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ABSTRACT

Given their highly nonlinear dynamics and sensitivity to initial conditions, galaxy mergers are a
compelling area to conduct a simulation code comparison. We perform a comparative study of a
major galaxy merger at z ≈ 4.5 in cosmological zoom-in hydrodynamic simulations of a Milky Way-
mass galaxy progenitor. The comparison employs the AGORA CosmoRun suite of nine well-calibrated,
state-of-the-art numerical codes, each adopting a different stellar feedback scheme. We find that the
evolution of the star formation rate (SFR) during the interaction is strongly shaped by the stellar
feedback type. Using kinetic feedback in the feedback model drives a pronounced merger-induced
starburst that starts to subside before coalescence; using thermal feedback without kinetic feedback
yields prolonged SFR growth even after coalescence; and using delayed cooling or radiation pressure
results in highly fluctuating SFR. Tracking gas particles in particle-based codes reveals that kinetic
feedback facilitates gas inflow from the secondary galaxy onto the primary galaxy between the first
periapsis and apoapsis, thus producing an earlier and more prominent starburst. In contrast, thermal
feedback, augmented by superbubble or delayed-cooling feedback, suppresses gas cooling, creates a
more extended gas distribution, and hinders strong starbursts during the merger. We also observe an
inverse correlation between burst fraction and pre-merger gas fraction that is independent of feedback
models. Overall, these results highlight the sensitivity of simulated galaxy mergers’ star formation
response to stellar feedback prescriptions. This study indicates that galaxy mergers may serve as a
good testbed for stellar feedback processes in cosmological simulations.

Keywords: software: simulations – galaxies: evolution – galaxies: interactions

1. INTRODUCTION

Galaxy mergers are important processes in the hier-
archical structure formation of the universe (White &
Rees 1978; Cole et al. 2000; Springel et al. 2006). Re-
cent observational studies show that galaxy mergers can
lead to star formation rate (SFR) enhancement that con-
tinues for up to 1 Gyr after coalescence (Ferreira et al.
2025), and post-merger galaxies exhibit a much more in-
tense central starburst than isolated galaxies with sim-
ilar global star-formation enhancements (Thorp et al.
2024). Moreover, the gas metallicity gradients typically
flatten shortly after the first pericenter passage of a
merger (Pan et al. 2025), and there is notable AGN
enhancement in galaxy pairs at high redshift (Duan
et al. 2026). Using simulations, theoretical studies were
also conducted to better understand the gas and stel-
lar dynamics during a merger and to supply known val-
ues of merger parameters such as the mass ratio, gas
mass, and orbital orientation, which are more difficult
to measure observationally. Most theoretical studies of
galaxy mergers have employed idealised, binary-system
simulations, which enable easier systematic control of a
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merger’s initial state and feedback prescriptions. Ide-
alised simulations allow a more direct investigation of
the causal dependence of key physical processes — in-
cluding SFR enhancement (Cox et al. 2008), metallicity
evolution (Rupke et al. 2010), bulge formation (Hop-
kins et al. 2009), AGN activity (Park et al. 2017), and
tidal disruption event rates (Li et al. 2019) — on fun-
damental merger parameters such as mass ratio, pro-
genitor stellar masses, gas mass fractions, and orbital
configurations, as well as on the simulation feedback
scheme. However, these studies often do not include ac-
cretion from the cosmic web, may not fully account for
the assembly history that shaped the progenitor galax-
ies, and often rely on manually specified orbital parame-
ters, which may not always reflect realistic distributions
from cosmology. Studies of mergers within fully cosmo-
logical, hydrodynamical simulations have also recently
emerged to address those disadvantages. These studies
typically employ public datasets of large-volume simu-
lations developed by big collaborations, such as Illus-
trisTNG (Patton et al. 2020; Hani et al. 2020), SIMBA
(Rodríguez Montero et al. 2019), FIRE (Anglés-Alcázar
et al. 2017), EAGLE (Qu et al. 2017), or Horizon-AGN
(Kaviraj et al. 2015). Even though these cosmological
simulations allow investigations of galaxy mergers in a
more realistic context, it is much more challenging to ad-
just variables to sample a complete parameter space in a
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merger’s initial state, or to change the adopted feedback
model because of the high computational cost.
Comparisons of galaxy merger statistics across large

cosmological simulations reveal substantial discrepan-
cies. For instance, Patton et al. (2020) reported that
TNG100-1 exhibits higher specific star formation rate
(sSFR) enhancement in interacting galaxy pairs com-
pared to EAGLE and Illustris-1, and Quai et al. (2023)
also showed that TNG100-1 has the highest quenched
fraction for post-merger galaxies. A key challenge when
interpreting comparative studies of galaxy mergers in
cosmological simulations is disentangling the interplay
between the underlying numerical implementations of
each simulation and intrinsic merger parameters, since
the resulting properties of the merger remnant (the sin-
gle system after two galaxies merge and coalesce) reflect
both contributions. Regarding the numerical method-
ology, for example, the Illustris-1, TNG100-1, and EA-
GLE simulations differ in several notable respects, in-
cluding the observables against which each simulation
is calibrated, the adopted star formation prescriptions,
the implementation of feedback processes, the assumed
cosmological parameters, and the treatment of gas cool-
ing/heating and the UV background (Vogelsberger et al.
2013; Genel et al. 2014; Pillepich et al. 2018; Schaye et al.
2015). Galaxy mergers are also intricate processes that
are highly sensitive to many attributes of the progeni-
tor galaxies (such as stellar mass, mass ratio, gas mass
fraction, bulge-to-disc ratio, trajectory orientation, and
progenitors’ morphology; Cox et al. 2008; Hopkins et al.
2009; Renaud et al. 2022), making the disentanglement
even more difficult. Hence, when comparing results of
galaxy mergers in these simulations, it is challenging
to attribute the disagreements to a specific cause, as
there can be multiple confounding factors. A carefully
calibrated suite of cosmological simulations is therefore
crucial to unravel different underlying factors (progeni-
tor galaxies’ properties, feedback models, star formation
criteria, etc .) contributing to a merger’s outcomes.
Established in 2012, the AGORA (Assembling Galax-

ies of Resolved Anatomy) code comparison project has
aimed at advancing the predictive capabilities of galaxy
simulations and fostering our insight into the feedback
mechanisms that regulate galaxy evolution. To this end,
cross-comparisons are conducted between contemporary
galaxy simulation codes that share various simulation
parameters while differing only in the code architec-
ture and the stellar feedback subgrid models. The com-
parisons enable discrepancies between codes to be ex-
plained by fewer degrees of freedom and allow results
to reflect the numerical perspectives used in different
simulation communities rather than code-dependent ar-

tifacts. This strength of AGORA makes it an ideal
framework for comparing the effects of galaxy merg-
ers in different simulation codes. The AGORA project
began with the introductory proof-of-concept, dark-
matter-only simulations using cosmological zoom-in ini-
tial conditions (Kim et al. 2013, hereafter Paper I),
followed by a comparison of idealised, isolated Milky
Way-mass galaxy simulations (Kim et al. 2016, here-
after Paper II). These foundational, crucial efforts laid
the groundwork to develop CosmoRun, a fully cosmologi-
cal zoom-in hydrodynamic simulation suite with eight
numerical codes well-calibrated to each other (Roca-
Fàbrega et al. 2021, 2024, hereafter Papers III and IV).
With CosmoRun, comparisons on different astrophysical
questions have been studied, including the properties of
satellite galaxies (Jung et al. 2024, hereafter Paper V),
the properties of the circumgalactic medium (Strawn
et al. 2024, hereafter Paper VI), the mechanisms of
satellite quenching (Rodríguez-Cardoso et al. 2025, here-
after Paper VII), the formation and evolution of galac-
tic disc (Jung et al. 2025, hereafter Paper VIII), and,
most recently, the dark matter halo morphology (Bar-
row et al. 2026b, hereafter Paper XI). Starting from Pa-
per VIII, the code GADGET-4 is added to the suite, ex-
panding the total number of codes in CosmoRun to nine.
Following the CosmoRun framework with adjustments to
resolution and initial conditions, the AGORA collabo-
ration also embarked on a new direction by targeting
massive high-redshift galaxies (Mhalo = 1010–1011M⊙
at z = 10) (Kim et al. 2025, hereafter Paper X) to help
explain JWST’s discoveries of early massive luminous
galaxies (see review paper by Adamo et al. 2025). Even
though the participating codes in AGORA were care-
fully calibrated and identical in initial conditions, these
previous AGORA papers still reported notable discrep-
ancies in numerous astrophysical properties.
In this paper, we continue this comparison endeavor

by investigating how different code architectures and
stellar feedback models in the CosmoRun simulation suite
affect the outcome of a major galaxy merger. Paper IV
showed that up to z = 2, the main galaxy (the zoomed-
in galaxy in the simulation) in all participating codes
experiences one major merger at z ≈ 4.5 (mass ratio
> 0.25) and two minor mergers at z ≈ 2.2 (0.25 > mass
ratio > 0.1). Despite having these three mergers, the
present paper heavily focuses on the first one. To avoid
confusion and repetition, we refer to it in the paper as
the target merger. There are three reasons why only the
first major merger is chosen for the comparison. Firstly,
since the simulations are calibrated only up to z = 4

(Paper III) and the target merger happens shortly be-
fore that redshift, the merger’s initial state is expected



4

to converge between codes. Secondly, early mergers offer
the best opportunity to compare the influence of subgrid
prescriptions between codes. This is because numerical
artifacts (for example, the timing discrepancy pointed
out in Paper IV) and differences in other areas (such as
satellite population, shown in Paper VII, or morphology,
shown in Paper VIII) can compound over cosmological
timescales and may overwhelm the comparison of later
mergers. Thirdly, the timings of the two minor mergers
at z ≈ 2.2 overlap significantly. Specifically, the first
periapsis of the second minor merger precedes the coa-
lescence of the first minor merger. This temporal over-
lap makes disentangling the effects of individual merg-
ers much more challenging. In addition, the snapshots
of GIZMO and RAMSES do not extend to the end of
the second minor merger, thereby limiting comparisons
across all nine codes. Because of those reasons, this pa-
per only centres on the first major merger at z ≈ 4.5

in CosmoRun. This work constitutes part 1 (Paper IX -
Part 1) of a two-part series dedicated to the analysis of
this merger event. Specifically, this paper investigates
the impact of the merger on star formation, while the
companion part-2 paper (Nguyen et al. 2026, submit-
ted, hereafter Paper IX - Part 2) examines the impact
on stellar and gas morphology.
This paper is organised as follows. In Section 2, we

describe the technical aspects of the AGORA CosmoRun
simulation suite, the merger tree, the progenitors’ initial
properties, and our method to define merger timings and
stages. Section 3 analyses the effect of the galaxy merger
on star formation, including identifying the SFR evolu-
tion pattern due to different stellar feedback schemes
(Section 3.1), analysing the gas properties during the
interaction (Section 3.2), and computing the burst frac-
tion (Section 3.3). Section 4 discusses the comparison
of our results with observational studies as well as other
theoretical works and assesses the study’s caveats. Fi-
nally, in Section 5, we summarise the main findings of
the paper.

2. METHODS

2.1. The AGORA CosmoRun Simulation Suite

AGORA CosmoRun is a suite of high-resolution cosmo-
logical zoom-in hydrodynamic simulations of a Milky-
Way–mass halo (Mhalo ≈ 1012 M⊙ at z = 0) run
with multiple cosmological simulation codes. All sim-
ulations assume a flat ΛCDM cosmology and were run
with the cosmological parameters obtained from the
WMAP7/9+SNe+BAO results (Komatsu et al. 2011;
Hinshaw et al. 2013): Ωm = 0.272, ΩΛ = 0.728,
h = 0.702, σ8 = 0.807, and ns = 0.961. All simula-
tions use identical cosmological initial conditions gen-

erated with music (Hahn & Abel 2011), starting at
z = 100 and reaching z ≤ 2 (with some codes reach-
ing z ≈ 0 1). The current CosmoRun suite consists
of nine codes: three adaptive mesh refinement (AMR)
codes, ART-I (Kravtsov et al. 1997), ENZO (Bryan
et al. 2014), and RAMSES (Teyssier 2002); four particle-
based codes, CHANGA (Jetley et al. 2008, 2010; Menon
et al. 2015), GADGET-3 (GADGET3-OSAKA version;
Shimizu et al. 2019; Nagamine et al. 2021; base code
by Springel 2005), GADGET-4 (GADGET4-OSAKA
version; Romano et al. 2022a,b; Oku & Nagamine
2024; Granizo et al. 2026; base code by Springel
et al. 2021), and GEAR (Revaz & Jablonka 2012;
base code by Springel 2005); one moving-mesh code,
AREPO (Springel 2010; Weinberger et al. 2020); and
one meshless/hybrid code, GIZMO (Hopkins 2015). We
refer to the version of AREPO used in this study as
AREPO-T, which represents the AREPO code run with
only thermal feedback.
Regarding the music initial conditions, all simula-

tions in the suite have the total comoving volume of 60
(Mpc/h)3. We used a 1283 root resolution and created
a zoom-in region using five additional levels of nested
refinement to reach an effective resolution of 40963 in
the highest-resolution region. The three AMR codes in
CosmoRun have the finest cell size of 163 comoving pc
(≈ 54 physical pc at z = 2), achieved through seven ad-
ditional refinement levels in the zoom-in region. Cells
are refined if the baryon mass or the particle mass in
the cell exceeds four times the mean density of the sub-
grid. ENZO also uses MustRefineParticles that make
cells around them refined at least down to 20.9 comoving
kpc. The other six codes (using particle-based, moving
mesh, or meshless methods) employ a gravitational force
softening length of 800 comoving pc within the zoom-in
region for z > 9 and of 80 proper pc thereafter. Inside
the zoom-in region, the most refined dark matter (DM)
particles have a mass of mDM,IC = 2.8 × 105 M⊙ and
the most refined gas particles have a mass of mgas,IC =

5.65 × 104 M⊙ (for codes that use them). For more de-
tails about the initial conditions, we refer readers to Pa-
per I and Paper III.
To ensure a robust comparison, all CosmoRun sim-

ulations share many common astrophysical packages,
including the radiative gas cooling library grackle

(Smith et al. 2017), the redshift-dependent cosmic UV
background (Haardt & Madau 2012), and the star for-
mation criteria. The gas density threshold for star

1 The decision of running down to lower redshifts was made by
each code group and is not indicative of the computational cost
or the code performance.
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formation is nH,thres = 1 cm−3, where nH is the to-
tal hydrogen number density (equivalent to ρgas,thres ≈
2.2×10−24g cm−3, assuming a primordial hydrogen frac-
tion of 0.752). Star particles can be created from gas
elements satisfying the density threshold at a rate of
dρ⋆/dt = ϵ⋆ρgas/tff, where ϵ = 0.01 is the forma-
tion efficiency and tff =

√
3π/32Gρgas is the local

freefall time. Each code group is free to choose whether
this process follows a stochastic or deterministic na-
ture. For particle-based codes and GIZMO, a star par-
ticle inherits the mass of its parent gas particle (except
CHANGA, which uses a constant initial stellar mass of
5.65× 104 M⊙).
Although CosmoRun simulations share many common

baryonic physics, one of the key differences between the
codes is the stellar feedback prescriptions, which is also
the focus of this comparison. Each code group sets
its stellar feedback prescription as close to the widely
adopted one in its own code community as possible,
while striving to achieve the main halo’s stellar mass
at z = 4 that accords with semi-empirical model pre-
dictions. At z = 4 (near the end of the first major
merger), all the codes converge on the stellar and total
masses within half an order of magnitude of one an-
other. A quick summary of the codes’ stellar feedback
implementations that are relevant to this paper is shown
in Table 1. Because CosmoRun does not include AGN
feedback, for brevity, all subsequent mentions of "feed-
back" in the paper refer exclusively to stellar feedback.
Readers may check Paper III as well as the appendix of
Papers IV and VIII for more elaboration on the listed
feedback models.
As emphasised in Paper VI, it is important to note

that the participating codes in AGORA do not neces-
sarily capture the full diversity of their broader code
communities, since each community can still have varia-
tions in its own stellar feedback prescriptions and user-
defined parameters. Thus, studies employing AGORA
codes with non-CosmoRun feedback models should be
cautious when drawing comparisons between their re-
sults and the corresponding CosmoRun results.

2.2. Halo Finding and Stellar Assignment

We identified DM halos and the merger histories us-
ing HASKAP PIE (Barrow et al. 2026a, Paper XI),
an all-in-one algorithm that both finds halos and builds
merger trees using overdensity finding, energy solving,
cluster finding, and particle tracking. A key feature of
HASKAP PIE is its energy-based approach, which al-
lows it to define halos in a non-spherical fashion using
convex hulls and ensures that only mutually bound DM
particles are included in the halo structure. All halos

Figure 1. The merger history of the main halo (dashed
black line) when the target merger happens at z ≈ 4.5. The
subhalos are shown by solid lines and coloured by their DM
mass ratio with respect to the main halo. For clearer vi-
sualization, we only plot subhalos with µDM > 0.005 that
form outside the main halo and then merge with it within
the plotting period. The target merger (µDM > 0.45) clearly
appears in all nine codes. As other surrounding mergers are
very minor, we attribute any changes in galaxy properties
during this period primarily to the target merger.

found by HASKAP PIE contain only refined DM par-
ticles. The algorithm is also capable of assigning stars to
DM halos. Each star particle’s orbital energy is calcu-
lated with respect to all DM halos, and a star is assigned
to halos with which it has negative orbital energy. This
energy-based approach allows our stellar assignment to
be robust during halo interactions.
Fig. 1 shows the HASKAP PIE merger tree of the

main halo (dashed black line) during the target merger
(z ≈ 4.5). The distance on the x-axis is calculated rel-
ative to the centre of the main halo at two Gyr after
the Big Bang, which was selected as a reference point
to visualize the merger tree. The line colour represents
the DM mass ratio (µDM) between the sub-halo and the
main halo, evaluated immediately before the first over-
lap of the two halos’ convex hulls.
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Table 1. Stellar feedback implementation adopted by each code group. Adapted and synthesized from Papers III, IV, and VIII. †

Code Stellar feedback Runtime parameters

Art-I T+K, RP Ethermal = 2× 1051 ergs/SN, p = 3.6× 106 M⊙ km s−1/SN

Enzo T Ethermal = 5× 1052 ergs/SN

Ramses T, DC Ethermal = 4× 1051 ergs/SN, σmin = 100 km s−1, Tdelay = 10 Myr

Changa T+S Ethermal = 5× 1051 ergs/SN

Gadget-3 T+K, RP, DC ESN = 4× 1049 ergs/M⊙(T + K),EESFB = 6× 1049 ergs/M⊙(only T), Tdelay = t hot

Gadget-4 T+K ESN = 1× 1052 ergs/SN

Gear T, DC Ethermal = 4.5× 1051 ergs/SN, Tdelay = 5 Myr

Arepo-T T Ethermal = 2× 1052 ergs/SN released 3 Myr after star formation

Gizmo T+K ESN = 5× 1051 ergs/SN

†
T = thermal feedback, K = kinetic feedback, RP = radiation pressure, DC = delayed cooling, S = superbubble. ESFB = early stellar feedback.
We note that the literature sometimes distinguishes between kinetic and mechanical feedback (Rosdahl et al. 2017). Kinetic feedback injects
momentum set by a free parameter, whereas mechanical feedback injects momentum according to whether the Sedov–Taylor phase of the

supernova (SN) is resolved. In CosmoRun, ART-I and GADGET-3 adopt the former, while GADGET-4 and GIZMO adopt the latter. Because both
approaches are based on injecting momentum, for simplicity, we refer to them collectively as "kinetic feedback" (K). The feedback scheme of each
code group follows the prevalent practice in its community as closely as possible. For more details about the specific implementation, the readers

can refer to Papers III, IV, and VIII and the references within.

We can see the target merger (µ > 0.45) clearly in
all nine participating codes. In the period surround-
ing and preceding this merger, the remaining interac-
tions are comparatively minor (µ < 0.05). Therefore,
we assume that any changes to star formation and mor-
phology of the main galaxy during this period are at-
tributed primarily to the target merger. We discuss a
caveat stemming from this assumption in Section 4.3. In
the remainder of the paper, we refer to the higher-mass
halo/galaxy in the merging interaction as the primary
halo/galaxy and the lower-mass halo/galaxy as the sec-
ondary halo/galaxy. In CosmoRun, the main halo (the
most massive halo in the zoom-in region) is always the
primary halo in all of its mergers.
In a major merger, the non-negligible mass of the sec-

ondary halo affects how HASKAP PIE identifies the
main halo. Because HASKAP PIE defines a halo based
on gravitationally bound particles, the main halo’s cen-
tre of gravity can be shifted outside of its densest core if a
considerable DMmass from the sub-halo becomes bound
to the main halo during the infall. This shift in the cen-
tre of gravity explains the rapid change in the path of
the main branch in Fig. 1 (dashed line). Another feature
in the merger tree is the existence of subhalos within
subhalos. With its accuracy, HASKAP PIE allows
us to detect and track subhalos of the secondary halo.
For example, in ENZO, GADGET-3, and GADGET-4,
we notice several halos with µDM > 0.2 coming in the
same direction as the secondary halo. These halos are
not isolated halos but reside in a DM halo cluster and
share bound DM particles with the secondary halo (Pa-
per XI). Nevertheless, even when we take into account
the subhalos of the secondary halo, the DM halos’ merg-

ing time of the target merger does not fully agree among
the codes. This timing disagreement will be explored in
a future paper with HASKAP PIE being run on the
dark-matter-only counterpart simulations of CosmoRun.
Besides the mentioned complications, the DM halos’ in-
teracting gravitational potentials are on a much larger
scale than the interacting galaxies, while we are mainly
interested in the changes in the stellar and baryonic com-
ponents. Therefore, it would be more helpful to define
the merger timings using the stellar components rather
than the DM components.

2.3. Merger trajectory

To track the distance between the two galaxies during
the interaction, we identified the bound star particles
of each galaxy from HASKAP PIE at the beginning of
the infall. We excluded the particles that are beyond 1.5
times the interquartile range around the median in each
position and velocity axis, and then selected the 10%
most bound star particles. These two subsets of star par-
ticles represent the two stellar cores, whose constituent
stars should be close in both their position and velocity.
Each stellar core comprises at least 250 star particles
after the selection. We also define the galactic centre of
each galaxy as the centre of mass of its stellar core. We
tracked the locations of the star particles in the stellar
cores over time using their particle IDs.
Fig. 2 displays the orbital trajectory of the interaction

by tracking the distance between the two stellar cores.
We notice a systematic difference in the first apoapsis
distance, where all mesh-based codes (ART-I, ENZO,
RAMSES, and the moving-mesh code AREPO-T) show
a larger distance compared to all particle-based codes
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Figure 2. The orbital trajectory of the secondary galaxy
relative to the primary during the target merger. The time
axis is set to zero at the time of the first periapsis. The dis-
tance is computed by using the top 10%-bound star particles
(stellar cores) from both galaxies at the beginning of infall.
Notably for this merger, mesh-based codes predict a larger
first-apoapsis distance compared to particle-based codes.

and the mesh-free code GIZMO. Specifically, the apoap-
sis distance of the mesh-based codes (≈ 12–14 kpc) is
about 1.5 times larger than that of the particle-based
codes (≈ 8–9 kpc). Nonetheless, examination of the
trajectories of other mergers does not reveal a compara-
bly clear trend. Thus, future work is needed to further
explore whether the choice of code architecture system-
atically biases the apoapsis distance of a merger.

2.4. Merger timing and stages

We define the timings of a merger as follows. The
start of a merger (tstart) is set at the timestep when the
convex hulls of the two non-spherical DM halos overlap
for the first time. We also refer to the timestep pre-
ceding tstart as the pre-infall timestep (tpre-infall). The
end of a merger occurs when the stellar cores of two ha-
los coalesce. To determine the coalescence time (tcls),
Paper IV used a fixed time of ≈ 300Myr after the time
when the centres of the two merging halos are first closer
than 5 kpc. This definition, however, does not scale with
the merger’s mass ratio because smaller satellites often
take a longer time to merge with the host at a given
redshift and orbital circularity (Boylan-Kolchin et al.
2008). Moreover, halos take a longer time to merge at
lower redshift due to the free-fall time getting longer
(Barrow et al. 2026a). Therefore, we employed a differ-
ent definition that involves the distance and the relative
velocity between the two merging galaxies. We define

Table 2. The names and timings of our merger stages. tstart
is the timestep when the two non-spherical DM halos overlap
for the first time. tmax is the timestep of the first apoapsis.
tcls is the coalescence timestep, determined using Equation 1.
The colour codes are used in Figs. 3, 4, and 15.

Stage Starting Ending Colour

Infall tstart (tstart + tmax)/2

First passage (tstart + tmax)/2 tmax

Coalescence tmax tcls

Post-coalescence tcls -

the coalescence conditions as,

d < max(0.025R200,pri, 10ϵ),

vrel/σv,pri < 0.1, (1)

vrel/σv,sec < 0.1,

where d is the distance between the centres of mass of
the stellar cores of the two interacting galaxies, R200c,pri

is the R200c of the primary galaxy’s DM halo (the ra-
dius enclosing an average DM density 200 times the
universe’s critical density at a given redshift, note that
haskap pie only includes bound particles and uses the
centre of gravity rather than the centre of mass), ϵ is the
softening length (for particle-based and hybrid codes) or
the smallest grid size (for AMR code) in proper unit, vrel
is the centre-of-mass velocity of the stellar core of the
secondary galaxy relative to that of the primary galaxy,
and σv =

√
σ2
x + σ2

y + σ2
z is the 3D velocity dispersion of

the galaxy’s stellar core ("pri" is for the primary galaxy
and "sec" is for the secondary galaxy). We show the
time evolution of each variable and further discuss our
criteria in Appendix A.
To better isolate the physical effects at each phase

of the target merger, we divided the interaction into
distinct stages. The stage division is adapted from
Lotz et al. (2008) with some modifications. First, we
determined the starting timestep of the merger using
HASKAP PIE (tstart), the timestep of the first apoap-
sis (tmax), and the timestep of coalescence (tcls, using the
conditions in Equation 1). We then divided the merger
into four stages: infall, first passage, coalescence, and
post-coalescence (or post-merger), as shown in Table 2
and the left subplot of Fig. 3.
The timescales of the target mergers (from tstart to

tcls) in the nine CosmoRun codes are shown in the right
subplot of Fig. 3. Within each bar, the vertical colored
lines mark the boundaries between the three stages of
the merger timescale (infall, first passage, and coales-
cence). The right subplot of Fig. 3 displays the "tim-
ing discrepancy" of the merger among the codes (as also
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Figure 3. Left: The four merger stages in our analysis: infall stage, passage stage, coalescence stage, and post-coalescence
stage (or post-merger stage). The orbital trajectory of RAMSES’s target merger is used as an example. Right: The duration of
the target merger in each code, from the beginning of the infall stage to the end of the coalescence stage. The vertical coloured
lines separate the merger timescale into the infall, first passage, and coalescence stages. The DM mass ratio µDM (in grey),
stellar mass ratio µ⋆ (in red), and baryonic (star plus cool gas) mass ratio µbaryon (in blue) of the merger are listed next to each
code’s bar. There are noticeable differences in the duration and the mass ratios between the codes.

mentioned in Paper IV). This timing discrepancy is most
prominent for GEAR, whose time of the first periapsis
is offset by 60Myr compared to the average time of the
rest of the codes. It is important to note that we used
cubic splines to interpolate the trajectory of the merger
when the time spacing between snapshots fails to cap-
ture the exact moment of the first periapsis. This issue
of timing discrepancy was investigated in Appendix C of
Paper IV, where they concluded that the issue’s origin
in GEAR is the user parameters (ErrTolIntAccuracy
and MaxRMSDisplacementFac).
Consistent with the method in Paper IV, the two

progenitor galaxies in most codes reach coalescence
about ≈ 300Myr after the first periapsis. The merger
timescale is also comparable across most codes, being
about 600–800Myr. One exception is GEAR’s target
merger, where the galaxies take almost 1.3Gyr to coa-
lesce. Overall, our merger timescales are still consistent
with the range of 0.5–2 Gyr found by Lotz et al. (2008)
for simulated major mergers.

2.5. Merger mass ratio and initial properties

We evaluated the merger’s mass ratios at tpre-infall. In
the right subplot of Fig. 3, the merger’s DM mass ratio
(gray), stellar mass ratio (red), and baryonic mass ratio
(blue; defined as the sum of stellar mass and gas mass
with T < 104.5 K) are annotated alongside each code’s
bar. The definition of baryonic mass as stellar mass

plus cold gas or star-forming gas is also used in previous
studies of galaxy mergers (Stewart et al. 2009; Hopkins
et al. 2010; Rodriguez-Gomez et al. 2015). All codes
agree that the target merger is a major merger, as the
DM mass ratios and the baryonic mass ratios are about
0.6–0.9, which are all above the commonly adopted val-
ues (0.25, 0.3, or 1:3) to classify major mergers in the-
oretical studies (Cox et al. 2008; Stewart et al. 2009;
Hopkins et al. 2010; Lotz et al. 2010). One exception
is the baryonic mass ratio in GIZMO. Because the sec-
ondary galaxy contains more gas than the primary, this
ratio exceeds one, but the relative ratio of 1/1.28=0.78
still classifies the merger as a major merger. We also ver-
ified that even though there is a relatively wide range
of the DM mass ratio among the codes, if we allow un-
certainties of ≈ 100Myr in determining the pre-infall
timestep, the DM mass ratios of the mergers converge
better. In contrast, the stellar mass ratios (red numbers
in the right subplot of Fig. 3) exhibit a more notice-
able discrepancy among the codes, even after allowing
uncertainties for the pre-infall timestep. The mergers in
ART-I, RAMSES, and CHANGA have the largest stellar
mass ratios (> 0.65), while ENZO, GEAR, AREPO-T,
and GIZMO show the value of ≈ 0.5. Most severely, in
both GADGET-3 and GADGET-4, the stellar mass ra-
tios are not even large enough to classify the merger as a
major merger, especially in observational studies where
only stellar mass is used to calculate a merger’s mass
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Table 3. The properties of the two progenitor galaxies at the pre-infall timestep and the orientation of the target merger. From
top to bottom: zpre-infall is the pre-infall redshift at which the properties are reported; MDM, M⋆, and Mgas are the DM, stellar,
and total gas masses, with subscripts "pri" and "sec" denoting the primary and secondary galaxy; and θpri (θsec) is the angle
between the merger’s orbital angular momentum and the primary (secondary) galaxy’s rotational angular momentum.

Code ART-I ENZO RAMSES CHANGA GADGET-3 GADGET-4 GEAR AREPO-T GIZMO

zpre-infall 5.53 5.33 5.59 5.49 5.65 5.70 5.18 5.55 5.54

log10(MDM,pri/M⊙) 10.55 10.79 10.58 10.55 10.54 10.51 10.63 10.54 10.60

log10(MDM,sec/M⊙) 10.44 10.46 10.45 10.33 10.48 10.48 10.50 10.47 10.46

log10(M⋆,pri/M⊙) 8.78 8.37 8.55 8.33 8.85 8.88 8.82 8.17 8.08

log10(M⋆,sec/M⊙) 8.68 8.10 8.52 8.16 8.03 7.67 8.46 7.84 7.77

log10(Mgas,pri/M⊙) 9.71 10.00 9.67 9.82 9.84 9.83 10.05 9.81 9.65

log10(Mgas,sec/M⊙) 9.63 9.86 9.68 9.67 9.79 9.78 9.95 9.72 9.78

θpri (
◦) 126 27 55 120 146 96 130 98 38

θsec (◦) 26 19 8 44 67 13 25 7 133

ratio (Ellison et al. 2008; Casteels et al. 2014; Duncan
et al. 2019). Indeed, the inconsistency between using
DM mass and stellar mass ratio in classifying mergers
was investigated in Stewart (2009) and Hopkins et al.
(2010), where they showed that a major DM merger
can be a minor stellar merger because the mapping be-
tween a halo’s DM mass and stellar mass is not a simple
linear relation (Conroy & Wechsler 2009) and is depen-
dent on multiple galaxy formation processes. Neverthe-
less, we do not find that the small stellar mass ratios in
GADGET-3 and GADGET-4 systematically affect the
study’s main results. Hence, for the rest of the paper, a
major merger is defined using the DM mass ratio.
Table 3 shows the different types of mass (DM, stel-

lar, gas) of the two progenitor galaxies at tpre-infall. The
DM and total gas masses are consistent across all codes
to within 0.3–0.4 dex, whereas the stellar mass exhibits
a larger difference of about 0.8 dex. Nevertheless, this
difference in stellar mass remains broadly in agreement
with the CosmoRun stellar mass calibration, which re-
quires all codes to reach 1–5 × 109 M⊙ (0.7 dex range)
at z = 4, as motivated by semi-empirical models (fig. 12
of Paper III; fig. 4 of IV). The initial relative veloc-
ity between the two galaxies also agrees well across the
codes, as shown in Fig. 12 in Appendix A. The orbital
orientations, quantified by the angles between the pro-
genitor galaxies’ rotational axes and the merger’s orbital
axis, show the most variability between codes (last two
rows of Table 3). The rotational axis is computed by
summing the angular momentum of all gravitationally
bound stars within the halo’s convex hull. The orbital
angular momentum is calculated using the relative po-
sition and velocity vectors of the secondary galaxy with
respect to the primary galaxy at tpre-infall. The values
of θpri and θsec indicate that both progenitors can have
tilted prograde (0

◦ ≤ θ < 90
◦
), polar (θ ≈ 90

◦
), or tilted

retrograde (90
◦
< θ ≤ 180

◦
) motion during the interac-

tion. Nonetheless, most of our progenitor galaxies are
dispersion-dominated and have very low disc-to-total ra-
tios (Paper IX - Part 2). Thus, the angular momentum
direction is subjected to greater variability among codes
due to the randomness in stellar motions.
In summary, the initial physical properties are broadly

consistent across the codes, providing a common base-
line against which the merger-induced star formation
response can be compared.

3. RESULTS

Previous studies from both simulations (Lotz et al.
2008, 2010) and observations (Ferreira et al. 2025) have
shown that star formation enhancement usually peaks
at a particular moment during the merger sequence.
The merger stages defined in Table 2 help us detect sys-
tematic patterns and better identify differences among
the codes with regard to star formation (Section 3.1).
Once such discrepancies are established, we show in Sec-
tion 3.2 that gas properties and gas particle tracking can
provide a direct diagnostic for interpreting their cause.

3.1. SFR evolution pattern during the major merger

First, we investigate how star formation activity
evolves through each dynamical phase of the interac-
tion. Fig. 4 shows the evolution of stellar mass, SFR,
gas mass, and gas mass fraction during the 1 Gyr fol-
lowing the start of each merger. Prior to the DM halo
merger, only stars more bound to the primary than
the secondary are used to compute the stellar mass
and SFR; after the halo merger, all stars bound to the
primary galaxy are used. The SFR is averaged over
a 10-Myr timescale. The background colours of the
plots represent the four merger stages defined in Ta-
ble 2. The gas mass (fourth row) and gas mass fraction
(fifth row) are computed within the primary halo’s con-
vex hull. Along with the total gas mass, we also show
the amount of star-forming gas, defined as gas exceeding
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Figure 4. The evolution of the primary galaxy’s stellar mass, SFR, gas mass, star-forming gas mass (nH > 1 cm−3), and gas
mass fraction, within 1 Gyr after the beginning of the infall. The names of codes with kinetic feedback are labeled in blue,
the asterisk sign (*) denotes codes with delayed cooling and/or radiation pressure feedback, and the dagger sign (†) denotes
codes with superbubble feedback. The gas properties are computed within the primary halo’s convex hull. On the bottom row,
the solid lines represent the gas mass to total mass fraction (Mgas-total/Mall, left y-axis), and the dashed lines represent the
star-forming gas mass to the total gas mass fraction (Mgas-sf/Mgas-total, right y-axis). The background colours represent the
merger stages as indicated in Table 2. The stellar feedback scheme adopted in each code influences the star formation history
during the interaction.

the CosmoRun’s gas density threshold for star formation
(nH > nH,thres = 1 cm−3, or ρgas > 2.2× 10−24g cm−3).
It is important to note that we do not impose a temper-
ature limit on the star formation condition in CosmoRun.
By construction, the codes have been calibrated to

have approximately similar stellar mass (between 109

and 5 × 109 M⊙) at z = 4 (Paper III), which is near
the coalescence timestep for most of the codes. Indeed,
the stellar mass difference among the codes narrows
throughout the interaction, decreasing from about 1 dex
at tstart to about 0.5 dex at tstart + 1Gyr. Nonetheless,
the pattern of the stellar mass evolution exhibits notice-
able discrepancies. For example, GIZMO demonstrates
an abrupt surge in stellar mass while GEAR shows a
steadier growth. This behaviour can be quantified with
the star formation history (second row). We notice three
groups of SFR patterns in the nine participating codes:

• ART-I, GADGET-3, GADGET-4, and GIZMO:
On the overall merger timescale, the SFR increases
from the beginning of the first passage stage un-

til about the first half of the coalescence stage,
then decreases quickly in the second half and in
the post-coalescence stage. In other words, the
system experiences a pronounced, extended star-
burst. These four codes employ kinetic feedback in
their feedback models (in combination with ther-
mal feedback, not exclusively). The names of these
codes in the subsequent figures are labeled in blue.

• ENZO, RAMSES, CHANGA, GEAR, and
AREPO-T: On the overall merger timescale, the
SFR increases from the beginning of the infall and
into the post-coalescence stage with no signifi-
cant drops. Small SFR enhancements still happen
during the first passage stage; however, they are
considerably smaller than the overall enhance-
ment. These five codes use thermal feedback but
not kinetic feedback in their prescription. The
names of these codes in the subsequent figures are
labeled in black.
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• ART-I, RAMSES, GADGET-3, and GEAR: On
a short timescale between consecutive timesteps
(5 − 10 Myr), the SFR is more bursty with small
fluctuations. These codes use radiation pressure
and/or delayed cooling in their stellar feedback
models. The names of these codes in the subse-
quent figures are marked with an asterisk sign.

It is important to emphasise that the short-timescale
fluctuating SFR evolution of ART-I, RASMES,
GADGET-3, and GEAR is independent of the merger-
timescale SFR trend (increasing continuously versus
peaking after the first apoapsis and declining). The
reason is that radiation pressure and delayed cooling
feedback supply excess pressure support that temporar-
ily resists collapse on short timescales (≤ 10 Myr). The
delayed cooling scheme (in RAMSES, GADGET-3, and
GEAR) does this thermally, suspending radiative losses
so that warm–hot gas builds up even at high density,
while ART-I’s radiation-pressure scheme adds a non-
thermal pressure term to the surrounding dense gas dur-
ing the first 5 Myr of a star particle (Ceverino et al.
2014). These schemes lead to an accumulation of gas
in a near star-forming state on a short timescale (com-
pared to the SFR-averaged time of 10 Myr). Once
the feedback fades, as cooling resumes or the ionizing
sources age out, the gas collapses rapidly and contin-
ues to form stars. The resulting feedback re-pressurizes
the surrounding gas, and the cycle makes gas repeatedly
cross the star-formation threshold. Hence, this produces
episodic bursts rather than steady star formation, as
shown in the second row of Fig. 4. As a result, even
smooth gas inflow can translate into highly bursty star
formation histories. We note that this short-timescale
SFR burstiness persists till the end of the simulation,
and the effect is less pronounced in GADGET-3 because
it has a much shorter delayed cooling time compared to
GEAR and RAMSES (Shimizu et al. 2019, more details
in Section 3.2.3).
The correlation between the pattern of SFR evolution

during the target merger and the type of stellar feed-
back prescription, which persists across multiple code
architectures in CosmoRun, strongly emphasises the im-
portance of feedback implementation on merger predic-
tions. Furthermore, we find no other systematic differ-
ences in the physical variables of the interaction (e.g.,
mass ratio, orbital trajectory, initial gas mass, shown in
Table 3) that can help explain this pattern.

3.2. Gas properties during the merger

To interpret the connection between the SFR pattern
and the stellar feedback type, we examine the gas prop-
erties of the galaxies throughout the merging interac-

tion. The third and fourth rows of Fig. 4 show the
time evolution of the gas mass and gas mass fraction
within the convex hull boundary of the primary halo.
We do not find a clear correlation between the initial
amount of gas in the system and the pattern or the in-
tensity of the SFR. Indeed, even though the total gas
mass agrees within 0.5 dex across all codes throughout
the whole interaction, the SFR value range still spans
about 1–1.5 dex at any given timestep. Throughout
the interaction, the system’s total gas reservoir is con-
tinuously replenished by accretion, as evidenced by a
gradual increase in the total gas mass. Even in ART-
I, GADGET-4, and GIZMO, where a starburst episode
leads to a decline in total gas mass, ongoing accre-
tion subsequently restores the gas content after coa-
lescence. Conversely, the amount of star-forming gas
(nH > 1 cm−3, or ρgas > 2.2 × 10−24g cm−3) does not
exhibit such quick restoration. Instead, the amount of
star-forming gas generally traces the SFR pattern. To
provide a more in-depth view of the gas, Figs. 5 and
6 show the density-temperature and the density-radial
distance distributions for all gas elements within the sys-
tem. Sections 3.2.1, 3.2.2, and 3.2.3 show the gas prop-
erties of code groups exhibiting similar behaviour, and
we discuss the physical explanation behind those prop-
erties in greater detail in Sections 3.2.4 and 3.2.5. 2

3.2.1. Codes with kinetic feedback (ART-I, GADGET-3,
GADGET-4, GIZMO)

For codes implemented with kinetic feedback (labeled
in blue), the amount of star-forming gas peaks around
the end of the first passage stage (i.e., at tmax), imply-
ing that the first periapsis drives a substantial amount
of gas to high densities. The phase plot (Fig. 5) and the
density-distance plot (Fig. 6) confirm this by showing
more gas becoming denser and cooler, starting from the
beginning of the interaction (first row), then the end of
the infall stage (second row), and then the end of the
first passage stage (third row). Indeed, by the end of
the first passage stage, a larger amount of gas in ART-I,
GADGET-3, GADGET-4, and GIZMO reaches a higher
density and lower temperature than gas in codes that
do not employ kinetic feedback. Fig. 6 also shows that
the extremely dense gas clouds (ρgas ≈ 10−20g cm−3)
are located very close to the galactic centre. Hence,
kinetic feedback allows gas to reach a higher density
at the galactic centre more quickly during the merger.
Slightly after the first passage stage, despite the increase

2 For further interest, readers can refer to Paper VI for an analysis
of different gas phases in the galaxy and in the CGM over the
full duration of each CosmoRun simulation.
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Figure 5. The gas phase plot showing the density-temperature distribution of all gas elements within the primary halo’s convex
hull at different times in the merging interaction. From top to bottom, we show the phase plots at tstart, at the end of the
infall stage, at the end of the first passage stage (tmax), and at the timestep 0.6 Gyr after the first passage ("Cls/Post-cls").
For all codes but GEAR, this timestep lies in the post-coalescence stage, whereas it is in the coalescence stage for GEAR. After
the infall stage, the primary halo’s convex hull encompasses the interacting system. The vertical dotted lines represent the
CosmoRun’s gas density threshold for star formation. The formatting of the code names follows that of Fig. 4. The phase plots
reflect the SFR patterns identified in Subsection 3.1: gas in the codes using kinetic feedback (blue-coloured names) becomes
densest and coldest around the first apoapsis, whereas the amount of cold dense gas in the codes using only thermal feedback
(black-coloured names) increases more gradually through the merging interaction.

in the total amount of gas, the amount of star-forming
gas still decreases. The SFR of the system declines,
as most of the cold dense gas is used during the star-
burst. This reduction is also reflected in the phase plots
(Fig. 5), where we see fewer dense cold gas elements in
the post-coalescence timestep (fourth row) compared to
the first apoapsis timestep (third row). The starburst
also plays a role in halting star formation, as its in-
tense feedback heats the interstellar medium (ISM) and
prevents gas from further cooling and collapsing into
the centre. Indeed, Fig. 4 (fourth row) shows that the
ratio of star-forming gas to total gas decreases in the
coalescence/post-coalescence stage, and the phase plot
(Fig. 5) displays a higher content of hot gas.

3.2.2. Codes with only thermal feedback (ENZO,
AREPO-T)

Unlike codes with kinetic feedback, codes imple-
mented exclusively with thermal feedback show an in-
crease in star-forming gas even after the two galaxies
coalesce, as shown in the third row of Fig. 4. This

suggests a more gradual transition of gas into the star-
forming state compared to codes with kinetic feedback.
Indeed, the phase plots (Fig. 5) of ENZO and AREPO-
T show that gas continues to become denser and colder
even after the two galaxies coalesce. The fourth row
of Fig. 4 displays that the ratio of star-forming gas to
total gas mass (dashed lines, right y-axis) also gets con-
siderably larger over time, proving that this increase in
star-forming gas is not just due to the increase in the to-
tal amount of gas in the system (due to accretion), but
due to more gas collapsing into the galactic centre and
becoming dense and cold. Fig. 6 verifies this by showing
a larger amount of gas at the inner radius over time.

3.2.3. Codes with delayed cooling or superbubble scheme,
and without kinetic feedback (RAMSES, CHANGA,

GEAR)

As discussed in the second bullet point in Section 3.1,
on the overall merger timescale, RAMSES, CHANGA,
and GEAR still show an increasing trend of SFR into the
post-coalescence stage, similar to ENZO and AREPO-T.
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Figure 6. Similar to Fig. 5 but showing the distribution of density and distance to the galactic centre of the gas elements. Gas
in codes with kinetic feedback (blue labels) reaches a high central density early in the interaction, whereas gas in only thermal-
feedback codes reaches such density only near or after coalescence. Codes that adopt a delayed cooling or a superbubble scheme
without kinetic feedback maintain a more uniform gas distribution throughout the merger.

The implementation of the delayed cooling scheme (for
RAMSES and GEAR) and the superbubble scheme (for
CHANGA), however, introduces an additional effect.
For RAMSES and GEAR, we do not see the star-

forming gas mass increase significantly throughout the
interaction, compared to codes with only thermal feed-
back (third row of Fig. 4). The fourth row of Fig. 4
also shows that the fraction of star-forming gas to to-
tal gas mass slightly decreases throughout the merging
interaction in both simulations. The delayed cooling ef-
fect is clearly visible in the phase plots (Fig. 5), where
we see the accumulation of warm–hot gas in a relatively
dense state. Yet, the delayed cooling scheme limits the
formation of very dense gas with ρgas > 10−21g cm−3,
which is present in the other six codes during the ex-
amined time period (noticeably seen in Fig. 6). With
a longer constant delay time of 5 − 10Myr, the de-
layed cooling scheme in RAMSES and GEAR pressur-
izes the dense gas by keeping it hot and out of equilib-
rium. Because cooling is turned off, the cooling time
becomes infinite, leading to gas maintaining its ther-
mal motions and lengthening the collapse time. Con-
sequently, this suppression of cooling inhibits the con-
centration of cold and very dense gas, thus mitigating
strong and prolonged starbursts that are produced in

other simulations. Instead, a more spatially extended
gas distribution is created, as displayed by Fig. 6. The
same behaviour was indeed found in another simulation
of high-redshift galaxies using the delayed cooling stel-
lar feedback scheme underlying the CosmoRun RAMSES
model (Dubois et al. 2015). We emphasise that the sup-
pression of strong, prolonged starbursts due to the de-
layed cooling scheme should be distinguished from the
episodic bursts it induces, as mentioned in Section 3.1.
These episodic bursts occur on shorter timescales (≈ 5-
10 Myr) and exhibit smaller amplitudes (≈ 2–7 M⊙/yr)
compared to the starbursts we see in codes with kinetic
feedback (≈ 500 Myr in timescale and > 10 M⊙/yr in
amplitude).
It is important to note that GADGET-3 also employs

a delayed cooling scheme, which is also reflected by
the accumulation of hot, dense gas in its phase plots.
But instead of using a fixed value for the delay time,
GADGET-3 adjusts it based on the hot phase duration
of supernova feedback, tdelayed = thot ∝ n0.27

0 P−0.64
0 ,

where n0 is the ambient hydrogen density and P0 is the
ambient gas pressure (Shimizu et al. 2019). As pointed
out in Paper VIII, this dependence of the delayed cool-
ing time on density and pressure allows warm-hot dense
gas in GADGET-3 to have tdelayed ≤ 0.1Myr. This
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short tdelayed allows gas particles to cool and form cold,
dense gas more effectively than in RAMSES or GEAR,
whose tdelay is fixed at 5 − 10 Myr. Thus, GADGET-3
more closely traces the behaviour of codes implementing
kinetic feedback rather than those adopting a delayed
cooling feedback.
Similar to RAMSES and GEAR, the superbubble pre-

scription of CHANGA prevents gas from reaching a very
high density (≥ 10−21g cm−3) throughout the whole
merging process. Instead of turning off gas cooling, the
superbubble scheme causes very strong feedback-driven
outflows that expel gas into the circumgalactic medium
(CGM), preventing gas from falling into the galactic cen-
tre (see fig. 12 of Paper VIII). This outflow eventually
cools down and re-accretes back onto the galaxy, creat-
ing a delayed starburst about 0.5 Gyr after coalescence.
We discuss this delayed starburst further in Appendix C.
Lastly, it is important to note that our results on

the SFR patterns and gas properties may be most rele-
vant to a major merger with an approximate mass range
and orbital configuration as the target merger. Because
CosmoRun is a zoom-in simulation suite primarily focus-
ing on one galaxy, more studies need to be done to inves-
tigate whether this connection between stellar feedback
models and SFR evolution pattern exists in other galaxy
merger configurations.

3.2.4. Gas particle tracking

In Section 3.1, we identify two different SFR evolu-
tion patterns on the overall merger timescale during the
target merger across the codes. These differences can be
attributed to the feedback prescriptions: adding kinetic
feedback can drive gas to higher density more quickly
and cause an earlier starburst, whereas using purely
thermal feedback heats the gas, resulting in a continu-
ously increasing SFR as gas takes a longer time to cool.
To further examine this explanation, for the particle-
based codes, we traced the trajectories of the gas par-
ticles that turn into star particles during the merger
event. This tracking can help us study how gas accretes
and collapses into the galactic centre to form stars. In
the CosmoRun suite, we have four particle-based codes:
CHANGA, GADGET-3, GADGET-4, and GEAR. In
addition, the hybrid, meshless code GIZMO also em-
ploys a Lagrangian approach for its fluid elements, and
each element’s position can be traced through time. The
CosmoRun’s common star formation prescription requires
that when a new star particle spawns in particle-based
codes, it will inherit the mass of the parent gas parti-
cle. Moreover, except for CHANGA, the particle ID of a
newly born star particle will be inherited or computable

from the ID of its parent gas particle 3, allowing us to
pinpoint all the gas elements that contribute to star for-
mation. For CHANGA, we cannot trace the stellar IDs
back to the gas IDs, so new stars are identified by gas
particles that disappear during the merger.
Because the CHANGA simulation in CosmoRun em-

ploys an identical initial stellar mass for all newborn
stars (≈ 5.65 × 104 M⊙ = mgas, IC), one gas particle
with enough mass can still exist after forming one star
particle, as long as its remaining mass is larger than
mgas, IC. Therefore, tracing only the disappearing gas
particles may not capture the full population of gas con-
tributing to the merger-induced starburst. Nevertheless,
because our goal is not to precisely quantify the conver-
sion of gas mass into stellar mass but rather to provide a
qualitative interpretation, and because a majority of gas
particles disappear after forming stars (≈ 80%), back-
tracing only the disappearing gas particles in CHANGA
is sufficient to elucidate the gas dynamics that lead to
star formation during the merger. Another limitation
that prevents us from quantifying the fractional contri-
bution of each gas source (main galaxy versus secondary
galaxy versus accretion) is diffusion. In GAGDET-3 and
GEAR, diffusion is implicit in the smoothing procedure,
meaning that there is no exchange of mass between gas
particles. Alternatively, CHANGA and GADGET-4 ex-
plicitly model metal diffusion (even though GADGET-4
has a very weak diffusion coefficient of 0.002, which has
minimal impact on mass exchange), while GIZMO mod-
els diffusion self-consistently using unstructured cells.
Diffusion processes allow thermodynamic quantities to
be redistributed among neighboring gas particles. This
mixing effect is expected to be most pronounced in dense
gas regions. Consequently, the back-tracked particle his-
tories should be interpreted as qualitative tracers of the
gas dynamics leading to star formation, rather than as
exact thermodynamic and mass histories of the fluid el-
ements.
Fig. 7 displays the gas trajectories coloured by time

(top row) and temperature (middle row) of the gas par-
ticles from the secondary galaxy that turn into star par-
ticles within ≈ 1 Gyr of tstart (matching the interval
covered from the first to fourth rows of Figs. 5 and 6).
The gas particles are selected from within the secondary
halo’s convex hull at tpre-infall, and we do not plot gas
particles that do not form stars. For brevity, we will re-

3 In GADGET-4, a gas particle can form multiple star particles
and does not necessarily disappear after forming one. The ID
of each star particle can be traced back to its unique parent gas
particle using a simple equation. In Fig. 7, we only plot the gas
trajectories up to a Gyr after tstart or until they disappear.
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