DRAFT VERSION NOVEMBER 6, 2025
Typeset using IXTEX twocolumn style in AASTeX631

The AGORA High-resolution Galaxy Simulations Comparison Project. X: Formation and Evolution of Galaxies at the
High-redshift Frontier

HyEoNYONG Kim 2.1 * Ji-ooN Kim 2,2:3:4 MiNnYoNG JUNG (2,5 SANTI ROCA-FABREGA 2,6 7- * DANIEL CEVERINO (2 8.9
PABLO GRANIZO (810, * KgnTARO NAGAMINE (2,10 11,12,13,14 3551 R PriMACK 2,15 HECTOR VELAZQUEZ, !0 *

KIRK S. S. BARROW 2,17 ROBERT FELDMANN (2,18 KErTA FUKUSHIMA &3 Lucio MaYER 2,19 Boon KiaT On (2,20.21
JOHNNY W. PoweLL 2,22 Tom ABEL 2,23:24.25 CHAERIN JEONG 2,26 ALESSANDRO Lupr 2,27-28 yygrr Oku 2,29
THOMAS R. QUINN &30 YvES REvaz © 31 RAMON RODRIGUEZ-CARDOSO (,32:33.34 Tk koH SHIMIZU,3® ROMAIN TEYSSIER (2,36
AND AGORA COLLABORATION??

! Center for Theoretical Physics, Department of Physics and Astronomy, Seoul National University, Seoul 08826, Republic of Korea; gusdyd398 @snu.ac.kr
2Center for Theoretical Physics, Department of Physics and Astronomy, Seoul National University, Seoul 08826, Republic of Korea; mornkr @snu.ac.kr
3Institute for Data Innovation in Science, Seoul National University, Seoul 08826, Republic of Korea
4Seoul National University Astronomy Research Center, Seoul 08826, Republic of Korea
3 Center for Theoretical Physics, Department of Physics and Astronomy, Seoul National University, Seoul 08826, Republic of Korea; wispedia@snu.ac.kr
6 Lund Observatory, Division of Astrophysics, Department of Physics, Lund University, SE-221 00 Lund, Sweden; santi.roca_fabrega@fysik.lu.se
7Departamento de Fisica de la Tierra y Astrofisica, Facultad de Ciencias Fisicas, Plaza Ciencias, 1, 28040 Madrid, Spain
8 Universidad Auténoma de Madrid, Ciudad Universitaria de Cantoblanco, E-28049 Madrid, Spain
9CIAFF, Facultad de Ciencias, Universidad Auténoma de Madrid, E-28049 Madrid, Spain
0T heoretical Astrophysics, Department of Earth and Space Science, Graduate School of Science, Osaka University, Toyonaka, Osaka, 560-0043, Japan
UTheoretical Joint Research, Forefront Research Center, Graduate School of Science, Osaka University, Toyonaka, Osaka 560-0043, Japan
2K avii IPMU (WPI), University of Tokyo, 5-1-5 Kashiwanoha, Kashiwa, Chiba, 277-8583, Japan
3 Department of Physics & Astronomy, University of Nevada Las Vegas, Las Vegas, NV 89154, USA
YNevada Center for Astrophysics, University of Nevada, Las Vegas, 4505 S. Maryland Pkwy, Las Vegas, NV 89154-4002, USA
S Department of Physics, University of California at Santa Cruz, Santa Cruz, CA 95064, USA
16 Instituto de Astronomia, Universidad Nacional Auténoma de México, A.P. 70-264, 04510, Mexico, D.F., Mexico
7 Department of Astronomy, University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA
8 Department of Astrophysics, University of Zurich, Zurich CH-8057, Switzerland
19 Department of Astrophysics, University of Zurich, Winterthurerstrasse 190, CH-8057 Ziirich, Switzerland
20Department of Physics, University of Connecticut, U-3046, Storrs, CT 06269, USA
21School of Physics, Korea Institute for Advanced Study, 85 Hoegiro, Dongdaemun-gu, Seoul 02455, Republic of Korea
22Department of Physics, Reed College, Portland, OR 97202, USA
2 Kavli Institute for Particle Astrophysics and Cosmology, Stanford University, Stanford, CA 94305, USA
24 Department of Physics, Stanford University, Stanford, CA 94305, USA
5 SLAC National Accelerator Laboratory, Menlo Park, CA 94025, USA
26 Department of Astronomy & Space Science, Kyung Hee University, 1732 Deogyeong-daero, Yongin-si, Gyeonggi-do 17104, Republic of Korea
21 Como Lake Center for Astrophysiscs, DiSAT, Universita degli Studi dell’ Insubria, via Valleggio 11, 22100, Como, Italy
28INAF, Osservatorio Astronomico di Bologna, Via Gobetti 93/3, I-40129 Bologna, Italy

2 Center for Cosmology and Computational Astrophysics, Institute for Advanced Study in Physics, Zhejiang University, Hangzhou 310027, People’s Republic of
China

30 Department of Astronomy, University of Washington, Seattle, WA 98195, USA
3 nstitute of Physics, Laboratoire d’Astrophysique, Ecole Polytechnique Fédérale de Lausanne (EPFL), CH-1015 Lausanne, Switzerland
32 Departamento de Fisica de la Tierra y Astrofisica, Fac. de C.C. Fisicas, Universidad Complutense de Madrid, E-28040 Madrid, Spain
Bemy, Space and Avionics Equipment, Isaac Newton, 11 Tres Cantos, E-28760 Madrid, Spain
34 Instituto de Fisica de Particulas y del Cosmos, IPARCOS, Fac. C.C. Fisicas, Universidad Complutense de Madrid, E-28040 Madrid, Spain
35 Shikoku Gakuin University, 3-2-1 Bunkyocho, Zentsuji, Kagawa, 765-8505, Japan
36 Department of Astrophysical Sciences, Princeton University, 4 Ivy Lane, Princeton, NJ 08540, USA
3Thttp://www.AGOR Asimulations.org

Corresponding author: Hyeonyong Kim, Ji-hoon Kim, Minyong Jung,
Santi Roca-Fabrega


http://orcid.org/0000-0002-7820-2281
http://orcid.org/0000-0003-4464-1160
http://orcid.org/0000-0002-9144-1383
http://orcid.org/0000-0002-6299-152X
http://orcid.org/0000-0002-8680-248X
http://orcid.org/0009-0002-1398-6537
http://orcid.org/0000-0001-7457-8487
http://orcid.org/0000-0001-5091-5098
http://orcid.org/0000-0002-8638-1697
http://orcid.org/0000-0002-1109-1919
http://orcid.org/0000-0002-5045-6052
http://orcid.org/0000-0002-7078-2074
http://orcid.org/0000-0003-4597-6739
http://orcid.org/0000-0002-3764-2395
http://orcid.org/0000-0002-5969-1251
http://orcid.org/0009-0009-6888-7967
http://orcid.org/0000-0001-6106-7821
http://orcid.org/0000-0002-5712-6865
http://orcid.org/0000-0001-5510-2803
http://orcid.org/0000-0002-6227-0108
http://orcid.org/0000-0002-9158-195X
http://orcid.org/0000-0001-7689-0933
mailto:gusdyd398@snu.ac.kr
mailto:mornkr@snu.ac.kr
mailto:wispedia@snu.ac.kr
matiltoo:santi.roca_fabrega@fysik.lu.se
http://www.AGORAsimulations.org

ABSTRACT

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

Keywords: galaxies: high-redshift — galaxies: formation — galaxies: evolution — method: numerical —
hydrodynamics

1. INTRODUCTION have identi ed galaxy candidates extending to z =15 — 25

Emerging with the rst data from the James Webb Space (e.g., Férez-GonaI(_ez et al. 2025; Castellano et al. 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 9dalaxies exhibit exceptionally high UV luminosities, creat-
high-redshift objects around z = 8 — 10 were detected by the N9 & strong tension in standard galaxy formation theories
Hubble Space Telescope (HST) (e.g., Ellis et al. 2013; Oesch Within the LCDM cosmological framework. Initially, Laltn
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 & masses greater than w atz=74 = 9:1. These
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 high- More massive than the LCDM cosmology prediction, im-
redshift galaxy candidates beyond z = 10 (e.g., Castellano P!Ying baryon-to-stellar conversion ratios approaching unity
et al. 2022; Adams et al. 2023; Leung et al. 2023; Finkel- (Lovell et al. 2023; Boylan-Kolchin 2023). This strong ten-

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). (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. 2023; JWST seems to have more luminous galaxies than expected
Bouwens et al. 2023; Finkelstein et al. 2023) turned out to be Y 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 conrmed ProPosed. Some studies suggest a top-heavy initial mass

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

Harikane et al. 2024, 2025). Observational efforts to detect €S (€-9., Inayoshi et al. 2022; Finkelstein et al. 2023; Yung
even more distant galaxies continue to progress rapidly. Re- €t @l- 2024). This fraction could be achieved by the envi-

cent spectroscopic measurements have con rmed galaxies at "onments of the early universe — low metallicity and high
redshifts of up to z = 14 (e.g., Carniani et al. 2024; Robert- €0SMic microwave background (CMB) temperature, which

son et al. 2024; Whitler et al. 2025) and photometric surveys can suppress fragmentation and facilitate the collapse of gi-
ant molecular clouds (Chon et al. 2022). Active galactic nu-

clei (AGN) are also considered as a possible source of UV
Code leaders photons. Several studies, however, suggest that AGNs are
not dominant contributors to UV luminosity (e.g., Ono et al.



2023; Trinca et al. 2024), and their contribution to UV lumi- Halo mass (18M )

nosity is still in debate. Halo  — T ,-1» 7213 214 2-15
Alternatively, Dekel et al. (2023) and Li et al. (2024) pro- . : . : : .
pose the feedback-free starburst (FFB) model. According At01 15:1 8:89 5:79 3:32 1:83 0:82
to this model, the free-fall time of dense gas clouds can HAt02 153 776 503 331 171 087
be shorter than the timescale for stellar wind or supernova HALO3 468 286 502 305  2:09  1.06
feedback effects. Although this condition holds in dense ~HALO4 516 3314 186 878 488 179

HALo5 81:2 47:7 25:3 15:9 5:96 1:78

gas environments in very massive halos, this scenario leads
to signi cantly increased star formation ef ciencies in early
galaxies. Indeed, the FirstLight simulations (Ceverino et al. Table 1. The mass history of halos selected as the initial conditions.
2024) have shown that the galaxy-averaged star formation ef- The values are the mean halo mass of six numerical codes.

ciency (SFE) increases at these high redshifts due to higher

ISM densities. The so-called attenuation-free model (AFM) VIII). The CosmoRun simulation has not only demonstrated
has also been proposed to reconcile the tension (e.g., Tsunagood agreement with observations in key galaxy properties
et al. 2023; Ferrara et al. 2025). In this model, the radiation such as stellar mass and the mass—metallicity relation (MZR),
out ows from bursty star formation push dust outward, re- but also revealed similarities and differences in different
sulting in signi cantly reduced attenuation, which could also  gravity and hydrodynamics schemes. Now, the AGORA
enhance the overabundance of bright galaxies at high red- High-z Run suite extends the AGORA framework to the early

shift.
While a variety of theoretical models to explain high-

universe, focusing on zoom-in simulations of overdense re-
gions that host the earliest, most massive galaxies. By ap-

redshift galaxies are actively proposed and debated, recent plying the galaxy formation model calibrated in CosmoRun
numerical simulations suggest the tension may be less severeto these environments, the High-z Run allows us to assess

than initially thought. For example, McCaffrey et al. (2023)

its ability to reproduce luminous high-redshift galaxies ob-

argues that the most massive galaxies in Renaissance simula-served by JWST, while offering new insights into inter-code

tions are consistent with the JWST survey data in stellar mass
and star formation rate (SFR). Also, results from the FIRE-
2 and FIREboXR simulations (e.g., Sun et al. 2023; Feld-

agreements and differences at Cosmic Dawn.
This paper is structured as follows. Section 2 provides an
overview of the CosmoRun and details of the High-z Run, in-

mann et al. 2025) demonstrate that the observed abundancecluding initial conditions, re nement strategies, analysis and

of UV-bright galaxies and the evolution of the UV luminos-
ity density can naturally be explained by the standard galaxy
formation model without any additional subgrid physics.

In this paper, we introduce the AGORA High-z Run, a suite
of zoom-in simulations during Cosmic Dawn based on the
AGORA CosmoRun model. The AGORA simulation compar-
ison project began with the objective of enhancing the reli-
ability and predictive power of numerical galaxy formation
simulations (Kim et al. 2014, 2016, hereafter Papers | and
I1). By comparing multiple state-of-the-art simulations from
identical initial conditions and common subgrid physics, the
project aims to establish robust and reliable astrophysical
models independent of speci ¢ simulation codes. Starting
from Papers lll and IV (Rocadbrega et al. 2021, 2024), the
AGORA project initiated the CosmoRun series. CosmoRun
is a suite of simulations modeling the formation and evo-
lution of Milky Way-size galaxies (halo mass of #M at
z =0) across multiple numerical codes. This series compre-
hensively examined properties of Milky Way-mass galaxy,
satellite galaxy populations, circumgalactic medium (CGM)
characteristics, satellite quenching mechanisms, and disk for-
mation of Milky Way-mass galaxy across multiple numerical
platforms (Jung et al. 2024; Strawn et al. 2024; Ryuakez-
Cardoso et al. 2025; Jung et al. 2025, hereafter Papers V-

mock observation methodologies, and a brief description of
participating simulation codes. In Section 3, we analyze the
properties and evolution of high-z galaxies from z = 15 to
z =10, focusing on gas properties, stellar mass, and metal-
licity of target halos, and compare these results with IWST
spectroscopy data. We also present mock observations of
the High-z Run and examine the UV brightness of simulated
galaxies. Section 4 discusses the star formation rate, ef -
ciency and the role of dust attenuation in the High-z Run.
Finally, we summarize our ndings and provide conclusions
in Section 5.

2. SIMULATION
2.1. TheAGORA “High-z Run” Simulation Suite

The High-z Run adopts the subgrid physics framework de-
veloped for the AGORA CosmoRun simulations (Papers Il
and IV), which model the formation and evolution of Milky
Way-mass galaxy's halo ( 1&M at z =0) across multiple
numerical codes. The suite involves various numerical meth-
ods, including adaptive mesh re nement (AMR), smoothed
particle hydrodynamics (SPH), and hybrid techniques. Par-
ticipating AMR codes include ENzO (Bryan et al. 2014)
and RAMSES (Teyssier 2002). SPH codes are represented
by CHANGA (Menon et al. 2015), GADGET-3 (Springel



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.

2005), GADGET-4 (Springel et al. 2021) and GEAR (Revaz & formation rate follows the Schmidt law,xdt = eor gast,
Jablonka 2012). ARePO (Springel 2010) and Gizmo (Hop- where e =0:01 is the formation ef ciency and local free fall
kins 2015) are classi ed as hybrid methods. We will refer to  time, § = (3p=32Gr ga9 1“2 A metallicity oor of 104 Z *
AMR codes as mesh-based codes and SPH and hybrid meth-is applied to consider the metal enrichment by rst stars that
ods as particle-based codes for convenience. cannot be resolved. At the same time, each code follows
While the gravity and hydrodynamics solvers differ across its own implementation of stellar feedback, feedback energy,
the participating codes, all simulations employ the GRACKLE and metal diffusion scheme, re ecting the most widely used
chemistry and cooling library (Smith et al. 2017). Based on practice in the community. For more detailed information
the gas metallicity, cooling and heating rates are computed about the feedback description, we refer readers to Section
from the chemistry tables generated with the photoionization 3.1 of Paper Ill and Section 4 of Paper IV.
code CLouUDY (Ferland et al. 2013) and a redshift-dependent
cosmic UV background (Haardt & Madau 2012) is applied
starting at z = 15. Star formation occurs when the gas den- | _ _ _ _— ,
. . 3 Z =0.02041 is used across all participating codes, following Paper Il (see
sity exceeds the number density 7 1cm . The local star Section 2 of Paper II for details).



	Introduction
	Simulation
	TheAGORA “High-z Run” Simulation Suite
	Initial Conditions and Refinement Scheme
	SKIRT Radiative Transfer Code
	Participating Codes
	ENZO
	RAMSES
	CHANGA
	GADGET-3
	GADGET-4
	GIZMO


	RESULTS
	Gas Properties
	Stellar Mass Evolution
	Metallicity Properties
	Mock JWST Image and UV luminosity

	DISCUSSION
	Star Formation at Cosmic Dawn
	Effect of Dust Attenuation
	Limitations & Caveats

	Summary and Conclusion
	Inter-code Convergence Test in the Stellar Mass
	Mock images with different resolutions and RGB bands
	Flux Differences between Different DTM Ratios

