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ABSTRACT

Galaxy formation and evolution models, such as semi-analytic models, are powerful theoretical tools for predicting how galaxies
evolve across cosmic time. These models follow the evolution of galaxies based on the halo assembly histories inferred from large
N-body cosmological simulations. This process requires codes to identify haloes (‘halo finder’) and to track their time evolution
(‘tree builder’). While these codes generally perform well, they encounter numerical issues when handling dense environments.
In this paper, we present how relevant these issues are in state-of-the-art cosmological simulations. We characterize two major
numerical artefacts in halo assembly histories: (i) the non-physical swapping of large amounts of mass between subhaloes, and (ii)
the sudden formation of already massive subhaloes at late cosmic times. We quantify these artefacts for different combinations
of halo finder (SUBFIND, VELOCIRAPTOR, HBT-HERONS) and tree builder codes (D-TREES + DHALO, TREEFROG, HBT-
HERONS), finding that in general more than 50 percent (80 percent) of the more massive subhaloes with > 10° (> 10%)
particles at z = O inherit them in most cases. However, HBT-HERONS, which explicitly incorporates temporal information,
effectively reduces the occurrence of these artefacts to 5 percent (10 percent). We then use the semi-analytic models SHARK
and GALFORM to explore how these artefacts impact galaxy formation predictions. We demonstrate that the issues above lead to
non-physical predictions in galaxies hosted by affected haloes, particularly in SHARK where the modelling of baryons relies on
subhalo information. Finally, we propose and implement fixes for the numerical artefacts at the semi-analytic model level, and
use SHARK to show the improvements, especially at the high-mass end, after applying them.

Key words: methods: numerical — galaxies: evolution — galaxies: formation — galaxies: haloes —dark matter.

1 INTRODUCTION

In the lambda cold dark matter (ACDM) cosmological model,
structures in the Universe form hierarchically, following a ‘bottom-
up’ scenario. Small matter overdensities merge over time with each
other, giving rise to larger structures (Lacey & Cole 1993). This
process applies primarily to the dominant dark-matter (DM) density
field whose cold, collisionless nature is governed solely by gravity.
However, baryons behave differently as they can dissipate energy
through radiative processes. Despite this, DM plays a crucial role
in how baryons evolve as the evolution of DM gravitationally-
bound structures, or ‘haloes’, directly influences the formation and
evolution of galaxies (White & Frenk 1991). Galaxies form within
these haloes and their hierarchical merging scenario also leads to
galaxy mergers.

* E-mail: angel.chandrogomez @research.uwa.edu.au

Large-volume cosmological simulations can model the formation
of hierarchical structures. These simulations numerically trace the
evolution of the DM density field (in N-body/DM-only simulations)
or jointly with baryons (in hydrodynamical simulations) by solving
both the fluid and gravity equations (see Somerville & Davé 2015, for
areview). State-of-the-art simulations such as FLAMINGO (Schaye
et al. 2023), ILLUSTRISTNG (Pillepich et al. 2018), EAGLE (Schaye
et al. 2015), MAGNETICUM (Teklu et al. 2015), or HORIZON-AGN
(Dubois et al. 2014) offer powerful tools for making theoretical
predictions for galaxies across cosmic time. They can generate mock
catalogues that emulate galaxy surveys, which can be compared
directly to observations. Moreover, they allow testing different
subgrid physics prescriptions for baryonic processes that remain not
completely understood, such as feedback mechanisms, star formation
or gas cooling.

Despite their success, cosmological (either N-body or hydro-
dynamical) simulations simply model the evolution of DM (or in
addition gas/stellar) particles or cells, which are tracers of the under-
lying density fields. To enhance their predictive power and enable
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direct comparison with the observable Universe, raw simulation data
need to be processed to track the evolution of gravitationally bound
structures, both haloes and galaxies. Post-processing analysis tools,
such as group-finding algorithms, termed as ‘halo/subhalo finder’
codes, identify gravitationally bound particles, thus detecting haloes
and substructures/galaxies within them at different epochs, as well
as allowing for their properties to be measured. Additionally, tree-
building algorithms, known as ‘merger tree builder’ codes, link these
structures across time, constructing their individual evolutionary
histories. A huge diversity of these post-processing codes is available,
based on different methodologies (see Knebe et al. 2011; Onions et al.
2012; Knebe et al. 2013a, b for halo/subhalo-finding and Srisawat
et al. 2013 for tree-building tools).

The use of halo/subhalo finder and tree builder codes is essential
from the point of view of galaxy formation and evolution since
their predictions depend on them. Every hydrodynamical simula-
tion requires these post-processing tools to evaluate the individual
growth of galaxies and haloes/subhaloes in them — e.g. codes
such as VELOCIRAPTOR (Elahi et al. 2019a), D-TREES + DHALO
(Jiang et al. 2014), or HBT-HERONS (Han et al. 2018; Forouhar
Moreno et al. 2025) have been used in FLAMINGO; SUBFIND
(Springel et al. 2001; Dolag et al. 2009) and SUBLINK (Rodriguez-
Gomez et al. 2015) in ILLUSTRISTNG, EAGLE, and MAGNETICUM
(Dolag et al. 2023) — there is LHALOTREE (Springel, Di Matteo &
Hernquist 2005) data for ILLUSTRISTNG as well — ; or ADAPTA-
HOP (Tweed et al. 2009) in HORIZON-AGN. Plus certain subgrid
physics recipes in hydrodynamical schemes rely on halo properties.
For instance, supermassive black holes (SMBHs) are typically seeded
at the centre of haloes (Di Matteo et al. 2008).

Beyond hydrodynamical simulations (which are the most compu-
tationally expensive way of predicting galaxy populations), other
approaches model galaxies on top of DM-only runs using as a
backbone the output from the halo/subhalo finder or merger tree
builder codes. A detailed description of these models can be found
in Wechsler & Tinker (2018), which vary in their assumptions,
predictive power, and computational cost. Models relying on less
physical assumptions require the halo/subhalo-finding step to match
halo properties to galaxy properties. Halo occupation distribution
(HOD) models, based on a probability distribution conditioned on
the halo mass, populate them with a certain number of galaxies
meeting some stellar mass or luminosity criteria (Benson et al.
2000); abundance matching models directly connect stellar masses
or luminosities of galaxies to haloes by matching the abundance
of haloes with the abundance of galaxies of a certain mass or
internal velocity (Wechsler et al. 1998); or models that parametrize
the stellar-to-halo mass relation as well (Moster et al. 2010). Halo
mass accretion histories from the tree-building step are also crucial
for empirical models that constrain the galaxy—halo connection at
different epochs (Behroozi et al. 2019) and for the most physical
and more computationally expensive semi-analytic models (SAMs),
which solve baryonic prescriptions based on individual halo growth
histories (White & Frenk 1991).

All galaxy formation models — from the most physical hydrody-
namical simulations to simpler empirical models — require the use of
these simulation post-processing tools. Moreover, these models are
complementary to one another: physical models inform assumptions
used in more empirical techniques, while empirical models can
help constrain parameters in more physical approaches. Accurate
halo-finding and tree-building algorithms are therefore critical for
producing reliable predictions across all types of galaxy formation
models. Consequently, new methods are continually being developed
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(Poole et al. 2017; Bahé et al. 2019; Caiias et al. 2019; Bose et al.
2022; Mansfield et al. 2024).

While the numerous available halo/subhalo finder and merger
tree builder codes usually work well, difficulties arise in specific
circumstances, as has been widely reported in workshops such as
the ‘Haloes going MAD’ (Knebe et al. 2011, 2013a), ‘Subhaloes
Going Notts’ (Onions et al. 2012; Elahi et al. 2013; Onions et al.
2013; Hoffmann et al. 2014; Behroozi et al. 2015), and ‘Sussing
Merger Trees’ (Srisawat et al. 2013; Avila et al. 2014; Lee et al.
2014). Common challenges include tracing haloes with few particles
(Onions et al. 2012), tracking substructures inside haloes in very
dense regions (Muldrew, Pearce & Power 2011; van den Bosch
et al. 2018; Mansfield et al. 2024), dealing with tidal streams
and shells arising from substructures being stripped (Elahi et al.
2013), tracing structures through major mergers (Behroozi et al.
2015) or defining halo boundaries (Diemer 2021). The academic
studies from these workshops analyse the performance of multiple
algorithms and provide recommendations to improve them. However,
despite identifying potential numerical issues, there is still a lack of
systematic quantification of how different codes perform and how
their limitations affect predictions from galaxy formation models
(Gomez et al. 2022). As a result, this paper aims to address these
gaps by characterizing and quantifying the most relevant numerical
issues in merger tree post-processed data and evaluating their impact
on models of galaxy formation.

The analysis focuses particularly on SAM predictions, as these
models offer a powerful and efficient tool for large-volume studies
while testing subgrid prescriptions for different baryonic processes
(see a review in Baugh 2006; Benson 2010; Somerville & Davé
2015). SAMs have been used to study a range of galaxy populations
at different cosmic times for the dual purpose of making predictions
about observable properties of galaxies and to help design galaxy
surveys. For instance, they have been used to infer cosmological
parameters in the local Universe (e.g. Cole et al. 2005; Gonzilez
et al. 2009), to predict the atomic hydrogen (HI) properties of
galaxies supporting surveys with the Square Kilometre Array (SKA)
and its pathfinders (Koribalski et al. 2020), and to help understand
how well halo masses can be derived from spectroscopic surveys
(Robotham et al. 2011). Additionally, given that SAMs depend on
the evolution of DM haloes, they provide an ideal framework for
checking how numerical artefacts in both halo finder and tree builder
codes propagate into such galaxy formation models. While some
studies have explored how different post-processing codes impact
SAMEs, their findings are contradictory. For example, some conclude
that modelled galaxy properties remain consistent despite variations
in the underlying merger tree catalogues (GOomez et al. 2022),
whereas others highlight substantial discrepancies (Lee et al. 2014).
Nevertheless, there is little explanation of how the numerical artefacts
that post-processing tools produce propagate to the predicted galaxy
properties. This paper analyses this impact and develops strategies
to improve the reliability of SAM predictions, focusing on the
robustness of theoretical models rather than merely reproducing
observables.

We begin in Section 2 with a description of the simulation data used
for this analysis, giving details on the halo-finding and tree-building
algorithms employed. In Section 3, we categorize two key numerical
problems and quantify their frequency as a function of halo mass and
cosmic time, while we examine their impact on SAMs. In Section 4,
we propose solutions to minimize the impact of numerical problems
and produce more reliable predictions, understanding how these
predictions change. We finally summarize our results in Section 5.
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Table 1. Simulations used. L: the periodic box size in comoving Mpc; Npart:
the number of DM particles in the volume; mp,y: the DM particle mass in Mg
Nout: the number of simulation outputs/snapshots; and the type of simulation
(DM-only or hydro).

Simulation L/Mpc Npart Mpart/Mo Nout type
FLAM-DM 1000 3600°  8.40x108 79 DM-only
FLAM-HYDRO 1000 3600°  7.06x108 79 hydro
PMILL 800 5040°  1.56x108 271 DM-only
MEDI-SURFS 311.07 1536 3.27x108 200  DM-only

2 MERGER TREE DATA: ALGORITHM
DESCRIPTION

For this analysis, we use four state-of-the-art large-volume cosmo-
logical simulations: (i) the fiducial DM-only run ‘L.1_.m8_DMO’
and (ii) the fiducial hydrodynamical run ‘L1_m8&’ both from the
FLAMINGO project (Kugel et al. 2023; Schaye et al. 2023); as
well as (iii) PMILL (Baugh et al. 2019) and (iv) MEDI-SURFS
(Elahi et al. 2018). Each simulation has slightly different cosmo-
logical parameters: (i)—(ii) # = 0.681, @, = 0.306, Q2 = 0.694,
and Qy, = 0.0486; (iii) » = 0.6777, Q, = 0.307, 2, = 0.693, and
Qp = 0.04825; and (iv) h = 0.6751, @, = 0.3121, Q5 = 0.6879,
and Q, = 0.0488. These variations involve a mass difference of
less than 1 percent driven by the & differences, which is negligible
for our purposes. Since we focus on relative mass changes and
particle counts in each simulation, the cosmological parameters do
not play a significant role in this study and are henceforth ignored.
Other relevant parameters, such as the simulation box size, the DM
particle mass or the number of snapshots are detailed in Table 1. The
simulations also employ different gravity and hydrodynamics solver
codes — SWIFT (Schaller et al. 2024) for (i)-(ii) and GADGET-2
(Springel 2005) for (iii)—(iv) — but these differences do not matter
for our results.

Ultimately, we evaluate six merger tree catalogues, since the
FLAMINGO runs have been processed twice using different sets
of halo/subhalo-finding and merger tree-building codes. The key
features for all the catalogues are presented in Table 2. The main
difference for our purposes is that the catalogues are post-processed
using various halo/subhalo finder and tree builder codes. This
approach allows us to study the frequency of potential numerical
artefacts and any dependence on the code employed. In addition,
we use two SAMs to explore how these numerical artefacts impact
models that apply different descriptions of baryon physics.

Below, we briefly summarize the halo finder and merger tree
builder codes used in these catalogues in Section 2.1 and Section 2.2,
respectively, while the SAMs employed for the analysis are discussed
in Section 2.3.

2.1 Halo/subhalo-finding

Halo/subhalo finders are designed to identify large, isolated overden-
sities in cosmological simulations, classifying them as ‘host/main
haloes’. These large overdensities are typically identified using a
Friends-Of-Friends (FOF) algorithm, which groups particles that are
spatially close (3D FOF) or close in phase space (6D FOF). The
process involves defining a linking length — a threshold (spatial or
phase space) distance — below which particles are linked together.
By applying this criterion to all particles in the simulation, groups
of clustered particles, named FOF groups, are formed based on the
chosen distance metric.

MNRAS 539, 776-807 (2025)

Within the host haloes identified by the FOF algorithm, there can
be smaller overdensities referred to as ‘subhaloes’. Various methods
exist to detect these self-bound groups of particles. Regardless of
the method, there is always a dominant subhalo determined by a
finder-specific metric, such as the most massive subhalo within a
host halo. The dominant structure is termed ‘central subhalo’; while
the remaining smaller overdensities are called ‘satellite subhaloes’.
A host halo can consist of a single subhalo (the central subhalo)
or multiple subhaloes (a central subhalo with its satellites). These
definitions are visually illustrated in Fig. 1. Below we summarize the
finder codes used in the analysed catalogues, each based on a distinct
approach to identify DM (sub)haloes across simulation snapshots.

2.1.1 SusrIND (configuration-space)

SUBFIND (Springel et al. 2001) is a configuration-based finder.
It starts identifying host haloes using a 3D FOF algorithm with
a standard linking length of b = 0.2 times the mean interparticle
distance, without incorporating velocity information. Within each
host halo, subhaloes are detected as local overdensities, defined as
self-bound groups of particles. To identify density peaks (subhalo
candidates) within the FOF group, the code calculates local densities
by applying an adaptive kernel interpolation to the Nge,s nearest
neighbours for each particle in the group.

Starting with the densest particle and proceeding in decreasing
order, the code selects its Ny, nearest particles and isolates the
subset with higher density estimates. The algorithm then examines up
to the two closest neighbouring particles from this subset, which may
include none, one or two particles: (i) if such particles are not found,
a local density maximum is identified, forming a new subhalo; (ii) if
one or two particles belonging to the same subhalo are found, they are
added to that existing subhalo; and (iii) if two particles belonging to
different subhaloes are found, these subhaloes are marked as subhalo
candidates, as a saddle point between two separate overdense regions
is located. Once subhalo candidates are identified, an unbinding
procedure is subsequently performed. Particles with positive total
energy are removed iteratively, defining the subhalo’s centre as the
most bound particle and its velocity centre as the centre-of-mass
velocity of the particles in the group.

SUBFIND assigns particles to the smaller overdensities first, ensur-
ing each particle is associated with only one subhalo. This approach
establishes an exclusive mass definition. Finally, the code rechecks
the self-bound nature of the disjoint subhaloes, defining them as
satellites. Particles belonging to the background of the FOF group
are also subjected to the unbinding procedure, forming the largest
subhalo in the group or the central subhalo. Resolved subhaloes are
retained if their particle number exceeds a predefined threshold Nygp.

2.1.2 VELOCIRrAPTOR (phase space)

VELOCIRAPTOR (Elahi et al. 2019a) is a phase-space finder. It
identifies host haloes using either a 3D or 6D FOF approach, taking
into account a particle’s position and velocity information. In this
study, the code was applied with a simple 3D FOF approach (with
the standard linking length of b = 0.2 times the mean interparticle
distance) for the FLAMINGO-related runs. For MEDI-SURFS, an
additional 6D FOF algorithm was employed (with a velocity-space
linking length proportional to the velocity dispersion of the 3D FOF
groups), which helps separate structures that might be incorrectly
linked by spurious particle bridges.
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Table 2. Merger tree catalogues used. The halo finder code; the merger tree builder code; the halo finder approach; the merger tree builder approach; and

Né’;ir‘t‘_ subhalo: the minimum particle number for a subhalo to be detected in the simulation.

Catalogue Halo finder Tree builder Halo finder approach Tree builder approach Nl?;‘r‘t‘ subhalo
FLAM-DM-VR VELOCIRAPTOR D-TREES + DHALO phase space adjacent snapshots 20
FLAM-HYDRO-VR VELOCIRAPTOR D-TREES + DHALO phase space adjacent snapshots 20!
FLAM-DM-HBT HBT-HERONS HBT-HERONS history space history space 20
FLAM-HYDRO-HBT HBT-HERONS HBT-HERONS history space history space 20!
PMILL SUBFIND D-TREES + DHALO configuration space adjacent snapshots 15
MEDI-SURFS VELOCIRAPTOR TREEFROG(+ DHALO) phase space adjacent snapshots 20

Taccounting for baryonic particles as well

After host haloes are identified, VELOCIRAPTOR locates substruc-
tures within them based on phase-space information. This method
leverages the distinct local velocity distributions of substructure
particles compared to the background host halo. For each particle in
a FOF group, following the methodology of the original STructure
Finder (STF) paper (Elahi, Thacker & Widrow 2011), its local
velocity density is estimated based on its N, nearest neighbours
in velocity space, which are selected from its Ny nearest spatial
neighbours (N, < Ng). The background velocity density, on the
other hand, is calculated by dividing the group into cells, where
the number of particles per cell, N, is chosen to strike a bal-
ance between statistical reliability and minimal density variations
between cells. Each particle’s background velocity density is then
interpolated using the cell it occupies and its six neighbouring
cells. Particles whose local velocity density exceeds the background
density by a predefined threshold are grouped into dynamically
distinct substructures if they satisfy a secondary 3D FOF criterion
and also share similar velocities. An iterative unbinding procedure
removes unbound particles from each substructure. The remaining
bound particles are assigned exclusively to a single substructure,
which is retained only if it meets a minimum particle count
threshold.

Moreover, remnants of mergers or ‘cores’ are identified afterwards
within the remaining background particles using a conservative 6D
FOF, in which the linking length is progressively reduced to again
isolate overdensities distinct from the background distribution. These
overdensities are reconstructed as satellite subhaloes as well after
performing an unbinding procedure. Although VELOCIRAPTOR is
capable of identifying tidal streams, this feature is not used in this
analysis.

After all these steps, the remaining self-bound background
overdensity is defined as the central subhalo, while substructures
identified through the velocity distribution and merger remnants are
classified as satellite subhaloes. For hydrodynamical simulations, the
initial FOF links that determine host haloes are based solely on DM
particles, with baryons subsequently assigned to the FOF group and
subhalo corresponding to the closest DM particle in phase space (see
Canas et al. 2019, 2020, for an application to the HORIZON-AGN
hydrodynamical simulations).

2.1.3 HBT-HERONS (history-space)

HBT-HERONS (Forouhar Moreno et al. 2025) differs from both
configuration- and phase-space-based codes, employing a unique
methodology, which can be described as a history-space finder. The
code is an improved version of HBT+ (Han et al. 2018), featuring bug
fixes and enhancements in substructure identification, self-consistent
merger tree building, and computational efficiency. It begins with

a 3D FOF catalogue using a linking length of b = 0.2 times the
mean interparticle distance. Subhaloes are then identified by cross-
matching particle memberships as detailed in Han et al. (2012),
based on the principle that every satellite subhalo was once the
only central subhalo hosted by its halo. This approach effectively
separates heavily overlapping subhaloes. For hydrodynamical runs,
the FOF groups are identified using merely DM particles, with
baryons consequently linked to them.

The core of the cross-matching algorithm involves assigning a set
of particles, referred to as the ‘source’, to every subhalo. The source
is then tracked across snapshots to detect descendant subhaloes.
Self-bound subhaloes with Nyong particles are subsequently iden-
tified by applying an unbinding procedure to the source. To avoid
instabilities, the code limits the number of particles in the source
(Nsource < 3Npound), Updating it after unbinding.

Starting from the earliest snapshot, the code locates isolated FOF
groups in the simulation. These groups determine the source, with
its self-bound particles defining a newly created central subhalo. As
the simulation progresses, a weighted estimate of the 10 most bound
tracer particles from the source is tracked forward to identify which
host halo the descendant structure belongs to. In hydrodynamical
simulations, only collisionless and time persistent particles (DM
or stellar) are used to track descendant subhaloes, as gas or BH
particles could cause sudden mass-loss due to ejection/consumption
or mergers, respectively. When multiple previously central subhaloes
are found within a single FOF group, this indicates a merger
event.

Central candidates are the central subhaloes at the latest snapshot
whose previous bound mass is greater than some fraction of the
largest bound mass among the candidates ( fmajormax(Mpouna)). If
more than one candidate exists, the subhalo with the lowest specific
orbital kinetic energy (computed in the centre of mass reference
frame of the FOF group) is designated as central. The central
subhalo acquires the diffuse mass accreted by the host halo, while
the remaining subhaloes are classified as satellites, preventing the
accretion of particles that belong to the background of the FOF
group. The sources for central subhaloes are updated to the current
host halo, excluding particles belonging to any satellite sources;
while the sources for the satellites continue to be traced back to their
progenitors.

The unbinding algorithm operates recursively from the deepest
nested structures to the shallowest, leveraging the code’s record of
the satellite-of-satellite hierarchy. Stripped particles from satellites
are transferred to the central subhalo source to ensure exclusive
mass definitions. For each source, unbound particles are removed
until the mass converges within a specified tolerance, using the
centre of mass of all bound particles as a reference to compute
kinetic energies. This is applied to both DM and hydrodynamical
simulations, treating all particle types equally. In hydrodynamical
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Figure 1. Diagram showing the nomenclature used for halo/subhalo finder and merger tree builder codes. Each colour corresponds to a different halo/subhalo,
with the circle size indicating roughly their mass — larger circles represent more massive systems. Solid-coloured circles designate central subhaloes within the
host halo, while hatched patterns denote subhaloes classified as satellites. When a host halo contains more than one subhalo, it is outlined in black. The main
branch stands out in bold red, displaying the evolution of the central subhalo from z = 0 backwards in time, while other colours show merged/satellite branches.

runs, at least 10 collisionless particles must be present for any
resolved subhalo.

HBT-HERONS also tracks the evolution of subhaloes whose mass
(temporarily) drops below the resolution limit. These ‘orphan’ sub-
haloes are tracked using the most bound particle (tracer particle) and
reappear if that particle is hosted by an FOF group with no resolved
subhaloes, resulting in zero masses at the intermediate snapshots. The
code also includes a prescription for merging subhaloes affected by
dynamical friction, coalescing structures that overlap in phase space.
This is assessed using the mass-weighted position and velocity of
the 10 most bound particle tracers, except for orphan structures,
where simply the tracer particle is used. After the merger, all source
particles from the deeper structure are transferred to the shallower
one. Further details about other implementations are provided in
Forouhar Moreno et al. (2025), which not only introduces the code
but also compares various subhalo finders, ultimately concluding that
HBT-HERONS is the most reliable choice for subhalo identification.

2.2 Merger tree-building

Once the structure hierarchy is established, merger tree builders link
these structures across the snapshots of the simulation, making a
progenitor-subhalo/descendant connection. The links are typically
made by cross-matching particles shared by the structures between
snapshots. This process is guided by a merit function, which evaluates
the particle information considered in the algorithm (e.g. the number

MNRAS 539, 776-807 (2025)

of shared particles between structures or the binding energy of the
particles). The most likely progenitor/descendant is selected as the
one with the highest merit function value.

Although a subhalo can have multiple progenitors in a merger
event (as several subhaloes merge), one is always designated as the
main progenitor. The designation can be determined in various ways,
such as identifying the subhalo with the highest merit function value
(e.g. the one that shares the most particles or the most bound particles
with the structure at the latest snapshot) or the most massive one.
The main progenitor links are indicated by arrows in Fig. 1. Below,
we outline the approach each tree builder code follows.

2.2.1 D-TRees + DHaLo (adjacent snapshots)

D-TREES (explained in appendix A2 in Jiang et al. 2014) is a subhalo
merger tree builder that identifies the progenitor/descendant for each
subhalo. The code links structures between snapshots by identifying
particles that subhaloes have in common. It maximizes a merit
function (see equation Al in Jiang et al. 2014), focusing on the
most bound particles of each subhalo, known as ‘core’ particles.
These core particles help connect subhaloes irrespective of any lost
mass as well as identify the subhalo that survives in a merger event.

For each snapshot in the simulation, first D-TREES identifies the
main progenitor of each subhalo by determining which subhalo in the
preceding snapshot contains most of the descendant’s core particles
(regardless of whether they are part of the main progenitor’s core).
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Secondly, it makes descendant links based on which subhalo at the
later snapshot has the highest number of core particles from the earlier
subhalo (again, regardless of whether they are part of the descendant’s
core). Furthermore, the code can connect subhaloes that may be
temporarily lost when passing near the dense regions of a larger one,
enabling to distinguish between real mergers and those caused by
the finder code temporarily not detecting the subhalo. This capability
allows the search of main progenitor-descendant connections across
multiple snapshots, Ngep. If snapshots are skipped due to the best
link being between non-consecutive snapshots, D-TREES inserts
‘interpolated’ subhaloes to allow for a continuous merger tree. The
properties of these interpolated subhaloes are assigned the same
values as those of the subhalo at the earlier time between the two
interpolated snapshots.

After establishing these links, the code DHALO (explained in
appendix A3 in Jiang et al. 2014) processes the central-satellite
hierarchy and groups the subhalo merger tree into host haloes that
define the largest gravitationally bound structures. This is based
on the idea that once a subhalo becomes part of a host halo, it
remains attached to it as long as it is resolved. DHALO applies the
following conditions: (i) a newly formed subhalo that does not lie
inside a predefined factor, Rpyor, Of the half mass radius of any
other subhalo is considered to create a new separate host halo,
preventing artificial mergers caused by tenuous bridges of particles;
(ii) satellite subhaloes are designated as separate host haloes if they
have not lost enough mass, My, upon becoming satellites, ensuring
artificially linked FOF groups are split; and (iii) once conditions (i)—
(ii) are applied, a subhalo can not change the host halo to which it
belongs. Additionally, a central identifier for each group is assigned
to its most massive subhalo. Note, however, that the SHARK and
GALFORM SAMs make their own definitions of the central subhalo, as
described later in Sections 2.3.1 and 2.3.2, and do not use this central
identifier.

The host haloes defined by DHALO are suitable for modelling
galaxy formation with masses generally growing monotonically
(Gémez et al. 2022). Consequently, both SAMs discussed in
Section 2.3 require DHALO to process merger tree data before
incorporating any baryonic physics. The code is therefore used in
most of the merger tree catalogues listed in Table 2, with four of
them employing the D-TREES + DHALO combination. However,
DHALO is not restricted to outputs from D-TREES and can be applied
independently to outputs generated by other tree builders, ensuring
compatibility with the input format required by the SAMs. In such
a way, the MEDI-SURFS catalogue uses TREEFROG (explained in
Section 2.2.2) to identify progenitor-descendant connections, while
DHALO redefines host haloes according to conditions (i)—(iii).

2.2.2 TreeFRroG (adjacent snapshots)

TREEFROG (Elahi et al. 2019b) operates similarly to D-TREES, per-
forming a cross-matching of particles to maximize a merit function
(see equation 3 in Elahi et al. 2019b). However, its merit function
accounts for the total number of shared particles between subhaloes
while weighting them based on the number of equally well-bound
shared particles. The weighting scheme is calculated via the rank of
the particles, based on their positions in an array sorted by binding
energy. This merit function is computed for a fraction frr of the most
bound particles of each subhalo.

For each snapshot with an available structure catalogue, the code
first examines the previous snapshot to identify multiple progenitors
(structures with a merit function value above some predefined

Merger tree accuracy and consequences 781

threshold, M ;,,, when looking back in time) and the main progenitor
(the structure with the highest merit function value). It then analyses
the future snapshot to select a unique descendant (the structure
with the highest merit function value when looking ahead above
the predefined threshold). This ensures that each structure has a
single descendant, as tree building can become complex due to mass-
loss and tidal disruption. The code can also search across multiple
snapshots, Ag, for progenitor-descendant links if no progenitor or
descendant is found at the subsequent earlier or later snapshot due to
the merit function values being below the threshold.

After processing the initial merger tree, TREEFROG attempts to
correct truncation events arising from misidentifications by the
halo/subhalo finder. It adjusts links between structures without a main
progenitor and structures without a descendant if they are in close
proximity in terms of merger tree history and merit function values.
Post-processing also considers phase-space position and number of
particles to create new links.

2.2.3 HBT-HERONS (history-space)

HBT-HERONS (Han et al. 2018; Forouhar Moreno et al. 2025),
as detailed in Section 2.1.3, constructs the merger tree branches
simultaneously with the subhalo-finding process in a history-space
approach. In this method, particles associated with a subhalo, along
with additional unbound particles (collectively referred to as the
‘source’), are tracked in consecutive snapshots. The descendant is
then selected as the bound structure that inherits this set of particles,
leading to a more robust and efficient merger tree catalogue.

2.3 Semi-analytic models of galaxy formation

SAMs solve for the evolution of galaxies by relying on the DM
structures and merger histories provided by tree-building algorithms.
They treat the different physical processes affecting baryons using
a set of analytic equations, generally incorporating various mass
reservoirs: hot halo gas, cold gas and stars in a disc or bulge, SMBHs
and gas expelled from the halo, as a minimum. More mass reservoirs
can potentially be tracked, such as several interstellar medium (ISM)
or additional halo gas reservoirs. A set of coupled parametrized
differential equations aims to encapsulate all the physical processes
relevant to galaxy formation and evolution, describing how the mass,
metals, angular momentum, and energy are exchanged between these
reservoirs. The parameters involved in these equations are calibrated
against a set of observations.

The physical processes represented by the set of equations are
largely consistent across different codes (Baugh 2006; Benson 2010):
(i) gas accretion onto DM host haloes, forming a hot halo gas
reservoir through smooth accretion; (ii) cooling of this hot gas in the
densest regions, settling down in the form of a disc; (iii) star formation
within the disc; (iv) stellar feedback, which either returns gas to
the hot halo or ejects it from the halo to the intergalactic medium;
(v) chemical enrichment of stars and gas; (vi) disc instabilities
transferring stars and/or gas to a bulge component; (vii) galaxy
mergers, in some cases tracked using ‘orphan’ satellite galaxies
as satellite subhaloes are not resolved below a resolution limit,
which can also alter the disc morphology; (viii) starbursts induced
by mergers and/or disc instabilities; (ix) SMBH growth through
mergers, starburst-driven cold gas or hot halo gas accretion; (x) active
galactic nucleus (AGN) feedback; (xi) photoionization feedback; and
(xii) environmental processes, such as ram pressure stripping, tidal
stripping, among others.
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SAMs rely on smooth halo/subhalo properties to accurately model
baryonic processes. Without this smoothness, non-physical effects,
such as the triggering of artificial starbursts, can happen. However,
the specific processing of halo/subhalo information can vary between
different codes. Below, we provide an overview of how the SAMs
used in the analysis handle this information, focusing on how the
halo/subhalo properties from tree builder codes are processed given
the paper’s aim. In our case, both SAMs are run over the same merger
tree catalogue in the DHALO format therefore ensuring the input data
share the same definitions.

The central-satellite hierarchy of the subhaloes plays a key role in
the accurate treatment of galaxies, as central galaxies are assigned
to central subhaloes, while satellite galaxies to satellite subhaloes.
The modelling of galaxy properties depends on this hierarchy; for
instance, satellite galaxies are subject to environmental processes.
Initially, SAMs assume all galaxies originate as central galaxies,
corresponding to central subhaloes that appear in isolation as the
only subhalo within a host halo. During mergers, galaxies can
either retain their status as central objects or transition to satellites
based on whether their associated subhalo becomes a central or a
satellite within the remnant host halo. Furthermore, galaxies hosted
by subhaloes that are no longer resolved due to a low particle number
are also classified as satellites.

2.3.1 SHARK (subhalo-based)

SHARK was first presented in Lagos et al. (2018), where prescriptions
for the physical processes (i)—(xii) are outlined. A key feature of
SHARK is its flexibility in exploring a wide range of models for the
same baryonic processes, allowing for a more thorough exploration
of their effect on the predictions of galaxy populations. The code
was updated to its latest version in Lagos et al. (2024) to model
massive galaxies consistently with observations over time. The
most significant improvement over the first version of SHARK is
the implementation of a new AGN feedback model that includes
jet and wind feedback modes; while other new elements include
the exchange of angular momentum between the ISM and stars, a
more refined dynamical friction time-scale for mergers (Poulton et al.
2021), a treatment for the black hole (BH) spin, improved modelling
of environmental processes for satellite galaxies, as well as a package
that allows for automatic parameter exploration. For this paper, we
run the latest version of SHARK, which has been recalibrated to fit
the stellar mass function (SMF) at z = O for the FLAM-DM-HBT
merger tree catalogue. Details of this recalibration are provided in
Appendix B.

In SHARK, when a central subhalo forms, a hot halo gas reservoir at
the virial temperature is assigned to its host halo. This hot gas grows
in tandem with the host halo and cools down within a cooling radius
as per Croton et al. (2006). Cold gas assembles into a disc, whose
size is governed by the halo gas specific angular momentum and the
subhalo maximum circular velocity, becoming available to form stars
at a rate computed by integrating the surface density of molecular
gas according to Blitz & Rosolowsky (2006) (a.k.a. star formation
in the disc). Major and wet (i.e. gas-rich) minor mergers drive the
cold gas in the disc to inflow to the bulge component, triggering
starbursts (a.k.a. star formation via mergers and disc instabilities) that
are more efficient than the disc star formation mode. BHs are seeded
with 10* Mg h~! in subhaloes with 10'°Mg 2~! and can accrete
starburst-driven cold gas (starburst mode) or hot halo gas (hot halo
mode), as described in Kauffmann & Haehnelt (2000) and Croton
etal. (2016), respectively. Stellar feedback due to winds or supernova
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(SN) explosions (assuming a universal Chabrier 2003, initial mass
function (IMF)) is modelled as in Lagos, Lacey & Baugh (2013),
whereas AGN feedback from winds or jets follows Lagos et al.
(2024).

The model pre-processes the DHALO merger tree skeleton pro-
vided as input before introducing baryonic physics (a full description
isin section 4.1 in Lagos et al. 2018). This step generates a consistent
subhalo hierarchy: selecting at the final simulated snapshot the most
massive structure in each group as the central subhalo and tracing its
DHALO main progenitors (defined by the most bound particles; see
Section 2.2.1) backwards in time, marking them as central subhaloes
at earlier times to ensure that the central flag remains unchanged.
This prevents artefacts from propagating into the predicted evolution
and properties of the galaxy population. Central subhaloes without
progenitors are populated with a central galaxy, whose properties —
current and future — are calculated making use of either host halo or
subhalo information. The code primarily relies on subhalo properties
to compute these various galaxy properties, such as the disc size, BH
accretion rates or the mass outflow due to SN feedback, among others,
aiming for a more accurate physical description of the involved
baryonic processes. Additionally, host haloes are constrained to
grow in mass consistently with a hierarchical ACDM scenario,
thus ensuring the mass of a host halo is equal to or greater than
the mass of its progenitors, controlling a physical gas accretion for
galaxies.

2.3.2 GaLForM (host halo-based)

GALFORM was first introduced in Cole et al. (2000), with the latest
major update presented in Lacey et al. (2016), which includes
implementations for the physical processes (i)—(xii). The flavour
we employ in this paper is GP19 (Gonzalez-Perez et al. 2020),
which uses a universal (Chabrier 2003) IMF for star formation in
both the disc and the bulge and features an updated model for the
BH growth and spin evolution (Griffin et al. 2019), gradual ram
pressure stripping of gas for satellite galaxies (Font et al. 2008) and a
merging scheme that follows satellite orbits introduced in Gonzalez-
Perez et al. (2018) and Baugh et al. (2019). The free parameters are
calibrated using the MS-W7 simulation, with a box of 500 Mpc 7~
(Guo et al. 2013) and a WMAP7 cosmology (Komatsu et al. 2011).
The different cosmology does not affect our analysis, which focuses
on merger tree artefact propagation rather than statistical predictions,
and the variations involve negligible effects on the studied properties.
The calibration is set to reproduce the z = 0 luminosity function in
the by and K bands, the BH-bulge mass relation and the local passive
galaxy fraction.

The gas treatment for haloes in GALFORM is similar to SHARK,
with hot gas settling into a spherically symmetric distribution and
cooling down slowly (hot accretion) or rapidly (cold accretion) inside
a cooling radius as explained in Cole et al. (2000). The disc has
an exponential surface density profile, whose half-mass radius is
determined by the conservation of specific angular momentum and
the centrifugal equilibrium in the combined gravitational potential
of the halo, disc and bulge. Star formation in the disc follows the
Blitz & Rosolowsky (2006) prescription as described in Lagos et al.
(2011). Gas transfer to the bulge due to major, wet minor mergers
and disc instabilities and its resulting size is modelled as in SHARK,
but the star formation model for starbursts is different. Here, the
star formation rate depends on the dynamical time-scale of the bulge
(Kennicutt 1998). BHs, seeded with 10Mg A~! once a galaxy is
formed, accrete cold gas from the bulge during starbursts (starburst
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mode), whose quantity is a fraction of the stellar mass formed, or
from the hot gas (hot halo mode). Stellar feedback depends on the
galaxy’s circular velocity as in Cole et al. (2000), and AGN feedback
operates only on galaxies whose host haloes are under hydrostatic
equilibrium, such that the gas cooling flow is shut off if the cooling
luminosity is similar to or smaller than the Eddington luminosity.

GALFORM also manipulates the merger tree skeleton provided by
DHALO to avoid artefact propagation. While its treatment shares
some similarities with SHARK — both impose that host halo masses
cannot decrease with time and both pre-process the central-satellite
subhalo hierarchy —, there are significant differences. In GALFORM,
central flags for each host halo are assigned to the subhalo with
the highest cumulative mass throughout its past merger tree. All
subhaloes along the main progenitor branch of this subhalo are set to
be the central subhalo for their respective host haloes. However,
GALFORM depends on the host halo merger tree rather than the
subhalo merger tree. As a result, the model prioritizes the main
progenitor of a host halo, defined as the host containing the main
progenitor subhalo of its central subhalo. If no central subhalo
exists, the main progenitor is assigned to the host containing the
main progenitor of the most massive satellite subhalo.

Furthermore, the overall processing for the evolution of DM
structures differs. The code defines ‘halo formation’ events when
host haloes grow by a factor of 2 in mass, ensuring that host halo
properties (circular velocity Vi, halo concentration ¢, and spin A),
except for the host halo mass My, and radius ry;, remain constant
between such events. Then, all baryonic processes rely primarily
on these properties of the host halo, as they provide a smoother
evolution (Gémez et al. 2022). The only exception is the use of
subhalo information to compute the dynamical friction time-scale of
a satellite galaxy merging with its central galaxy once the satellite
subhalo is no longer resolved. During host halo mergers, the central
galaxy in the main progenitor becomes the central galaxy in the
subsequent snapshot.

3 DEFINING AND QUANTIFYING MERGER
TREE ARTEFACTS

We analyse the merger tree catalogues described in Section 2. We
focus on the central subhaloes at z = 0 in the simulations and track
them backwards by following their main progenitors in what is called
the ‘main branch’ (see the bold red colour lines in Fig. 1). Other
branches merge with the main branch (blue and purple colours in
Fig. 1) or become satellite subhaloes (green colour). We focus on the
main branches because: 1. they characterize the growth of the DM-
bound structures, representing the main backbone for SAMs, which
assume that central galaxies populate these central subhaloes; and 2.
main branches exhibit a wide variety of growth histories that reflect
the diversity seen in all subhaloes, and by only analysing those we
lower computational costs.

We examine the mass accretion histories (MAH) for the main
progenitor subhalo, as defined by each merger tree code (Section 2.2),
of all main branches. Some SAMs use these histories that describe
the growth of DM within subhaloes to model galaxy properties
accordingly (see the SHARK description in Section 2.3.1 for details).
By examining the MAHs generated by different combinations of
halo/subhalo finder and merger tree algorithms, we categorize the
numerical artefacts that affect them into two main types: ‘mass-
swapping’ and ‘massive-transient’ events. These artefacts are de-
scribed and their frequencies analysed in Sections 3.1 and 3.2,
respectively. In Section 3.3, we provide examples of how these
numerical artefacts in merger trees directly impact the predicted
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evolution of galaxies in SAMs. We initially visualized the MAHs
for both main and satellite branches at z = 0 and found no artefact
exclusively affecting the satellite population, supporting our decision
to focus solely on the main branches in this study.

3.1 Mass-swapping events
3.1.1 Definition

The first artefact affecting merger trees that we identify is the
instantaneous drops in mass during their assembly, which contrasts
with the expectations of central MAHs within a hierarchical structure
formation. A central subhalo should grow in mass exclusively
through smooth accretion or mergers with other haloes/subhaloes
over time. An example of this artefact is shown in the top panel in
Fig. 2, where the evolution of a main branch (in orange) displays
several significant mass drops, highlighted by red dashed vertical
lines. The largest mass drop, a change of almost 2 dex, is marked
with a more intense red line.

These dips in the central subhalo mass are numerical issues arising
from the misidentification of structures by halo/subhalo finder and
merger tree builder codes, particularly when dealing with massive
structures undergoing merger events. This type of artefact is well
known in the literature and has been reported in works such as
Srisawat et al. (2013) and Poole et al. (2017).

The diagram in the bottom panel in Fig. 2 illustrates the general
phenomenon: a central subhalo and a satellite subhalo swap their
hierarchy, resulting in the material on the outskirts of the halo being
exchanged between them, as those particles are typically assigned
to whichever subhalo is identified as central. This can be observed
in the example in the top panel, focusing on the most significant
swapping event. Here, the evolution of the satellite that inherits these
particles is shown in blue. This satellite subhalo becomes the central,
indicated by the black dots, at the specific snapshot where there
is a noticeable jump in mass around lookback times ~ 6 Gyr, but
subsequently reverts to being a satellite. When this occurs, all the
mass on the outskirts is re-assigned to what had been the central
subhalo before the mass-swapping event. In this particular example,
the blue subhalo does not initially possess a satellite hierarchy before
the swapping event, but the underlying phenomenon remains the
same. The remaining two dips in Fig. 2 at roughly lookback times
~ 7.5 and 10 Gyr are swapping events with other subhaloes that are
not shown.

Events where the subhalo mass undergoes large mass increases
(not produced by mergers) or decreases are considered non-physical
and should be classified as mass-swapping events. To isolate them,
we introduce a physically reasonable definition and follow Wechsler
et al. (2002), where the authors assume the MAHs recovered from
ACDM cosmological simulations can be universally described by
exponential profiles of the form:

M(z) =My e ™ 1)

where M, is the final mass of the subhalo, z the redshift and « a free
parameter.

When the tree builder codes link the main progenitor and de-
scendant subhaloes, we compute the mass ratio that arises following
equation (1) as a function of the redshift:

M@ziv)
M(z)

where Az = |zi+1 — z;i| is the redshift separation between consecu-
tive snapshots. Thus, we can compute the expected change in mass

M ubna
subhalo — e"‘A" (2)

M, main progenitor
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Figure 2. Example of a main branch undergoing several mass-swapping
events. Top panel: MAH (extracted from the FLAM-DM-VR catalogue) of a
central subhalo (orange line) with several large decreases in mass produced
by mass-swapping events marked by red-dashed vertical lines, with the most
extreme cases in a more opaque red. The abrupt mass loss around lookback
times ~ 6 Gyr (the largest of the mass drops in this main branch) is due
to the subhalo (blue line) swapping its hierarchy. The other two dips are
swapping events with subhaloes that are not shown. The black dots show the
snapshots at which each structure is defined as being central. In this instance,
the subhalo represented by the blue line is incorrectly identified as the central
subhalo without first being classified as a satellite. Bottom panel: schematic
diagram where each colour refers to a different structure and the circle size
represents qualitatively mass, using the same colours as in the top panel to
ease the connection between the two. The figure shows that at z;, the central
subhalo (solid-coloured circles) is misidentified as being a satellite (hatched
pattern) for that one snapshot, and the satellite subhalo in blue is momentarily
identified as being central.

according to these exponential profiles independently of the snapshot
cadence of each simulation. This definition helps avoid events being
misclassified as mass-swapping at early times due to the longer
redshift span between snapshots.

With all these ingredients we can give a proper definition for
the mass-swapping events. Typical values for « lie in the range
~ [0.3-2] (see fig. 3 in Wechsler et al. 2002, for structures spanning
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a range of masses and concentration parameters). However, for our
purposes, we select (realistic) extreme values considering always
matter accretion (i.e. increases in mass) at varying rates: an extremely
rapid rate oo, = 3 as the upper limit and an extremely slow o] = 0.1
as the lower limit. Additionally, instead of defining unrealistic «
values (outside the range of values set above) to account for non-
physical mass increases or decreases, we introduce extreme offsets
in equation (2) that imply in the case of no mass change («¢ = 0)
an increase larger than a factor of two (O, = 1) or a decrease more
significant than a factor of half (O, = —0.5) in the original mass.
The final equation we use to classify mass-swapping events takes the
form:

Mabhato {e"‘“Az +0, =+ 1 (upper limit) 3)

oAz _ 0.1Az .
M inain progenitor eN + 0 =e — 0.5 (lower limit)

We classify as physically well-defined MAHs those whose mass
changes lie between the upper and lower limits in equation (3). If the
relative mass gained or lost in a subhalo-main progenitor connection
exceeds these imposed thresholds, that connection is considered
numerically incorrect. Since the parameters chosen for equation (3)
correspond to extreme mass-swapping events, we are confident our
selection isolates only numerically incorrect events.

3.1.2 Characterization

Fig. 3 shows 2D maps of the relative mass change as a function of
the lookback time/redshift for all the main branch connections for
each of the merger tree catalogues. Throughout this paper, for HBT-
HERONS subhaloes that become ‘orphans’ (i.e. with just the most
bound particle) across a range of snapshots because their particle
number fluctuates around the minimum to detect them and then
reappear, their mass is assigned the same values as the mass of the
subhalo at the earlier snapshot where it is well defined. Thus, these
instances are not flagged as mass-swapping events. The shaded areas
indicate regions considered mass-swapping artefacts (i.e. large mass
increases, that are not caused by mergers, at positive values of the
y-axis, and huge mass decreases at negative values of the y-axis).
Additionally, there are 1D projected histograms on the right and
bottom panels to aid in the analysis.

The most striking difference across the catalogues is how
populated the artefact area (shaded region) is. The PMILL cat-
alogue spans the largest range in parameter space with mass
changes reaching extreme upper and lower values as large as
lOglO(Msubhalo/Mmain progenilor) ~ [_4s 4] Slmllaﬂ}’a the FLAM-DM-
VR and FLAM-HYDRO-VR catalogues also cover a wide area
around logo(Mubhalo/Mmain progenitor) ~ [—3, 3], though they are not
as broad as PMILL, particularly at a high lookback time/redshift.
This broad distribution can result from D-TREES tracking only the
most bound cores of subhaloes while disregarding the bulk of the
subhalo mass. The MEDI-SURFS catalogue produces slightly better
results, possibly due to its smaller box size and TREEFROG post-
processing. Configuration-based finders, such as SUBFIND, are less
effective at accurately recovering subhalo masses in mergers events
— characteristic of these artefact areas — compared to phase-space-
based finders like VELOCIRAPTOR — since the former ones struggle
to resolve structures at nearly identical positions. However, mass
fluctuations still exist due to the phase differences between the
orbiting core and the merging mass (Behroozi et al. 2015).

The HBT-related catalogues show the most accurate results, with
the smallest population of artefacts and a well-defined peak with
narrower wings in the 1D projected histogram in the right panel
around 10g10(Msubhato/Mmain progenitor) ? 0. Temporal finders provide
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Figure 3. 2D maps of the relative change in mass when there is a connection between a main progenitor and a descendant subhalo for a main branch as a
function of the lookback time/redshift at which that event is happening, for the 6 merger tree catalogues described in Table 2. The main panel is colour-coded
by the fraction of events within each 2D bin where the main progenitor or the descendant are satellites, following the colour bar at the top. The shaded
area marks the numerical artefacts based on the thresholds defined in equation (3) (solid line). A dotted line represents cases where there is no mass change
(Msubhalo = Mmain progenitor)- On the right and bottom panels, we show the 1D projected histograms for the mass ratio and the lookback time/redshift, respectively,
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for all the connections (solid line) and the satellite-related ones (dashed line).

more stable merger trees since they do not truncate branches early,
they create smoother mass variations and better tracking of other
properties as well (Srisawat et al. 2013; Avila et al. 2014; Behroozi

et al. 2015; Wang et al. 2016).
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The map in Fig. 3 is colour-coded by the fraction of main branches
in each 2D bin that exhibit a satellite hierarchy in one of the two
snapshots where the mass change is calculated. Main branches
should maintain a central hierarchy over time. Therefore, regions
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of the parameter space dominated by satellite events (shown in more
purple colours) are not physically realistic. As these purple areas
are well captured in the shaded prohibited areas, the cutoffs defined
in equation (3) effectively isolate temporal changes in hierarchy.
We do not directly flag cases with a change in the hierarchy as
numerical artefacts because this could overlook swapping events
that do not involve such a huge mass exchange, e.g. fly-by or
splashback cases. Conversely, there may be instances where the
mass-swapping is not linked to the typical satellite-central type
swapping.

All examples that employ directly D-TREES to build the subhalo
trees exhibit a satellite fraction close to unity in the artefact area, even
when combined with DHALO, which aims to define this hierarchy
consistently to avoid these swapping events, as stated in Gémez et al.
(2022). In contrast, the HBT-related cases and MEDI-SURFS display
many mass-swapping events where the subhalo retains its central
status (more cyan colours in the shaded region). This indicates that
mass-swapping does not always correspond to a hierarchy swap,
particularly in the case of non-physical mass increases. For MEDI-
SURFS, TREEFROG appears to clean the satellite hierarchy in central
branches. Moreover, the last snapshot (at lookback times =~ 0 Gyr)
for the FLAM-DM-VR and FLAM-HYDRO-VR catalogues show
interesting mass decreases without corresponding hierarchy change.

When comparing the DM-only and hydrodynamical runs, the 2D
maps in Fig. 3 reveal fewer extreme mass-swapping events in the VE-
LOCIRAPTOR runs, while for HBT-HERONS the results remain quite
similar. As gas particles tend to cluster more strongly than the DM
counterparts (Knebe et al. 2013a), bound structures exhibit stronger
gravitational potentials, which reduces the amount of swapped mate-
rial on the outskirts and makes the mass-swapping events less extreme
when these objects are identified with a phase-space method. For
HBT-HERONS, the history-based method of tracking which particles
belong to which subhalo is minimally impacted by the inclusion
of baryons thanks to the new additions made to the algorithm, as
described in Forouhar Moreno et al. (2025). Plus, when baryons are
included, the masses and numbers of particles for subhaloes involve
all particles, regardless of their type (DM or baryons).

3.1.3 Quantification

After properly defining the mass-swapping events, we identify the
main branches affected by them and quantify how many main
branches exhibit such behaviour. Table 3 lists the number of main
branches analysed for each catalogue, along with their median mass
and particle number. We also report the fraction of main branches
affected by non-physical mass changes in their accretion histories,
as well as the median mass and particle number for the affected
branches.

In most catalogues, = 10 per cent of branches experience at least
one mass-swapping event, whereas for the HBT-related catalogues,
this fraction is significantly lower (& 2 per cent). This suggests, as
previously seen in the 2D maps, that the distinct HBT-HERONS
algorithm effectively reduces the number of branches that are
artificially affected, likely due to the employed temporal information
and the advantage of building the branches simultaneously. Notably,
branches affected by mass-swapping tend to have a larger median
maximum particle number (= 200-300) compared to the median
maximum number of particles for all branches (& 50-80). The
artefact may occur at any stage of the subhalo evolution, but the
maximum values, presumably reached near z = 0, are used for
consistency. Larger subhaloes with later formation times are more
prone to undergo major mergers since they trace higher density
peaks (denser environments) (Behroozi et al. 2015), making structure
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identification more challenging and increasing the likelihood of
mass-swapping.

The left panel of Fig. 6 presents the fraction of main branches
that have suffered from mass-swapping events at any point of their
evolution as a function of the maximum particle number along the
main branch to remove the resolution dependence. For the two cat-
alogues derived from hydrodynamical runs (FLAM-HYDRO-VR and
FLAM-HYDRO-HBT), the maximum particle number is estimated
by dividing the maximum subhalo mass (accounting for all particle
types) by the DM parti(:le mass, N;ﬁt}f subhalo " MIr)natx subhalo/mparl~
This provides a lower limit that does not bias the results. Each colour
represents a different merger tree catalogue, while the vertical lines
mark the resolution limit for each of them. Plus, in Fig. A2, we show
a version of Fig. 6 that replaces the x-axis with the subhalo mass.

The most noticeable trend is that more massive structures are more
prone to mass-swapping across all catalogues, especially those with
maximum particle numbers above 10°. These high-particle-number
structures may, however, have faced numerical issues when they were
less massive, having grown in mass since then. Broadly, we find more
than half of the branches more massive than 10* particles are affected
by mass-swapping events. The exception is HBT-HERONS, which
adopts a history-space approach based on tracking particles between
snapshots, effectively minimising this artefact. Nevertheless, the
peak of affected main branches for the HBT catalogues still occurs
at the high-mass end.

The general trend for the non-HBT cases is similar, but the
shapes of the curves differ for the different codes employed. The
MEDI-SURFS catalogue behaves similarly to the FLAM-DM-VR
and FLAM-HYDRO-VR catalogues because they share the same
halo finder (VELOCIRAPTOR), which indicates the issues stem
initially from the structure-finding step. This interpretation is further
supported by the difference with PMILL, which follows a distinct
trend as a result of using SUBFIND. Configuration-based algorithms
in principle struggle more to separate structures in dense environ-
ments, but in this case, they show fewer affected massive branches.
This discrepancy may arise from the varying definitions of central
subhaloes between the codes, with VELOCIRAPTOR also identifying
remnants of mergers as satellite subhaloes, reallocating particles from
the central subhalo accordingly.

The hydrodynamical runs, although having fewer extreme cases
and fewer in number as stated before, show that the fraction of
branches affected by mass-swapping is larger for the catalogues
processed with both VELOCIRAPTOR and HBT-HERONS than for
DM-only in Fig. 6, and the median values correspond to fewer
massive branches in Table 3. While DM-only runs may exhibit
more mass-swapping events, these tend to occur repeatedly on the
same branches due to less strong gravitational potentials. In contrast,
branches in hydrodynamical runs are more susceptible to mass-
swapping since the centre of the host haloes is denser due to the
stronger clustering, making the particle assignment over different
subhaloes more challenging.

3.2 Massive transients

3.2.1 Definition

The second type of artefact we observe in the MAHs of the main
branches is the sudden appearance of subhaloes with an unexpect-
edly high number of particles. Typically, bound structures are first
identified by the codes described in Section 2.1, when they consist
of around 20 particles. However, there are cases in which structures
are detected for the first time with hundreds or even thousands of
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Table 3. Statistics of numerical artefacts. Nyp: the number of main branches or central subhaloes at z = 0 whose merger trees we track; X(Mg o} ): median
maximum mass for all main branches in Mg; X(N™X ): median maximum particle number for all main branches; f;: fraction of main branches affected by

p.subh

mass-swapping in %; ¥(Mgy} ): median maximum mass for main branches affected by mass-swapping in Mg ; (N '&y

prsubh,s): median maximum particle number

max

for main branches affected by mass-swapping; fi: fraction of main branches affected by massive transients in %; X(Mgyy ): median maximum mass for main

branches affected by massive transients in Mg; )?(Né“é‘l’fbh ): median maximum particle number for main branches affected by massive transients; fu: fraction
of main branches affected by either mass-swapping or massive transients in %.

Catalogue Nump FMgen)  X(NVPGw) S E(Mggh ) TNk ) fi TMgpn,)  FNVgQen)  fan

Mg 1% Mg 1% Mg 1%
FLAM-DM-VR 54348687  6.6x10'° 78 9.7 3.2x10!1 383 0.13 4.0x10'2 4725 9.8
FLAM-HYDRO-VR 63442932  5.1x10' 72 10 1.9x10! 266 0.10 1.3x1012 1864 10
FLAM-DM-HBT 53941906  5.3x10'° 63 1.8 1.4x10'" 162 7.4%x107° 6.1x10"3 72301 1.8
FLAM-HYDRO-HBT 61092496  4.0x10'° 48 2.5 8.8x10'0 104 3.5%x1074 43x10"3 51640 2.5
PMILL 4295458 7.8x10° 50 12 3.3x1010 211 0.15 5.5%x10'! 3545 12
MEDI-SURFS 5311603 1.8x10'0 55 12 5.4x1010 166 0.14 1.5x1012 4589 12

particles. Throughout this paper, we refer to these structures as
massive transients. An example of a massive transient is shown in
orange in the top panel in Fig. 4. Initially, there is a structure (depicted
in blue) that grows in mass smoothly, but it abruptly disappears at
a late cosmic time (in this case around lookback times ~ 8 Gyr)
after being redefined as a satellite subhalo of a new central subhalo.
This new subhalo branch emerges for the first time with a very
high mass, > 10'>° M, and corresponds to the final main branch.
Such structures are not expected to appear in the current model of
structure formation, thus they represent a non-physical numerical
artefact resulting from the combination of halo-finding and tree-
building processes, as has been previously reported in the literature
(e.g. Srisawat et al. 2013; Wang et al. 2016).

The threshold for the particle number at birth, which we consider
indicative of numerical inaccuracies, is somewhat ambiguous and
not straightforward. We decide to use the standard deviation of the
particle number at birth for all main branches in the catalogue at
each specific snapshot, U(Nllf‘ﬁ'_‘subhak,,z), to define it. We flag as
numerical artefacts subhaloes born with a particle number exceeding
the threshold:

Nb rth

i
part,subhalo

> max(1QN™n 3¢ (NDirth 2) @)

part,subhalo* part,subhalo?

which means the particle number must be either above three times the
standard deviation at each snapshot or exceed one order of magnitude
above the minimum particle number required to detect a subhalo. This
approach helps avoid considering very low values for the standard
deviation at high-z when the Universe is not dense enough to form
very massive objects.

We tested other arbitrary threshold values for the particle number at
birth, such as 100, 200, 1000, or 30 (NJr", ;.1,) globally regardless
of the snapshot. The results were practically the same in all these
variations. Therefore, we prefer a z/time-dependant threshold that
has a more meaningful physical interpretation.

3.2.2 Characterization

Having established the transient definition, we examine their time
distribution in Fig. 5 for all catalogues. We generate a 2D histogram of
the particle number at birth for all main branches in the catalogues as a
function of the lookback time/redshift. Subhaloes that fall within the
shaded area in this panel are considered transients according to our
definition, with the solid black line indicating the boundary defined
in equation (4). For comparison, the black dashed line represents
30 (Nt bnato) globally across the entire redshift range, dominated
by the large number of subhaloes at low-z. Additionally, a dotted

black line marks the minimum particle number required to detect a
subhalo. 1D projected histograms for the particle number and the
lookback time/redshift are included on the right and bottom panels,
respectively.

Across all catalogues, we find most subhaloes are born with ~
10-10? particles and massive transient occurrences are more common
at smaller lookback times, where there are very dense environments
and the post-processing codes used to find and track bound systems
encounter difficulties (Behroozi et al. 2015). The trends for the
massive transients are similar to those observed for mass-swapping.
More extreme cases are found in the PMILL, FLAM-DM-VR, and
FLAM-HYDRO-VR catalogues. In PMILL, a significant number of
subhaloes emerge with around 10° particles or more at lookback
times < 10 Gyr, while in FLAM-DM-VR and FLAM-HYDRO-VR
the most extreme transients have 10* particles, with a few cases
with higher particle numbers, but they only appear at lookback times
< 8 Gyr. SUBFIND exhibits more transients than VELOCIRAPTOR
as configuration-based codes struggle to distinguish very nearby
objects. If subhaloes are temporarily split off from the bulk of the
mass, D-TREES, which track the most bound particles of subhaloes,
may mistakenly identify a new massive subhalo with no progenitors.

The MEDI-SURFS catalogue shows similar results, though less
extreme: subhaloes appear with around 10> particles in the worst
cases. D-TREES and TREEFROG may skip snapshots to connect
subhaloes across time when it is unnecessary. Interestingly, the
dashed line indicating 30(N§3Lﬁf‘subhalo) is higher than in other runs,
suggesting that subhaloes tend to form with a larger variety of particle
numbers in this catalogue. The most notable result comes from the
HBT-related catalogues, where massive transient subhaloes are rare
and flagged subhaloes have roughly 10% particles. Most subhaloes
appear with a reasonable particle number, highlighting that HBT-
HERONS eftectively reduces this artefact thanks to its history-space
algorithm, as pointed out in previous studies (Srisawat et al. 2013;
Avila et al. 2014; Behroozi et al. 2015; Wang et al. 2016).

The thresholds defined in equation (4) generally show larger values
at lower lookback times. However, the PMILL catalogue deviates
from this pattern, as there is a significant population of subhaloes born
with a high number of particles around lookback times =~ 8-10 Gyr,
which then decreases up to the present day. A similar population
is observed in FLAM-DM-VR, though it is overshadowed by the
presence of massive structures born at very low-z. This may indicate
an increase in merging activity around z & 1-2, which agrees with
results from other simulations showing that merger activity peaks
at that cosmic time (Bertone & Conselice 2009). Besides, looking
at the 1D histograms on the right side, it is interesting that the
preferred particle number at birth for subhaloes usually falls in
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Figure 4. Example of a massive transient subhalo. Top panel: MAH (ex-
tracted from the FLAM-DM-VR catalogue) of a central subhalo (orange line)
that unexpectedly emerges at a late cosmic time (lookback times ~ 8 Gyr),
marked by a green dashed vertical line. Before this event, another subhalo
(blue line) was growing steadily. These 2 structures should be linked in the
tree-building process, however they are not. The black dots show the snapshots
at which each structure is defined as being central. Botfom panel: schematic
diagram where each colour refers to a different structure and the circle size
represents qualitatively mass, using the same colours as in the top panel to
ease the connection between the two. The figure describes that at z; the blue
subhalo, which was the main branch up to that cosmic time, is suddenly
split into 2 distinct structures. A new central subhalo (solid-coloured circles)
appears in orange and the former main branch is classified as a satellite
(hatched pattern). Afterwards, the orange subhalo survives as the new main
branch.

the second least massive bin rather than the smallest, except for
MEDI-SURFS.

In the catalogues involving hydrodynamics, the 2D maps in Fig. 5
look very similar to the DM-only cases, with the exception that
the FLAM-DM-VR case has slightly more extreme transients than
FLAM-HYDRO-VR. The discrepancy may arise from the weaker
gravitational potentials in the DM-only case, which can cause a
structure to split between the core and its outskirts (ejected cores in
fig. 1 in Poole et al. 2017).

MNRAS 539, 776-807 (2025)

3.2.3 Quantification

As a result of defining this numerical artefact, we can quantify how
transients impact each of the catalogues. Table 3 summarizes the
number fraction of main branches affected by this issue: values
are around 0.1 percent for all catalogues, except for the HBT-
related catalogues, which exhibit significantly better performance
with fractions several orders of magnitude lower. While overall
the problem of massive transients is less severe than that of mass-
swapping, the main branches impacted by transient events tend to
be the most massive ones, as indicated by the median maximum
particle number for the affected branches (above 10? particles). Thus,
it is crucial to consider them when analysing massive structures.
These most massive branches are likely impacted because numerical
misidentification occurs in the densest environments, which are more
susceptible to major merger events (Behroozi et al. 2015).

Less massive subhaloes, which are more often affected by mass-
swapping, seem to avoid this issue. However, there is a bias by
construction introduced by the definition of transients as massive
structures. The most extreme case is found in the HBT-related
catalogues, where the median maximum particle number along
the main branch evolution exceeds 10* particles. Most of these
HBT-HERONS subhaloes initially emerge in the simulation with
a relatively low particle number (& 200), as shown in the Fig. 5
middle column panels at z > 3. Over time, however, they grow
in mass accordingly, eventually reaching a much higher particle
number.

The central panel of Fig. 6 describes the number fraction of main
branches affected by transients as a function of the maximum number
of particles along the main branch. The same comparison is illustrated
in Fig. A2 as a function of the subhalo mass. Again, it is evident that
this second type of artefact is less severe than the mass-swapping,
but remains significant for the more massive subhaloes. It affects
around 20 percent of the main branches at the high-mass end for
the PMILL, FLAM-DM-VR, and MEDI-SURFS catalogues; while it
has a little effect on the HBT-related catalogues. The abrupt jump in
the FLAM-DM-HBT curve around 10° particles is due to the small
number of statistics — only one subhalo falls within that bin (this
subhalo emerges early in time at z & 10 with about 200 particles, just
above the defined threshold, and then grows in mass accordingly).
The results for FLAM-HYDRO-VR fall between these 2 regimes.

The PMILL and FLAM-DM-VR catalogues exhibit similar curves,
both making use of the D-TREES + DHALO tree-building codes
(transients have been reported for this combination of codes in fig. 8
in Wang et al. 2016). This could suggest that the tree builder primarily
addresses this issue. Algorithms with patching mechanisms which
link structures separated by more than one snapshot in time alleviate
these transient cases (Srisawat et al. 2013), although they are still
present. Plus, the MEDI-SURFS catalogue demonstrates a distinct
performance, likely due to its different tree builder (the halo finder
used is VELOCIRAPTOR as in FLAM-DM-VR). Overall, it is clear
that HBT-HERONS manages these structures more effectively.

Examining the diagnostics plots in Fig. 6 or the statistics in Table 3,
it is apparent that comparing the FLAM-DM-VR catalogue to the
FLAM-HYDRO-VR one, the hydrodynamical run suffers less from
this second artefact. The increased clustering of particles produces a
deeper gravitational potential and less dispersed material that can be
ejected from the core of the central subhalo. In that case, it appears
that the transients are improved when adding baryons. Conversely,
the HBT-related catalogues have the opposite behaviour, with the
hydrodynamical run being more affected. This is, in principle, related
to its history-based method of tracking particles.
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Figure 5. 2D histograms of the particle number with which main branches are born in the simulation as a function of the lookback time/redshift at which the
birth is happening, for the 6 merger tree catalogues described in Table 2. The main panel is colour-coded by the number of counts within each 2D bin, following

the colour bar at the top. The shaded area marks the numerical artefacts based on the threshold 3G(N1')Jzi1:1ﬂ,lsubhalo’ z) defined in equation (4) (solid line). A dotted

line represents the minimum particle number for a subhalo to be detected (N;]ai?, subhalo)» Whereas a dotted line shows 30(N§§ﬁf‘subhalo) globally. On the right and

bottom panels, we show the 1D projected histograms for the mass ratio and the lookback time/redshift, respectively.

Table 3 also presents the fraction of main branches affected by main branches affected by either artefact as a function of the maxi-
either of the two artefacts investigated — mass-swapping and massive mum subhalo particle number. The results closely resemble those for
transients — , while the right panel of Fig. 6 exhibits the fraction of mass-swapping, as transients affect a very small number of branches.
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Figure 6. Left panel: fraction of main branches affected at least by 1 mass-swapping event during their lifetime as a function of the maximum subhalo particle
number along the main branch?. Each colour represents a different merger tree catalogue, as labelled, while the vertical lines mark the minimum particle
number for a structure in each catalogue (usually around 20 particles). Middle panel: fraction of main branches defined as massive transients as a function of the
maximum subhalo particle number along the main branch. Right panel: fraction of main branches affected either by mass-swapping or massive transients as a

function of the maximum subhalo particle number along the main branch.

In summary, these numerical issues affect about 10 per cent of all the
main branches in non-history-based codes, whereas the fraction is
reduced to about 2 per cent for HBT-related catalogues. The fraction
increases significantly at the high-mass end, reaching over 50 per cent
for subhaloes with more than 10* particles in the former and around
20 per cent for the most massive subhaloes in HBT-HERONS. It is
important to note that these two types of artefacts are connected,
as the results do not change substantially when considering them
together. Main branches flagged as problematic are often affected
by both of them simultaneously. As noted in previous works (e.g.
Srisawat et al. 2013; Avila et al. 2014), the numerical artefacts studied
in this paper can not be attributed to a single post-processing step,
rather they result from the combination of halo/subhalo-finding and
tree-building.

In general, resolution plays a critical role in all of the results
presented. Artefacts typically arise due to the difficulty of assigning
particles to structures within very dense environments. In such a way,
increasing the particle resolution would push these issues to earlier
snapshots in time, since these higher-density conditions would form
earlier, challenging post-processing codes even further. That is the
reason why we present our results as a function of the number of
particles instead of mass to remove this dependency. In Appendix A1,
we analyse small cosmological boxes to prove that the numerical
issues arise in subhaloes with above 103 particles, independently of
the mass resolution and the number of snapshots. This shows that our
analysis is not biased by the use of simulations with varying features.
Furthermore, in Appendix A2, we use these same test boxes to show
that numerical artefacts are more likely to arise in structures situated
in denser environments. By analysing environmental and merger
history metrics, we demonstrate that affected subhaloes reside in
denser regions and have more complex merger histories.

2For the hydrodynamical runs N,?;?t)f subhalo ™ Ml‘)‘;‘;ff subhalo/ Mpart> Where the
maximum subhalo mass is accounting for all the particles independently of
their nature (DM or baryons), while mp, is the DM particle mass. In such a
way, N;‘;fff subhalo 1S N approximate estimate that works as a lower limit since
the baryonic particles are less massive.
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3.3 Impact on galaxy formation models

After characterizing and quantifying the numerical artefacts affecting
merger trees in a range of catalogues, we evaluate the impact they
have on the predictions made by SAMs. To do this, we run both
SHARK and GALFORM on the highly artificially affected FLAM-DM-
VR catalogue to determine whether these artefacts propagate into
the galaxy predictions. Since each code computes galaxy properties
based on different merger tree information (SHARK uses primarily
subhalo data, while GALFORM relies on host halo information), this
analysis allows us to evaluate how varying baryonic treatments
influence the propagation of these artefacts. We focus on main
branches that had been flagged as suffering from mass-swapping
or transient events and, for simplicity and efficiency, we select the
central galaxies hosted by the problematic main branches.

Central galaxies are identified at the final snapshot of the simula-
tion, as hosted by the corresponding same DHALO affected central
subhaloes. Then, we track their IDs backwards in time using the
respective main branch definitions of each SAM. For SHARK, this
involves selecting the most massive subhalo at the final snapshot
and imposing central hierarchy across all DHALO main progenitors
(Section 2.3.1). In contrast, GALFORM designates as central the
subhalo with the highest cumulative mass in its merger tree and
assigns its main progenitors as the host haloes main progenitors
(Section 2.3.2).

We particularly focus on critical key galaxy properties that could
be affected by unexpected changes in the halo properties. In this case,
we examine the results related to stellar, BH and gas properties to
determine if the artefacts impact the predictions at various scales. In
such a way, we track the gas disc size evolution, star formation
histories (SFHs) and BH accretion histories (BHAHSs) for those
central galaxies hosted by problematic main branches following main
progenitors back in time.

3.3.1 Mass-swapping

Fig. 7 presents the MAHs in the first row for two example main
branches affected by mass-swapping, with their predictions in the
subsequent rows. The red dashed vertical lines indicate when these
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Figure 7. SAM predictions from SHARK (left panel) and GALFORM (right panel) for two examples of main branches affected by extreme mass-swapping events.
First row: Subhalo (‘halo formation’ event) and halo (constrained halo) MAHs in dark and light grey for SHARK (GALFORM) with the specific snapshots at
which the swapping events happen marked with red dashed vertical lines, with the most extreme cases in a more opaque red: in the 1st column the extreme
event occurs at z < 1, while in the 2nd column it occurs at z > 1. Other rows: cold gas disc size (second row), SFHs (third row) and BHAHs (fourth row) for

the central galaxies associated with the main branches in the top panels.

events occur just in the first row, with the most extreme event marked
by a more opaque line in all the rows: one occurs at 7 < 1 for the first
column and another at z > 1 for the second. The main conclusion is
that significant subhalo mass changes (shown in red) are associated
with non-physical alterations in the galaxy properties for SHARK. The
properties influenced by these subhalo changes in SHARK include:

(i) Gas disc size: Abrupt changes in the gas disc size are seen in
the second row since the subhalo maximum circular velocity, Viyax,
used to calculate this property, is affected by the artefacts as well. A
less massive subhalo results in a lower velocity profile, which leads
to a more extended disc, and vice versa.

(ii) SFHs: A large decrease in subhalo mass is accompanied by
a significant drop in the star formation rate (SFR) in the third row.
The star formation in the disc decreases as the cold gas becomes
less dense due to the disc being more extended (lower gas surface
density translates to lower integrated molecular gas masses). A milder
impact is observed on the SFR associated with starbursts, triggered
by mergers or disc instabilities.

(iii)) BHAHs: Both BH accretion modes are similarly affected
in the fourth row, as they depend on the subhalo maximum circular
velocity, Vimax. Consequently, there is a correlated drop in their values.
With the gas becoming more extended, less material is accreted onto
the central BH.

MNRAS 539, 776-807 (2025)
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We emphasize that even inherently more robust subhalo properties,
such as the maximum circular velocity, Vi, which primarily probes
the inner core of the subhalo and is less sensitive to changes in mass,
are still affected by these issues. As a result, these effects propagate
to the derived galaxy properties. Other galaxy properties in SHARK
such as the disc and bulge gas mass, the atomic and molecular gas
mass or the reheated mass from SNe are also impacted accordingly.

The right panel of Fig. 7 shows the main branch evolution predicted
by GALFORM for central galaxies associated with the same central
subhaloes selected at z = 0. At first, we notice the MAHs in the top
panels do not exhibit mass-swapping. This is because GALFORM uses
host halo masses instead of subhalo masses, with the host halo mass
represented constrained to grow (light grey lines). Additionally, other
host halo properties, such as circular velocity V., halo concentration
¢, and spin A (except for mass My, and radius r;) used to compute
galaxy properties, are only updated when the host halo mass increases
by a factor of 2 (dark grey lines). Therefore, it is by definition not
possible to have significant mass decreases, and any non-physical
mass increase typically follows a non-physical mass decrease, so
they are also avoided.

Furthermore, galaxy properties in GALFORM rely on host halo
properties, which are smoother and less sensitive to these artefacts
(as evident from raw host halo MAHs in light grey in the first row
in the SHARK panels on the left), and are constrained to increase
in mass by the SAM. Therefore, galaxy properties are computed
based on these smoother DM host halo properties, which effectively
prevents the propagation of mass-swapping artefacts into the galaxy
predictions. This behaviour aligns with the findings of Gémez et al.
(2022), where the authors investigated how different combinations
of halo finders and merger tree builders affect GALFORM predictions.
On the other hand, this method can lead to situations where host halo
properties remain unchanged for several Gyr, since some are only
updated when there is a factor 2 increase in host halo mass.

3.3.2 Massive transients

The panels in Fig. 8 represent SAM predictions for extreme massive
transients occurring at z < 1 and z > 1. The dashed green vertical
line marks the exact moment these events happen. In them, the correct
central subhalo up until that snapshot (blue object in Fig. 4) becomes
a satellite, and thus its massive central galaxy is reclassified as a
satellite galaxy (hosted by a satellite subhalo) of the new central
subhalo that appears for the first time. The new central subhalo seeds
a central galaxy, which rapidly develops substantial hot and cold
gas components. When the former central galaxy merges with the
newly defined galaxy several snapshots later, the properties return
to reasonable values for a galaxy at that cosmic time but undergo a
non-physical evolution. The key takeaways from the SHARK panels
on the left are:

(1) Gas disc size: The former galaxy merging back with the newly
defined main branch gives rise to a merger event, occurring at
lookback times & 6 Gyr in the first column and ~ 9 Gyr in the
second column for the SHARK panels, which leads to variations in
galaxy properties. In some cases, these minor mergers may trigger
eventually a major merger event, such as the one seen in the left
panel of the second row at roughly lookback times ~ 3 Gyr, which
significantly changes the cold gas disc size.

(i) SFHs: When the former galaxy merges back with the newly
defined main branch, a non-physical starburst is triggered by the
merger, which produces a peak in the SFR in the third row.

MNRAS 539, 776-807 (2025)

(iii) BHAHSs: The BH accretion activates whenever there is gas in
the bulge from starbursts, which occurs only after the merger event as
seen in the fourth row. Another potential channel of BH accretion is
the hot halo accretion, which also activates after the merger, although
its contribution is less significant as the BH is not massive enough.

Other properties such as the atomic and molecular gas mass, the
hot gas mass, the cold gas disc mass, or the stellar mass, also change
unrealistically fast during the merger event and then decrease after
the main merger, following a smooth exponential decline.

The results for GALFORM, shown in the right panel of Fig. 8,
demonstrate that this SAM effectively copes with transients. This is
due to its host halo-based methodology, where central subhaloes
without a specific main progenitor (transient definition) can be
linked to progenitors from other subhaloes (satellites) within the
host halo, as the code relies on the host halo merger tree structure
(Section 2.3.2). As aresult, transient events do not propagate into the
predicted properties when there is a main progenitor for the host halo,
as seen in the first row of the GALFORM panels, where the lifetime of
the central galaxies is extended to before the transient emergence, as
well as in subsequent rows for the galaxy properties.

Our analysis reveals that artefacts in merger tree data are relatively
common depending on the halo/subhalo-finding and tree-building
codes employed and that they can affect the predicted properties of
galaxies hosted by the affected main branches. The impact of these
artefacts varies depending on the method used to evolve baryons.
SAMs that rely on subhalo merger tree information, such as SHARK,
are highly impacted. In contrast, using host halo information, as in
GALFORM, appears to mitigate the propagation of mass-swapping and
transient events. This approach models central galaxy properties and
links galaxies across time using host halo information instead of that
from the central subhalo (the gravitationally bound DM structure of
the galaxy). Thus, it assumes that central subhaloes and host haloes
are equivalent, with negligible influence from satellite subhaloes on
the host halo.

3.3.3 Results in the context of other galaxy formation models

Widely used SAMs, such as GAEA (De Lucia et al. 2014;
Hirschmann, De Lucia & Fontanot 2016), L-GALAXIES (Guo et al.
2011; Henriques et al. 2015), SAGE (Croton et al. 2016), or SAG
(Cora 2006; Lagos, Cora & Padilla 2008), follow a similar subhalo-
based strategy as SHARK. They also use the SUBFIND code as a halo
finder (along with various tree-building algorithms), which inherits
the merger tree artefacts as shown in Section 3. It is unclear whether
all of these codes account for these numerical inaccuracies. There is
little information available in the literature: L-GALAXIES imposes
host halo mass growth (Ayromlou et al. 2021) and corrects for
gas cooling when a satellite subhalo acquires an artificially central
hierarchy (Henriques et al. 2015); SAGE removes hot gas from the
system when dealing with host halo mass decreases (Croton et al.
2016); or SAG avoids using subhalo-specific angular momentum
due to its noisy behaviour when defining the equivalent galactic
disc values (Padilla et al. 2014). For none of these SAMs, there is
any explicit reference to numerical issues in the merger tree data
nor whether any corrections are made. Thus, their predictions may
be affected by the same issues seen for SHARK in Sections 3.3.1
and 3.3.2. If that is the case, these codes would benefit from
mitigation strategies, such as those introduced in Section 4.

Other SAMs, such as SANTA CRUZ (Somerville & Primack
1999; Somerville, Popping & Trager 2015) and GALACTICUS
(Benson 2012), use different post-processing algorithms to iden-
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Figure 8. SAM predictions from SHARK (left panel) and GALFORM (right panel) for main branches defined as extreme massive transients. First row: Subhalo
(‘halo formation’ event) and halo (constrained halo) MAHs in dark and light grey for SHARK (GALFORM) with the specific snapshots at which the transient are
born marked with green dashed vertical lines: in the 1st column the extreme event occurs at z < 1, while in the 2nd column it occurs at z > 1. Other rows: cold
gas disc size (second row), SFHs (third row) and BHAHs (fourth row) for the central galaxies associated with the main branches in the top panels.

tify (sub)haloes and construct merger trees, namely ROCK-
STAR (Behroozi, Wechsler & Wu 2013a) and CONSISTENT TREES
(Behroozi et al. 2013b), which are not analysed in this paper.
These codes detect structures based on phase-space information
and link those structures through adjacent snapshots, following
approaches similar to those implemented by some methods described
in Section 2 (Behroozi et al. 2015; Wang et al. 2016). While the
exact impact of numerical artefacts in these merger trees remains
uncertain, they seem likely to be affected as well. Moreover, since it
is unclear whether these SAMs primarily rely on host halo or subhalo
properties, the extent of any potential biases is also unknown. If they

are indeed susceptible to similar issues, then they would benefit from
implementing strategies to correct for them.

4 FIXES TO GALAXY FORMATION MODELS

The general conclusion from Section 3.3 is that numerical artefacts
in merger trees propagate into galaxy modelling for subhalo-based
models, leading to non-physical changes in the properties of in-
dividual galaxies hosted by those affected DM structures. Given
how predominant artefacts can be, especially for the more massive
systems, for some combinations of halo finder and tree builder

MNRAS 539, 776-807 (2025)
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Figure 9. Schematic diagram describing the applied fixes proposed to alleviate the effects of mass-swapping events. Each colour refers to a different structure
and the circle size represents qualitatively mass. The shaded area highlights the structure (host halo outlined in black, central subhalo represented in solid-coloured
circles or satellite subhalo by hatched circles) used to define the galaxy properties. Pre-fix: scenario before applying the fixes, similar to the schematic example
in Fig. 2. i: central/satellite subhalo hierarchy fix. At z; the orange structure keeps its central status while the blue structure remains a satellite. ii: the central
galaxy hosted by the orange structure uses the host halo information (solid orange pattern) to define its properties, while the galaxy hosted by the blue structure
(initially central and then a satellite after z < z3) uses host halo information from the infall snapshot (z3).

codes, we need a strategy to minimize their impact and improve
the resilience of these SAMs to the numerical issues. In Section 4.1,
we detail how to treat the artefacts at the SAM level to prevent their
propagation, and in Section 4.2, we explore how their predictions are
modified once these strategies are implemented.

4.1 Merger trees artefact treatment

We propose changes to the way merger trees are handled in SAMs
to fix or at least minimize the mass-swapping and massive transient
numerical artefacts at the SAM level. These changes are based on
the findings in Section 3.3, particularly how the different treatments
of baryons in GALFORM and SHARK lead to varying effects of the
artefacts, as well as on the origin of the artefacts to address them in
terms of the merger tree structure. GALFORM already tries to mitigate
these issues through the use of host haloes that grow monotonically
in mass, and a scheme for defining central subhaloes (Gémez et al.
2022). The proposed fixes are hence demonstrated using SHARK to
exemplify how the predictions improve, but they can be adapted to
any SAM based on subhalo properties.

4.1.1 Mass-swapping

SHARK, as outlined in Section 2.3.1, primarily depends on subhalo
properties to model baryonic processes. It also builds merger tree
branches and provides a consistent hierarchy for them, similar
to GALFORM: subhaloes that are central cannot become satellites,
avoiding a mixing of the central and satellite galaxies when mass-
swapping events occur. This is achieved by identifying the most
massive subhalo for each host halo at the final snapshot of the
simulation and tracing its main progenitors backwards in time. All
these branches retain central status. This allows us to implement
fixes based on the subhalo hierarchy (which is well defined after the
SHARK corrections). The steps for addressing mass-swapping cases
are illustrated schematically in Fig. 9, where the pattern colours
represent the structures used to define galaxy properties: an orange
solid pattern for the central galaxy hosted by the main branch subhalo
and a blue-hatched pattern for the satellite galaxy hosted by the

MNRAS 539, 776-807 (2025)

satellite branch. The initial conditions are depicted in Fig. 2 (pre-fix).
The pre-processing applied by the code, which corrects the subhalo
hierarchy, is represented in the middle panel (i), ensuring the orange
subhalo retains its central status throughout its lifetime.

On the other hand, GALFORM considers the host halo properties
as the relevant ones in the modelling of galaxy properties (Sec-
tion 2.3.2), with a halo mass less sensitive to the impact of mass-
swapping events as these happen primarily between subhaloes hosted
within the same host halo. Moreover, the code constrains host halo
mass growth to be monotonic as SHARK does. This strategy makes
GALFORM more resilient to mass-swapping events as we stated in
Section 3.3.1.

With that in mind, we implement in SHARK the same host halo-
based methodology, which is illustrated as the second step (ii) for
the fix in Fig. 9. In short, we make the following adjustments:

(i) Central galaxies: information from the entire host halo, which
is less affected by numerical artefacts than subhalo properties
(Gomez et al. 2022), as we can see in the example for individual
galaxies as the light grey lines in Fig. 7, is used to model the evolution
of central galaxies. The smoother and strictly growing evolution is
also illustrated schematically in (ii) of Fig. 9, where the orange
solid pattern represents the properties computed using the entire
host halo outlined in black. The mass of the satellite subhaloes can
be considered negligible compared to the central subhalo mass (De
Lucia et al. 2004; Gill et al. 2004).

(ii) Satellite galaxies: satellite subhaloes are also affected by
mass-swapping events, as they can present abrupt mass increases
due to the temporary change in the central-satellite hierarchy. To
mitigate the impact of those changes on the galaxies hosted by
satellite subhaloes, we rely on the host halo properties it had when it
was a central subhalo as done in GALFORM as well (Lacey et al. 2016).
Specifically, we use the data from the snapshot just before the subhalo
became a satellite (infall), helping avoid the numerically erroneous
snapshots when the structure is misidentified as a central (Gémez
et al. 2022). As shown in Fig. 9, the blue hatched pattern in (ii)
represents the structure considered to calculate the galaxy properties
for the satellite galaxy, which remains unchanged after z < z3 as at z3
the blue structure is a central subhalo (infall state). The assumption
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Figure 10. Schematic diagram describing the applied proposed to alleviate the effects of massive transients. Each colour refers to a different structure and the
circle size represents qualitatively mass. The shaded area highlights the structure (host halo outlined in black, central subhalo represented in solid-coloured
circles or satellite subhalo by hatched circles) used to define the galaxy properties. Pre-fix: scenario before applying the fixes, similar to the schematic example
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z2 and z; meets all imposed criteria, it is broken and a new orange arrow/link is generated to extend the lifetime of the main branch. ii: galaxy properties are
well defined thanks to the mass-swapping fixes. At z1, the central galaxy hosted by the orange subhalo uses host halo information (solid orange pattern covering
the entire black circles) to define its properties, while the other subhalo emerges directly as a satellite (grey hatched pattern) and it does not host any galaxies.

is that after infall the subhalo structure changes primarily on the
outskirts, not affecting properties such as the maximum circular
velocity (Viax), concentration, etc. (Ghigna et al. 1998). The only
instance where we choose not to use the infall properties of the haloes
and instead employ the current subhalo properties is environmental
processes affecting satellite galaxies, such as ram pressure and tidal

stripping.

This new implementation of SHARK shares with GALFORM the
intermediate step of adjusting the central-satellite hierarchy to correct
for numerical effects. However, in GALFORM the subhalo with the
highest cumulative mass in its past merger tree history, as defined
at the final snapshot, is identified as central, and this designation is
applied to all its main progenitors (based on the host halo structure).
Specifically, both SAMs correct in step (i) the hierarchy issues caused
by DHALO, where the central identifier is assigned to the most
massive structure within each group. This misassignment results in
central-satellite swaps, as shown in Fig. 3, where main branches are
incorrectly assigned as satellites (indicated by the purple regions in
the colour maps). The main difference, however, is that SHARK does
not define ‘halo formation’ events to describe the evolution of the
DM structures for computing certain galaxy properties. As a result,
the halo mass (and the subhalo mass for the environmental processes
of satellite galaxies) is updated more accurately at each snapshot,
though it still assumes that the satellite contribution is negligible.

The implementation is activated in SHARK by default setting the
newly defined flag apply_fix to_mass_swapping_events to
true. After applying the mass-swapping fixes, the left panel of
Fig. 11 presents the updated predictions for the same individual
galaxies of Fig. 7. We observe that the galaxy properties no longer
exhibit the abrupt changes seen previously at the moments marked by
the red dashed vertical lines, where mass-swapping events occurred.
The results now appear physically consistent, with no sudden jumps
in the gas disc size evolution (unless there are physically motivated
starbursts) and looking at the SFHs or BHAHs independently of the
considered star formation or accretion modes. For satellites, visual
inspection confirms that the results are similarly reasonable, with
properties usually showing declining profiles until the satellite galaxy

finally merges with the central galaxy in a dynamical friction time-
scale.

4.1.2 Massive transients

In contrast to GALFORM, SHARK does not have a built-in strategy
to handle massive transients. Therefore, we need to develop a
method to minimize their influence. As in GALFORM, we propose
modifying the merger tree structure directly before populating it
with galaxies. However, we make these modifications for transient
structures at the subhalo level, while maintaining the subhalo-
based approach. When SHARK constructs the branches, it reconnects
progenitor and descendant subhaloes, keeping a consistent subhalo
hierarchy to define central galaxies appropriately, as explained in
Section 2.3.1. As drawn in Fig. 4, the link of the disappearing main
branch at the moment the transient emerges (represented by the blue
arrow connecting z, and z;) is the critical one. By connecting the
disappearing branch to the definitive main branch (shown in orange),
we could solve this problem as abrupt changes in subhalo properties
that can arise when both structures are linked would be assessed by
the mass-swapping fix explained earlier.

Fig. 10 visually explains how to re-establish the links in the
main branches affected by transient events. The left panel shows
the initial conditions for the schematic example in Fig. 4 (pre-fix).
The middle panel indicates that the incorrect connection for the
subhalo that ultimately disappears must be severed (marked by a red
cross). The main branch would then be linked to the prior history
of that disappearing branch (i), ideally extending the main branch’s
lifetime to ensure it reaches a reasonable particle number at birth.
Furthermore, after modifying the links, the blue subhalo that ceases
to have progenitors would be considered a satellite at the moment of
its birth, meaning it would not host any galaxies.

This linking modification applies to all the subhaloes belonging
to main branches flagged as transients. Subhaloes can be flagged as
being massive transients in SHARK using one of three thresholds (with
the user having to decide on one): a z-dependant 30(N£ﬁf‘subhalo, 2)
(the default adopted in this paper, zdep_3sigma), but also a con-
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Table 4. New parameters, as shown in the parameter file, introduced in
the SHARK code for handling the numerical artefacts (mass-swapping and
massive transients) from merger tree data, along with their corresponding
default values. The flags apply_fix _to_mass_swapping.events and
apply_fix_tomassive_transient_events can be set to true
or false. The parameter define_transient offers 3 configuration
options: zdep-3sigma (default), const_10minpart and const_200;
while the remaining parameters accept numerical values. All of them can be
modified by the user as needed.

SHARK new parameter Default value

mass-swapping:

apply-fix_to_mass_swapping_events true
massive transients:

apply-fix_to_massive_transient_events true
define_transient zdep-3sigma
transient_lostmass.ratio fu® =07
transient_gainedmass._ratio_low flmb =0.1
transient_gainedmass_ratio_up fumb =3.0

stant value of 10 I‘)‘[fr‘gysubhalo (const_10minpart) or 200 particles
(const_200). The user can choose among these options using the
parameter define_transient in SHARK, as included in Table 4.

In addition, after flagging a subhalo as a massive transient, we
impose several conditions that must be satisfied before breaking a

link and creating a new one:

mb sb

Mtransient . Msubhalo (5)
sb sb Agsb

M subhalo < f u M main progenitor (6)
mb 3 ssb mb mb A ssb

fl Mmain progenitor < Mtransient < fu Mmain progenitor (7)

Following equation (5), a link is severed if the transient subhalo
is more massive than the subhalo belonging to the disappear-
ing branch. Equations (6) and (7) introduce some free parame-
ters to make sure the new connection is smoother in terms of
mass gained/lost for both the disappearing and main branches.
Specifically, equation (6) constrains the mass loss between z
and z; for the disappearing branch to determine if it is large
enough to be considered non-physical (with £ defined as tran-
sient_lostmass_ratio in the code). Meanwhile, equation (7)
evaluates whether the mass change in the newly created link results
in an unreasonable mass decrease (lower limit ™ referred to as
transient_gainedmass_ratio_low) or increase (upper limit
fmb referred to as transient_gainedmass.ratio_up). The
values assigned to the parameters involved in equations (5)—(7) are
compiled in Table 4. Several alternative values were tested with no
significant difference found.

When these criteria are not fulfilled, the main progenitor flag for
the transient is at least removed and re-evaluated for the most massive
structure in the host halo. Consequently, there could still be a fix
between z; and z, if there exists a more massive subhalo belonging
to the host (in case the blue subhalo at z; is more massive than the
orange transient in Fig. 10). This is because the pre-processing fixing
the subhalo hierarchy in SHARK would extend the main branch’s
lifetime, connecting the orange main branch at z, to the blue satellite
at z;. The flag apply_fix tomassive_transient_events
in SHARK is set to true, enabling to apply the transient adjustment.

Fig. 11 displays in the right panel the updated predictions for
the same individual galaxies shown in Fig. 8 once the changes to
alleviate the presence of massive transients are applied. By linking
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transient structures using a subhalo-based method that follows
subhalo branches — rather than relying on host halo information,
as in GALFORM — we successfully extend the lifetimes of the main
branches beyond the previous lookback times/redshifts, as indicated
by the dashed vertical green lines. The subhaloes now emerge at
the initial snapshots of the simulation with a much lower number of
particles. As a result, there are no artificial starbursts or abrupt build-
ups of other properties for them. Plus, due to the mass-swapping fix,
the galaxy properties in these transient branches are now computed
using a host halo-based approach.

To statistically quantify how many transients are fixed, we analyse
the FLAM-DM-VR merger tree catalogue post-processed by SHARK.
Fig. 12 presents a histogram showing the particle number at birth
for subhaloes belonging to main branches, comparing the results
before (black line) and after (limegreen line) the fixes were applied.
The total number of main branches remains identical for both cases
(~ 107 from Table 3). The shaded areas cover subhaloes classified as
transients in each of the runs, with the pre-fix version in grey and the
updated version in a solid lime-green pattern. We observe at least a
1 dex improvement in each mass bin populated by transients, falling
within the shaded regions. These regions are delimited by a dotted
vertical line indicating the minimum particle number for a transient,
as defined in equation (4).

The improvement is particularly noticeable in the bottom panel,
where the ratio between the new and old results is plotted, high-
lighting the &~ 10 per cent values in the high-mass regime (particle
number above 10°). Between the vertical dotted — indicating the
minimum particle number required to detect a structure — and dashed
lines, there can not be improvements by definition, but also as
transients that are fixed now emerge with a particle number in that
range, the ratio can exceed one. The ratio of transients between the
shaded areas is also illustrated by the lime-green solid pattern in the
bottom panel.

Additionally, the green hatched pattern region in Fig. 12 highlights
transient subhaloes that are particularly challenging to address due
to their pathological nature. These cases can be divided into 2
main categories to deal with: (i) massive transients showing up as
isolated haloes, making it difficult to connect them to any previous
structure using the approach described in Section 4.1.2 unless we
take into account spatial information — an aspect not addressed by
the GALFORM approach either; or (ii) transient subhaloes closely
associated with interpolated subhaloes — artificially created by the
merger tree builder algorithms to link structures separated by multiple
snapshots in time, often due to the misidentification of nearby
structures. This second category collects transients’ descendants
which share the host halo with structures that, at the snapshot
when the transient emerges, are either interpolated subhaloes or are
hosted by them. Most of the transients that remain unfixed by our
implementations lie in this pathological regime as shown in both the
top and bottom panels.

Table 5 provides the statistics for massive transients in the spe-
cific case of the FLAM-DM-VR merger tree catalogue, comparing
numbers before and after these fixes are applied. We can observe
that the total number of massive transients is successfully reduced
to 23 percent, or 9 percent when excluding pathological cases.
This success is further highlighted by the reduction in the median
particle number at birth for these transient objects, indicating that
the high-mass end of subhaloes emerging as transients has been
effectively addressed. In some cases, a subhalo’s lifetime may have
been extended, but not enough to avoid classification as numerically
incorrect. Plus, the value for 3 times the standard deviation of the

particle number at birth, 30 (Npur'y,,), for all main branches (not
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Figure 11. SAM predictions from SHARK after applying the artefact fixes at the SAM level for main branches affected by mass-swapping (left panel) and
massive transients (right panel). First row: Subhalo and halo MAHs in dark and light grey with the specific snapshots at which the swapping/transient events
happen marked with red/green dashed vertical lines, with the most extreme cases of mass-swapping in a more opaque face: in the 1st column the extreme event
occurs at z < 1, while in the 2nd it occurs column at z > 1. Other rows: cold gas disc size (second row), SFHs (third row) and BHAHs (fourth row) for the

central galaxies associated with the main branches in the top panels.

just transients) has decreased, even though the total number of main
branches is significantly larger than the transient ones (3 dex).

In short, after applying the fixes for both the mass-swapping and
the massive transients inherited by the merger tree catalogues due to
the structure-finding and tree-building post-processing algorithms
the galaxy properties evolve smoothly and are significantly less
affected by them. While the merger tree data used as input may
not be entirely accurate, we have proposed an approach to generate
reliable predictions for galaxy properties when running SAMs. This
strategy has been applied to these types of models, but it could be
generalized for any kind of galaxy formation and evolution models.

To facilitate its adoption, a pseudo-code for each implementation is
provided in Appendix D, which can be used by other subhalo-based
SAMs.

4.2 New model predictions

Using SHARK we compared the predictions of the SAMs before
and after applying the fixes described in Section 4.1 for individual
galaxies affected by numerical artefacts. However, SAMs are most
effective when used to generate statistical results for comparison
with observations or testing physics models describing baryonic
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Figure 12. 1D histogram showing the particle number at birth for all main
branches for the FLAM-DM-VR catalogue. The black line represents the pre-
fixed results before running SHARK, while the lime-green line shows results
after running the code with the transient fixes, as explained in Section 4.1.2.
The shaded areas indicate subhaloes identified as massive transient artefacts,
both before (grey) and after (lime-green) the implementations, while the
hatched pattern region in green points out pathological cases that are very
challenging to address.

Table 5. Statistics for main branches before (pre-fix) and after applying the
fix for massive transients for the FLAM-DM-VR catalogue. N;: number of
massive transients; funfixed: fraction of massive transients that remain unfixed
compared to the pre-fixed values (and when excluding non-pathological
cases) in %; i(N;i:HLh.l): median particle number at birth for massive
transients; and 3U(N;i£:1};)h): 3 times the standard deviation of the particle

number for all main branches at birth.

Catalogue N Funfixed X(N]'jfgﬂ})h,l) 3a(Ngf;‘u‘;,h)
1%

Pre-fix 71826 - 1015 402

Fix 16821 23 638 254

(Non-pathol.) (6505) 9) - -

processes. Thus, we aim to assess how the statistical observables
are impacted by the artefacts characterized in Section 3. We present
the combined impact of both artefacts, as the massive transients alone
do not cause a substantial effect, given that only a few branches are
affected by them. This also serves as a sanity check to validate the
results for both central and satellite subhaloes, as well as central and
satellite galaxies. Since the parameter values in SHARK are calibrated
with the fixes enabled (Appendix B), we run the code with and
without the flags in Table 4.

We run SHARK on the FLAM-DM-VR catalogue and show how
the predictions change for it since this catalogue is highly affected
by the issues. Simultaneously, we run SHARK over the more accurate
FLAM-DM-HBT catalogue. We maintain the same calibration of
SHARK parameters in all cases, despite using different catalogues, in
order to completely isolate the effect of the artefacts at the merger tree
level. This ensures that no potential degeneracies are introduced due
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to differences in the modelled physics at the SAM level, aligning with
the paper’s goal of providing as robust predictions as possible. None
the less, we tested whether keeping the same calibration affected the
results by visually inspecting how much the z = 0 SMF (which is the
reference to calibrate SHARK) changed when using different subhalo
and merger tree catalogues, and found negligible differences.

The comparison between the FLAM-DM-VR and FLAM-DM-
HBT runs is presented in Appendix C, where we provide a fair
comparison between the predictions for both catalogues and assess
the magnitudes of their difference. We prove the modelled galaxy
properties are very consistent despite variations in the underlying
merger tree catalogues once the catalogues are fixed, which is in
agreement with Gémez et al. (2022). This supports the argument
that the fixes should always be applied, regardless of the merger
tree catalogue used, even for less-affected catalogues, as noticeable
differences still exist that need to be addressed.

We look particularly into observables related to the galaxy prop-
erties most affected by these artefacts in Section 3.3 (star formation,
BH accretion, and disc size) over the full range of galaxy scales.
First, we examine how the numerical fixes statistically propagate
through cosmic time by analysing the evolution of the SFRs and BH
accretion rates. In Fig. 13, we show the median SFHs and BHAHS for
all progenitors across different stellar mass bins at z = 0, regardless
of whether the galaxies are central or satellite. Dotted lines represent
the predictions without the fixes, while solid lines show the new
results. The ratio between them is computed in the bottom panels.
The discontinuities that appear in both panels at z = 3 and z = 5 are
due to the change in cadence between snapshots in the FLAMINGO
simulation.

On the left panel, we observe minimal changes in the SFH for the
lowest mass bins, while more massive bins show an increase in SFRs
atz < 2 (the higher the stellar mass, the higher the difference between
the two runs). The fixes address non-physical drops (previously
shown in Fig. 7) caused by the mass-swapping events, as well as
remove artificial starbursts from massive transients (as seen in Fig. 8).
However, since transient events are relatively rare, the net effect is an
increase in SFR, except for a slight decrease around lookback times
~ 11 Gyr, where star formation activity peaks for all mass bins. As
expected, more massive systems, which reside in larger subhaloes,
exhibit the most significant differences.

The right panel of Fig. 13 shows the median BHAHs, which are
similarly affected regardless of the stellar mass bin. This suggests
an interesting global reduction in accretion via the starburst mode
between lookback times = 6 — 12 Gyr, consistent with the decrease
in starburst activity at lookback times ~ 11 Gyr. Although the
massive transients are not fully resolved with our implementations,
they no longer drive so many artificial starbursts, leading to a
noticeable reduction in accretion. The lower BH accretion rates are
likely the cause of the slightly elevated SFRs in massive galaxies as
AGN feedback becomes weaker.

Next, we evaluate predictions for the entire galaxy population
across different redshifts. Fig. 14 shows the SFR-stellar mass plane
at z = 0, 1 and 2 with median values represented by solid lines and
standard deviations as shaded areas, comparing the predictions from
both runs (pre-fix and fix) alongside observational data. The ratio
of the median values is shown in the bottom panels. The corrected
predictions indicate higher SFRs for more massive galaxies, as the
fixes eliminate the non-physical drops caused by numerical artefacts
— particularly in systems with stellar masses above 10'' M. The
updated predictions align more closely with observations at various
cosmic times, particularly with the data points for massive galaxies
from Terrazas et al. (2017). We notice, however, that even with
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Figure 14. SFR versus stellar mass plane at different redshifts (z = 0, 1, 2) predicted by SHARK over the FLAM-DM-VR catalogue before (black line) and
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percentiles). In the corresponding bottom panels, the ratios of the median values between both runs (pre-fix and fix) are shown. Observational data from Terrazas
et al. (2017), Bellstedt et al. (2020), and Popesso et al. (2023) are included.

the higher SFRs, these massive galaxies are well below the main
sequence (by > 1dex), and would be safely considered as being
passive. At higher redshifts, both the corrected and uncorrected
predictions converge, as numerical artefacts are more prominent

at lower redshifts. Dense environments, which challenge structure-
finding and tree-building algorithms, are more common in the low-
redshift Universe. Notably, the scatter in the SFR-stellar mass plane
is reduced after applying the fixes, particularly at stellar masses
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> 10'9 Mg, as shown by the shaded regions representing the standard
deviation.

Fig. 15 presents the stellar disc size-stellar mass relation for disc-
dominated galaxies (M, gisc/M, > 0.5) at different cosmic times
compared to observational data. Similarly, solid lines represent
median values, while the shaded areas indicate the scatter. The bottom
panels display the ratio between both median values. The corrected
predictions reveal that the most massive discs (above =~ 10°M,,) are
now relatively smaller because the fixes eliminate non-physical size
jumps caused by mass-swapping events. This improvement holds
across all redshifts and results in a better match with the observations
from der Wel et al. (2014). Furthermore, the scatter is significantly
reduced across the entire mass range, resulting in a decrease in the
stochasticity of the predictions and enhancing the ability to constrain
galaxy properties.

To sum up, the variations produced by the artefacts exceed a factor
of 3 at the high-mass end — a discrepancy larger than the offsets in
galaxy properties caused by different DM merger trees (Gomez et al.
2022) or variations in the implemented physics of galaxy formation
models (Knebe et al. 2015). The paper aims to produce robust
predictions, thus our primary concern is not how well the observables
are reproduced. The key point is that, regardless of the simulation’s
resolution, the statistical predictions for observables in the most
massive systems (galaxies whose DM-counterparts contain at least
103 particles) will inevitably inherit the numerical artefacts discussed
in this paper. Therefore, addressing these numerical issues is essential
to obtain reliable predictions from SAMs, especially at the high-mass
end, irrespective of the specific mass range involved. Achieving this
level of reliability is crucial for making robust interpretations from
a computational perspective. This is particularly relevant given the
growing focus on massive galaxies following recent observations
with the JWST, e.g. the detection of massive galaxies at z > 7 (Labbé
et al. 2023) and massive-quenched galaxies at z > 3 (Carnall et al.
2023; Glazebrook et al. 2024), which seem to be in tension with the
ACDM model, as these objects likely formed at z > 10 (Boylan-
Kolchin 2023).
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5 CONCLUSIONS

In this paper, we conduct a detailed analysis of the numerical
issues that affect merger tree data, which arise from the difficulties
faced by post-processing tools that convert simulation raw data into
products that allow comparison with observations. Specifically, we
examine several merger tree catalogues generated using different
combinations of these post-processing codes that detect bound
structures ( ‘halo finder’) and link them across the various snapshots
of a simulation (‘tree builder’). We demonstrate that inaccuracies
in the merger trees propagate into predictions made by semi-
analytic galaxy formation and evolution models, particularly those
whose baryonic treatment relies on subhalo information and that
lack specific strategies to address these inaccuracies. In our case,
we propose possible implementations to mitigate these effects and
produce more reliable results. Below we summarize our key findings:

(1) First, we characterize 2 typical numerical artefacts affecting
all the catalogues, regardless of the combination of halo finder
and merger tree builder codes used: ‘mass-swapping’ and ‘massive
transients’. Mass-swapping occurs when the hierarchy between a
central and a satellite subhalo reverses during certain simulation
snapshots, causing large mass fluctuations as material on the outskirts
is swapped between them (Fig. 2). Massive transients refer to
subhaloes that emerge late in the simulation with a very high
number of particles, as they are not correctly linked to the previous
substructures. We give physical definitions of these artefacts in
Sections 3.1 and 3.2, respectively.

(ii) Mass-swapping affects around 10 per cent of main branches
in configuration- and phase-space finder codes, as well as tree-
builder codes that rely on adjacent snapshot information (Table 3).
The impact is particularly severe in the intermediate-to-high-mass
range (> 103 particles), where almost all subhaloes are affected (left
panel of Fig. 6). However, catalogues processed by HBT-HERONS
perform significantly better with roughly 2 percent of impacted
main branches.
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(iii) Massive transients are less frequent than the mass-swapping
events (affecting < 0.1 per cent of main branches), though they are
still highly prominent among the most massive subhaloes (> 10*~10°
particles), where their occurrence reaches = 10-20 per cent in
configuration-, phase-space, or adjacent snapshot approaches (mid-
dle panel of Fig. 6). Again, the HBT-related catalogues show minimal
impact from these transients (& 10~*% of main branches).

(iv) These artefacts arise due to difficulties in assigning particles
to structures in dense environments, thus being more likely to emerge
for the more massive systems. All the analysed codes struggle
with them, independently of their structure finding (configuration-,
phase-space-, or history-based) and tree-building approach (adjacent
snapshots, or history-based). However, we conclude that the history-
based method used by the algorithm HBT-HERONS, relying on
temporal information to track which particles belong to which
subhalo, is highly effective at mitigating these problems.

(v) The inaccuracies in the merger trees can lead to non-physical
effects in the predictions of SAMs, depending on how the mod-
elling of galaxies is addressed. This is exemplified using SHARK
(subhalo-based) and GALFORM (host halo-based) in Section 3.3, and
specifically placed in a broader context in Section 3.3.3. As shown in
Figs 7 and 8, artefacts have significant consequences in subhalo-
based models for various galaxy properties (e.g. star formation,
BH information, gas sizes), making the predictions less reliable.
In contrast, a host-halo approach appears to mitigate the propagation
of these artefacts, as host halo masses are less affected, assuming
that satellite subhalo properties are negligible.

(vi) We introduce fixes to SHARK to alleviate the artefacts at the
SAM level in Section 4.1. Our results show that these fixes suc-
cessfully address the treatment for the affected structures (Fig. 11),
keeping their impact as minimal as possible. In addition, the fixes
allow us to make more reliable predictions for the high-mass end,
which can be highly affected by the artefacts, as shown in Section 4.2,
and they are consistent across different underlying merger tree
catalogues.

(vii) HBT-HERONS should be the preferred choice for generating
accurate merger tree data since it displays a significantly better
performance in terms of numerical effects, with fewer and less
extreme artefacts. However, even these catalogues still exhibit some
artefacts, which need to be addressed when modelling galaxy
properties via SAMs. The implementations introduced in this paper
provide a solution for this.

Despite having quantified the numerical artefacts mentioned
above, some uncertainties remain. These artefacts present a persistent
challenge for algorithms at both the halo finder and tree builder levels.
Attempts to resolve these issues have been carried out — by tweaking
parameters in various codes and imposing additional conditions
when making tree connections — yet they remain unresolved. Both
halo/subhalo-finding and tree-building processes likely play a role in
the appearance of these artefacts, but it remains unclear whether one
type of post-processing code is predominantly responsible. However,
combining the subhalo-finding and the tree-building into a single
process avoids most of these issues as is the case for HBT-HERONS.
They arise always in dense environments, with bound structures
containing above 10° particles, as shown in Appendix A. Thus,
larger simulation boxes and/or higher resolution simulations, which
produce a larger number of > 10 particle haloes and at earlier
epochs, will be more affected by these artefacts.

In summary, this paper explains that history-based codes seem
to resolve the underlying issues at the merger tree level. It provides
valuable insight into their frequency across different structure-finding
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and tree-building approaches, demonstrates how they impact galaxy
predictions and offers a solution that can be applied to SAMs before
solving for the evolution of galaxies. This awareness is crucial
when interpreting observations based on these models. While the
study focuses on SAMs, and more particularly SHARK, similar
implementations could be adapted for a range of models of galaxy
formation and evolution in the future.
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DATA AVAILABILITY

The codes referenced throughout this paper are publicly available,
except for D-TREES + DHALO and GALFORM.

(i) SUBFIND: the code can be found at http://gitlab.mpcdf.mpg.d
e/vrs/gadget4.

(ii)) VELOCIRAPTOR: the code can be found at https://github.com
/pelahi/VELOCTIraptor-STF.

(iii) HBT-HERONS: the code can be found at https://github.com
/SWIFTSIM/HBT-HERONS.

(iv) TREEFROG: the code can be found at https://github.com/pelah
i/TreeFrog/tree/master.

(v) SHARK: the code can be found at https://github.com/ICRAR/s
hark/.
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Table A1l. Small DM-only cosmological simulations. L: the periodic box
size in comoving Mpc; Npa: the number of DM particles in the volume;
Mpart: the particle mass in Mg ; Nout: the number of snapshots; and N;f‘;'u’hhaloz
the minimum particle number for a subhalo to be detected in the simulation.
The merger tree catalogues obtained from these simulations are processed

with VELOCIRAPTOR + D-TREES + DHALO..

Simulation L/Mpc Npart mpart/Mo Nout N, g,léﬂbhalo
L31.25.N128 31.25 1283 5.75%108 77 20
L31.25.N512 31.25 5123 8.98x10° 77 20
L62.5.N512 62.5 5123 7.18x107 77 20
L31.25.N512_S 31.25 5123 8.98x10° 201 20

APPENDIX A: SMALL SIMULATION BOX
TESTS

We run small DM-only cosmological boxes to understand better
the numerical artefacts we identified — mass-swapping and massive
transients. These simulations share the same cosmology as the
FLAMINGO catalogues previously analysed, and they use the same
combination of post-processing tools: VELOCIRAPTOR as the halo
finder and D-TREES + DHALO as the tree builder. As a result,
the merger tree catalogues generated from these simulations are
equivalent to the FLAM-DM-VR catalogue, which has been the
default catalogue analysed throughout this paper since it shows being
extremely affected by the numerical effects. Table Al details these
small simulation boxes.

These small boxes allow us to investigate various aspects of
mass-swapping and the massive transients. First, we examine how
the mass resolution and the number of snapshots affect these
numerical artefacts, as discussed in Section A1. Additionally, we use
them to explore the environmental and merger history features that
characterize the subhaloes affected by these artefacts in Section A2.

A1 Mass and snapshot number dependency

Asin Sections 3.1 and 3.2, we apply the definitions of mass-swapping
and massive transients to the catalogues generated from the small
cosmological runs. Next, we quantify the fraction of main branches

Merger tree accuracy and consequences 803

affected by each artefact (left and middle panel) and by either of them
(right panel) in Fig. A1. We show in these diagnostics plots that the
trends for each curve closely match those observed in the FLAM-
DM-VR catalogue (blue curve) in Fig. 6 since the combination
of post-processing tools are the same (VELOCIRAPTOR and D-
TREES + DHALO) and they are all DM-only runs. The frequency
of subhaloes with a high maximum number of particles (above 103
particles) varies across the boxes, reflected in the different noise
levels in the curves. However, the key takeaway is that, regardless
of mass resolution, the shapes of the curves in each panel resemble
each other. In other words, mass-swapping primarily impacts main
branches containing more than 103 particles, while massive transients
affect those with around 10* particles most significantly. When
analysed by snapshot number, mass-swapping and massive transients
tend to have a slightly stronger impact on massive branches, though
the fraction of transients decreases at the very high-mass end due to
low statistics.

In the right panel, the fraction of main branches affected by both
numerical effects increases slightly when the number of snapshots
is higher. This is because a greater number of snapshots raises the
likelihood of these artefacts occurring, which can degrade the quality
of the merger trees (Wang et al. 2016). Nevertheless, the overall
impact on the fraction of main branches affected by numerical effects
remains similar, regardless of box size, particle number or snapshot
number. The issues consistently emerge when halo/subhalo-finding
and tree-building codes encounter sufficiently dense environments
with at least 10® particles.

The features of the simulation box are irrelevant: the issues always
arise when systems with 10? particles are formed. This demonstrates
that our analysis, despite using several merger tree catalogues based
on cosmological simulations with different features in Table 1, is not
biased by the simulation box characteristics. As a complementary
material, Fig. A2 presents the same diagnostic results as Fig. 6,
but now as a function of the maximum mass for the subhalo
along the main branch in the x-axis. This allows us to examine the
structures that inherit numerical artefacts across all the catalogues in
Table 2.

1.0
” m— sWapping transient
2 1 L31.25_N128
g 08F T L31.25_N512
_= L62.5 N512
Eg 0.6 L 1 L31.25_N512_S
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Figure Al. Left panel: fraction of main branches affected at least by 1 mass-swapping event during their lifetime as a function of the maximum subhalo particle
number along the main branch. Each colour represents a different small box merger tree catalogue, as labelled, while the vertical lines mark the minimum particle
number for a structure in each catalogue (usually around 20 particles). Middle panel: fraction of main branches defined as massive transients as a function of the

maximum subhalo particle number along the main branch. Right panel: fraction of main branches affected either by mass-swapping or massive transients as a

function of the maximum subhalo particle number along the main branch.
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Figure A2. Similar to Fig. 6, but replacing the x-axis subhalo particle number with subhalo mass. Left panel: fraction of main branches affected at least
by 1 mass-swapping event during their lifetime as a function of the maximum subhalo mass along the main branch. Each colour represents a different
merger tree catalogue, as labelled, while the vertical lines mark the minimum particle number for a structure in each catalogue (usually around 20
particles). Middle panel: fraction of main branches defined as massive transients as a function of the maximum subhalo mass along the main branch.
Right panel: fraction of main branches affected either by mass-swapping or massive transients as a function of the maximum subhalo mass along the main

branch.
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Figure A3. 2D maps of the relative change in mass when there is a connection between a main progenitor and a descendant subhalo for a main branch as
a function of the lookback time/redshift at which that event is happening, for the L31.25_N512 merger tree catalogue described in Table Al. The panels are
colour-coded by the average values within each 2D bin of different environmental and merger history tracers, following the colour bars at the top. The shaded
area marks the numerical artefacts based on the thresholds defined in equation (3) (solid line). A dotted line represents cases where there is no mass change

(Msubhato = Mmain pmgenitor)-

A2 Environment and merger history analysis

Using the merger tree catalogue from the L.31.25_N512 simulation,
we demonstrate that these issues arise from very dense environments
and their connection to the merger history. We analyse the 2D
maps used to define the numerical artefacts (both mass-swapping
with the mass ratio between snapshots in the y-axis, as well as
massive transients using the particle number for an emerged main

MNRAS 539, 776-807 (2025)

branch) as in Figs 3 and 5. In this case, the maps are colour-
coded by the average values within each 2D bin, incorporating
different tracers of the environment and past merger history for the
subhalo. In such a way, we can detect any particular trends arising
in the shaded areas that define numerically incorrect structures. We
look into several environmental properties (e.g. the distance to the
closest subhalo, the host halo mass, the number/mass/maximum
mass of subhaloes in a particular aperture surrounding the analysed
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Figure A4. 2D maps of the particle number with which main branches are born in the simulation as a function of the lookback time/redshift at which the birth
is happening, for the L31.25_N512 merger tree catalogue described in Table Al. The panels are colour-coded by the average values within each 2D bin of
different environmental and merger history tracers, following the colour bars at the top. The shaded area marks the numerical artefacts based on the threshold
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Figure AS. SMF at z = 0 predicted by the new SHARK calibration when
running the code on top of the FLAM-DM-HBT merger tree catalogue.
Observational data from Li & White (2009) (input for the automatic parameter
exploration), and Bernardi et al. (2013); Driver et al. (2022) for comparison.

structure) and past merger-related quantities (e.g. the number of
progenitors, the mass ratio between the 2 most massive progenitors,
the number of major mergers). However, we only present the
properties that yield the most interesting results in the figures
below.

In Fig. A3, the top row shows that subhaloes affected by mass-
swapping events tend to be closer to other subhaloes (left panel),

z) defined in equation (4) (solid line). A dotted line represents the minimum particle number for a subhalo to be detected (N, min

pan,subhalo)’ whereas

Table A2. Parameters, as shown in the parameter file, tuned to calibrate the
SHARK code to reproduce the z = 0 SMF for the FLAM-DM-HBT merger
tree catalogue. The rest of the parameters keep the same values as detailed
in table 2 in Lagos et al. (2024). x balances the BH accretion rate due to
the hot-halo mode (equation 11 in Lagos et al. (2024)); while 'esh sets the
threshold for the cooling-to-heating specific energy ratio, above which the
AGN jet-mode feedback is activated (section 3.3.2 in Lagos et al. 2024).

SHARK parameter SHARK.v2 value recalibration value

AGN feedback and BH growth:
k (equation 11) 10.31 0.18957
Iihresh (section 3.3.2) 10 6.03

reside in more massive host haloes (middle panel) and have a higher
number of progenitors (right panel) as indicated by the bluer or
greener colours in the artefact shaded areas. This confirms the
hypothesis that these events occur between subhaloes that live in
really dense environments, where they are in close proximity to each
other, involve a large number of particles, and have more complex
merger histories, making them more susceptible to these numerical
artefacts.

Similarly, Fig. A4 presents the same analysis for the massive
transients. Once again, bluer or greener colours dominate the artefact-
shaded areas, indicating that subhaloes that are closer to one another
(left panel), have a higher number of progenitors (for the host halo
since there is no direct progenitor for these transients) (middle panel)
and exhibit larger mass ratios for those progenitors (right panel)
are more prone to this second numerical artefact. To summarize,
we confirm that the numerical artefacts analysed in the main text
primarily arise in massive systems undergoing major mergers,
where particle assignment becomes more challenging, increasing the
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Figure B1. Similar to Fig. 13, but comparing the SHARK predictions for the FLAM-DM-VR catalogue to the ones for the more accurate FLAM-DM-HBT
catalogue. Left panel: median SFHs for several stellar mass bins at z = 0 (in different colours) considering all the galaxies modelled by SHARK over the
previously mentioned merger tree catalogues, indicating the predictions for FLAM-DM-VR (solid lines) and FLAM-DM-HBT (solid bicoloured lines). The
ratio between both runs is shown in the bottom panel. Right panel: same but for the median BHAHs.

susceptibility of these structures to numerical inaccuracies. This is
evidenced by the environmental and merger history features studied.

APPENDIX B: NEW SHARK CALIBRATION

We describe the parameters in SHARK that are adjusted from the
default values in version 2.0, as presented in table 2 in (Lagos
et al. 2024), to better fit the z = 0 SMF using the FLAM-DM-HBT
merger tree catalogue (detailed in Table 2, with HBT-HERONS as
the halo finder and tree builder codes). To run SHARK the catalogue is
processed by DHALO. The SMF at z = 0 is shown in Fig. A5, against
the observational data set used for calibration (Li & White 2009) and
additional observations (Bernardi et al. 2013; Driver et al. 2022).
This calibration is performed once the implementations introduced
in this paper to address the numerical artefacts in merger tree data
are activated. It helps assess the impact of numerical artefacts on
SAM predictions (see Section 3.3), evaluate the improvements made
by applying the proposed fixes (Section 4.1) and analyse how these
changes affect the statistical predictions (Section 4.2). Table A2 lists
the two parameters related to AGN activity that were tuned via an
automatic parameter exploration algorithm, which results in a less
efficient hot-halo accretion by the BH and relaxes the threshold for
its activation.

APPENDIX C: SHARK PREDICTIONS FOR THE
FLAM-DM-HBT CATALOGUE

We present the predictions for the FLAM-DM-HBT catalogue after
processing the data through SHARK. As explained previously, the
catalogue is first processed by DHALO to ensure the correct format,
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similar to the MEDI-SUREFS catalogue. This step modifies the subhalo
hierarchy and groups subhaloes into different host halo structures,
as discussed in Section 2.2.1. We verified that the DHALO correc-
tions introduce only minimal variations in the diagnostics plots in
Fig. 6.

We show the median values and the standard deviations for the
SFHs and BHAHS in different stellar mass bins in Fig. B1 comparing
the results after applying the fixes for both the FLAM-DM-VR
catalogue (used throughout the main text of the paper and heavily
affected by artefacts, shown with solid bicoloured lines) and the
FLAM-DM-HBT catalogue (minimally affected by artefacts, shown
with solid lines). The predictions are highly consistent across the
different stellar mass bins at z = 0 for both properties. Similar
results are observed for the SFR-stellar mass plane and the galaxy
stellar disc size—stellar mass relation. The main conclusion is that,
regardless of the merger tree catalogue employed (which may be
more or less affected by artefacts), once processed through the new
implementations introduced in this paper, the predictions remain
consistent, with a maximum variation of about a factor of 2, typically
lower. This aligns with the findings of Gémez et al. (2022), which
showed that the underlying halo/subhalo-finding and tree-building
codes do not impact predictions in GALFORM. We demonstrate
that the same holds for SHARK, despite its different approach to
modelling galaxy properties. Furthermore, the absolute magnitude
of the differences in this paper appears less significant than the ones
shown in fig. 15 in Gémez et al. (2022), but we focus here on median
values.

Although some catalogues are more accurate, and the fixes applied
have less impact when the data contain fewer artefacts, they still cause
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slight variations in the predictions. This underscores that fixes must
be implemented to ensure reliable predictions from galaxy formation
and evolution models, even when dealing with more accurate data
generated by history-space algorithms, such as HBT-HERONS. This
highlights the importance of the work presented in this paper.

APPENDIX D: PSEUDO-CODE FOR
NUMERICAL ARTEFACT FIXES

This appendix presents the algorithms we implement to correct the
numerical artefacts (mass-swapping and massive transients) in the
merger tree data, using pseudo-code. The approach is designed to be
adaptable to any galaxy formation model, particularly subhalo-based
SAMs that lack strategies to mitigate these artefacts.

D1 Mass-swapping

read merger tree catalogue
while snapshot from max to min do
for host haloes in snapshot do
if central subhalo not defined then
most massive subhalo is central
end if
central subhalo props using host halo
end for
while ascendant not defined do
1. find the main progenitor for the subhalo and its host
halo
if main progenitor not defined then
most massive progenitor is the main progenitor
end if
2. central subhalo is the main prog > Central flag
3. central subhalo props using host halo > Defined props
end while
end while
while snapshot from max to min do
for satellite subhaloes in snapshot do
1. find infall snapshot (when central hierarchy)
2. satellite subhalo properties at infall > Defined props

> Central subhaloes

> Central flag

> Defined props

> Satellite subhaloes
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end for
end while
galaxy properties defined using subhalo properties
when satellite subhalo properties used, consider the infall proper-
ties for all cases except for environmental processes

D2 Massive transients

while snapshot from max-1 to min do
for subhaloes in snapshot do > Compute 30 (N, z)
find main branch subhalo at birth & its particle number
end for
compute the threshold for transients
for subhaloes in snapshot do
if particle number >threshold then
flag transient subhalo and host halo
end if
end for
for subhaloes in snapshot do > Fix transients
if subhalo descendant’s host halo is a transient then
for subhaloes in subhalo descendant’s host halo do
if transient subhalo then
if conditions equations (5)-(7) then
link subhalo and transient
else
remove transient main progenitor flag
end if
end if
end for
if subhalo was not linked then
apply the default link
end if
end if
end for
end while

> Transient flags

This paper has been typeset from a TEX/IATgX file prepared by the author.
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