -
ability and predictive power of numerical galaxy formatlonlge ciency and the role of dust attenuation in the High-z Run.

simulations (Kim et al. 2014, 2016, hereafter Papers | and a1y e summarize our ndings and provide conclusions
157 11). By comparing multiple state-of-the-art simulations from

. . N .. . : 106N Section 5.
identical initial conditions and common subgrid physics, the
159 project aims to establish robust and reliable astrophysicade 2. SIMULATION

models independent of speci ¢ simulation codes. Starting 2.1. The AGORA “High-z Run” Simulation Suite
e from Papers lll and IV (Rocadbrega et al. 2021, 2024), the

1.2 AGORA project initiated the CosmoRun series. CosmoRUH The High-z Run adopts the subgrid physics framework de-

13 iS @ suite of simulations modeling the formation and evo" veloped for the AGORA CosmoRun simulations (Papers Ill

e lution of Milky Way-size galaxies (halo mass of %01 at = *° and IV), which model the formation and evolution of Milky

16s Z = 0) across multiple numerical codes. This series compre=* Way—mass galaxy's halo ( 1M atz=0) across multiple

1« hensively examined properties of Milky Way-mass galaxy* numerical codes. The suite involves various numerical meth-

206 0dS, including adaptive mesh re nement (AMR), smoothed

satellite galaxy populations, circumgalactic medium (CGM) i _ . .
characteristics, satellite quenching mechanisms, and disk fof- particle hydrodynamics (SPH), and hybrid techniques. Par-

mation of Milky Way-mass galaxy across multiple numerical™ ticipating AMR codes include ENzo (Bryan et al. 2014)
» platforms (Jung et al. 2024: Strawn et al. 2024; Rgdez- = and RAMSES (Teyssier 2002). SPH codes are represented

1 Cardoso et al. 2025; Jung et al. 2025, hereafter Papers ¥¢ by CHANGA (Menon ?t al. 2015), GADGET-3 (Springel
a1 2005), GADGET-4 (Springel et al. 2021) and GEAR (Revaz &

Halo mass (18M )
z=10 z=11 z=12 z=13 z=14 z=15
HAaLo 1 15:1 8:89 5:79 3:32 1:83 0:82

Table 1. The mass history of halos selected as the initial conditions.
The values are the mean halo mass of six numerical codes.
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Figure 1. The dark matter surface densities at z = 10 for ve massive halos across six different hydrodynamical simulations, “High-z Run”.
The projections are taken through a 40 kpc slice and the target halo's virial ragliigeRti ed by the ROCKSTAR halo nder (Behroozi et al.

2013) is denoted with a white circle. The simulations are conducted by Santi Ricaga (RAMSES), Hyeonyong Kim (ENzO, GADGET-3,
Gizm0), Héctor Vehzquez (CHANGA), and Pablo Cuadrado (GADGET-4). See Section 2 for detailed information including subgrid physics,
initial condition, and re nement schemes of these simulations.

212 Jablonka 2012). AREPO (Springel 2010) and Gizmo (Hop-2s where e = 0:01 is the formation ef ciency and local free fall
213 kins 2015) are classi ed as hybrid methods. We will refer tozr time, § = (3p=32Gr ga9 ™% A metallicity oor of 104 Z 1
212 AMR codes as mesh-based codes and SPH and hybrid meth-is applied to consider the metal enrichment by rst stars that
215 0ds as particle-based codes for convenience. 220 Cannot be resolved. At the same time, each code follows
26 While the gravity and hydrodynamics solvers differ acrossso its own implementation of stellar feedback, feedback energy,
217 the participating codes, all simulations employ the GRACKLE:: and metal diffusion scheme, re ecting the most widely used
218 chemistry and cooling library (Smith et al. 2017). Based ons. practice in the community. For more detailed information
219 the gas metallicity, cooling and heating rates are computegs about the feedback description, we refer readers to Section
220 from the chemistry tables generated with the photoionizatios. 3.1 of Paper Ill and Section 4 of Paper IV.
21 code CLoOUDY (Ferland et al. 2013) and a redshift-dependent
222 cosmic UV background (Haardt & Madau 2012) is applied
223 Starting at z = 15. Star formation occurs when the gas den- | _ . N .

. . 3 Z =0.02041 is used across all participating codes, following Paper Il (see
224 Sity exceeds the number densiy 7 1cm® . The local star Section 2 of Paper Il for details).
2s formation rate follows the Schmidt law, e+dt = e>r gas=tyr,
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