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ABSTRACT

In this fourth paper from the AGORA Collaboration, we study the evolution down to redshift z = 2 and below
of a set of cosmological zoom-in simulations of a Milky Way mass galaxy by eight of the leading hydrodynamic
simulation codes. We also compare this CosmoRun suite of simulations with dark matter-only simulations by the
same eight codes. We analyze general properties of the halo and galaxy at z = 4 and 3, and before the last major
merger, focusing on the formation of well-defined rotationally-supported disks, the mass-metallicity relation, the
specific star formation rate, the gas metallicity gradients, and the non-axisymmetric structures in the stellar disks.
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Codes generally converge well to the stellar-to-halo mass ratios predicted by semi-analytic models atz � 2. We
see that almost all the hydro codes develop rotationally-supported structures at low redshifts. Most agree within
0.5 dex with the observed MZR at high and intermediate redshifts, and reproduce the gas metallicity gradients
obtained from analytical models and low-redshift observations. We con�rm that the inter-code differences in
the halo assembly history reported in the �rst paper of the collaboration also exist inCosmoRun, making the
code-to-code comparison more dif�cult. We show that such differences are mainly due to variations in code-
dependent parameters that control the time-stepping strategy of the gravity solver. We �nd that variations in the
early stellar feedback can also result in differences in the timing of the low-redshift mergers. All the simulation
data down toz= 2 and the auxiliary data will be made publicly available.

Keywords:cosmology: theory – galaxies: formation – galaxies: evolution – galaxies: kinematics and dynamics
– galaxies: structure – galaxies: ISM – galaxies: CGM – methods: numerical – hydrodynamics

1. INTRODUCTION

Leveraging collaborative efforts, theAGORA(Assembling
Galaxies of Resolved Anatomy) High-resolution Galaxy Sim-
ulations Comparison Project1 has been, since 2012, a plat-
form to determine the reliability and predictive power of
modern simulations of galaxy formation and evolution.2

With the analysis of the inter-code differences in a set of dark
matter-only (DMO) cosmological simulations (the �agship
paper of the Collaboration, Kim et al. 2014, Paper I hereafter)
and in the isolated Milky Way (MW)-size disks when using
the same stellar feedback (Kim et al. 2016, Paper II here-
after), theAGORACollaboration built a robust infrastructure
for the production and analysis of simulations obtained with
any of the contemporary codes widely-used in the commu-
nity. Using this infrastructure, theAGORACollaboration
was �nally able to undertake the herculean task of produc-
ing, analyzing, and comparing a set ofcosmological“zoom-
in” simulations of a MW-mass galaxy, which was presented
in the 2021AGORApaper (Roca-Fàbrega et al. 2021, Paper
III hereafter). This work used seven of the most common nu-
merical codes for high-resolution cosmological galaxy sim-
ulations, carried down to redshiftz = 4; we named this set
of simulations theCosmoRunsuite. This was the �rst such
complex and time-consuming comparison of zoom-in cos-
mological galaxy simulations. Furthermore, in Paper III we
presented a new calibration strategy designed to reduce the
number of free parameters when comparing results by differ-
ent code groups with different feedback strategies. This cali-
bration strategy was designed so that it can be easily adopted
by new code groups to produce new simulation datasets, and
make a fair comparison with the ones presented in Paper III.

� Code leaders
1 See the Project website at http://www.AGORAsimulations.org/ for more

information about theAGORACollaboration and its previous papers.
2 For publicly available datasets, visit http://www.AGORAsimulations.org/

or http://�athub.�atironinstitute.org/agora/.

The originalCosmoRunsuite included seven simulations
obtained using the three AMR (adaptive mesh re�nement)
codes, ART-I, ENZO, and RAMSES; three SPH (smoothed
particle hydrodynamics) codes, CHANGA, GADGET-3, and
GEAR; and a meshless Godunov code GIZMO. All code
groups started their simulations from a common initial con-
dition (IC) generated with MUSIC (Hahn & Abel 2011),3 and
for all these codes kept the same physics prescriptions (e.g.,
UV background, gas cooling and heating, star formation pa-
rameters), although some variations were made in each code
(see Paper III for details on these differences). Only the
decisions concerning the stellar feedback prescription and
metal production to be used were left to each of the code
groups, which were asked to use prescriptions close to the
most widely-used practice in each code community. Spatial
resolution was� 80 physical pc atz= 4 to resolve the internal
structure of a target halo, and to make our physics prescrip-
tions less reliant on platform-speci�c models.

Currently, theAGORACollaboration is analyzing the origi-
nalCosmoRunsuite of simulations while producing new ones
both by adding new code groups and stellar feedback strate-
gies, and by pushing the original models down to lower red-
shifts (this paper:AGORAPaper IV). For the same simula-
tions we are also analyzing the satellite galaxies (Jung et al.
2024 accepted: Paper V hereafter), and the circumgalactic
medium (CGM; Strawn et al. 2023 accepted: Paper VI here-
after), among other Paper III follow-up projects.

In the present paper, we present the results from the analy-
sis of the global properties of theCosmoRunsuite down to
low redshifts (z � 2), and show the comparison with new
models obtained by using the AREPO code, and by chang-
ing the original stellar feedback prescriptions in ART-I and
CHANGA. We focus on the analysis of the mass assembly
history of our MW-mass halo and galaxy, and on the inter-
code differences in the major merger epochs. As in all of the
previousAGORAcomparisons, we emphasize that we do not

3 The website is https://www-n.oca.eu/ohahn/MUSIC/.
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Table 1. Stellar feedback implementation, metal species tracked, and the diffusion scheme adopted by each participant code group

Code Stellar feedback† Tracked metals Diffusion scheme

ART-I � T+K, RP a , Fe diffusion simulated self-consistently
ENZO T a diffusion simulated self-consistently

RAMSES T, DC a diffusion simulated self-consistently
CHANGA �� T+S a , Fe diffused explicitly using the scheme of Shen et al. (2010)
GADGET-3 T+K, RP, DC a , Fe smoothed by the SPH kernel of each gas particle, mimicking metal diffusion

GEAR T, DC a , Fe smoothed by the SPH kernel of each gas particle, mimicking metal diffusion
AREPO��� T a diffusion simulated self-consistently through mass �uxes between Voronoi cells

GIZMO T+K a diffusion simulated self-consistently via a kernel-based scheme using a set of unstructured cells

†T = thermal feedback, K = kinetic feedback, RP = radiation pressure, DC = delayed cooling, S = “superbubble”,� = same as in the originalCosmoRunmodel in Paper III, but now
injecting slightly less momentum ofp = 2:5� 106 M � kms� 1/SN, �� = same as in the originalCosmoRunmodel in Paper III, but now injecting slightly less thermal energy of

Ethermal= 3:25� 1051 ergs/SN,��� = injectingEthermal= 2� 1052 ergs/SN of energy 3 Myr after star formation (see also Table 4 and Appendix A for more information on the AREPO
run). For more information on the stellar feedback run time parameters, see Table 1 in Paper III.

intend to identify correct or incorrect codes, but to focus on
juxtaposing different codes for physical insights and to learn
how much scatter is expected among modern galaxy simula-
tions.

This paper is organized as follows. In Section 2, we brie�y
summarize the main differences in the feedback implemen-
tations by each code group and the number of models we
already have in ourCosmoRunlibrary.4 In Section 3 we
present the process to get the halo mass assembly history us-
ing the ROCKSTAR halo �nder, and show the resulting halo
and galaxy merger trees. In Section 4 we summarize the
galaxy and halo main properties fromz = 4 to z = 2 and
below, and analyze the presence of rotationally-supported
disks, the galactic morphology, and the mass-metallicity re-
lation. In Section 5 we conclude the article with a discussion
of the similarities and differences among the simulations, and
lay out the groundwork for future comparisons using the low-
redshiftCosmoRundata. In Section 6 we give an overview
of the past, present and future of theAGORACollaboration.
Last but not least, in the Appendix we present the details of
the new ART-I, CHANGA, and AREPO models included in
this work.

2. SIMULATIONS

In Paper III, we described the main properties of the
CosmoRunsuite of simulations, its common physics, and the
calibration strategy. We also detailed the inter-code differ-
ences in the stellar feedback implementation, and metal pro-
duction and diffusion. In Table 1, we summarize such differ-
ences, including information on the new AREPOmodel. The
calibration process for the new AREPO model is fully de-
scribed in Appendix A. Notice also that here we use slightly
different feedback models for ART-I and CHANGA than the
ones used in Paper III. The only differences with the old

4 We encourage new code groups, and/or the groups using codes already in
the Collaboration, to run the newCosmoRunmodels with different feedback
implementations, thus enlarging the library of available simulations.

models are weaker kinetic feedback, and weaker thermal
feedback, respectively (see Appendix B for detailed discus-
sion), and, in ART-I, a change in the condition for the min-
imum timestep at high redshift. Changes in the ART-I and
CHANGA supernovae (SNe) feedback are to reach still a bet-
ter convergence in the calibration step 4 than the one reached
before (Cal-4 ; see Paper III for details on theCosmoRuncal-
ibration steps). These changes do not affect the results pre-
sented in Paper III, and both the old and new models will be
made publicly available together, thus enriching the library
of AGORAsimulations. The change in the condition for the
minimum timestep in ART-I has been adopted to achieve bet-
ter convergence on the halo merger trees presented in this
work.

All eight CosmoRunsimulations have been run at least
down toz= 2. The reader will notice that some of the codes
were run down to lower redshifts; this was a decision made
by each code group and is not indicative of differences in the
computational costs or in the code performance. Throughout
this paper, we show results at a lower redshift thanz= 2 for
the codes that have this information available. In future pa-
pers on the Collaboration, we will present results atz= 0 in-
cluding only the code groups that decided to participate in the
low-redshift comparison.5 In addition, in several analyses,
we also present the results of the DMO simulations obtained
by all 8 participating code groups. The ICs and parameters
for these models are the same as the ones for the collisionless
component in theCosmoRunsuite.

3. MASS ASSEMBLY HISTORY

5 We warn the reader that our models do not include feedback from ac-
tive galactic nuclei (AGN); therefore, some of the low-z results will be
somewhat unphysical, although useful for comparison with future more
realistic models. For instance, while most observed massive galaxies
(Mvir & 1012M� start to quench atz � 2 because of the effects of AGN,
in theCosmoRunsuite the quenching occur after starbursts following major
mergers.
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