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A B S T R A C T 

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 per cent (80 per cent) of the more massive subhaloes with > 10 

3 ( > 10 

4 ) 
particles at z = 0 inherit them in most cases. Ho we ver , HBT-HER ONS , which explicitly incorporates temporal information, 
ef fecti vely reduces the occurrence of these artefacts to 5 per cent (10 per cent). We then use the semi-analytic models SHARK 

and GALFORM to explore how these artefacts impact galaxy formation predictions. We demonstrate that the issues abo v e 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 impro v ements, especially at the high-mass end, after applying them. 

Key words: methods: numerical – galaxies: evolution – galaxies: formation – galaxies: haloes – dark matter. 
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 I N T RO D U C T I O N  

n the lambda cold dark matter ( � CDM) cosmological model,
tructures in the Universe form hierarchically, following a ‘bottom-
p’ scenario. Small matter o v erdensities merge o v er time with each
ther, giving rise to larger structures (Lacey & Cole 1993 ). This
rocess applies primarily to the dominant dark-matter (DM) density
eld whose cold, collisionless nature is go v erned solely by gravity.
o we v er, baryons behav e differently as they can dissipate energy

hrough radiative processes. Despite this, DM plays a crucial role
n how baryons evolve as the evolution of DM gravitationally-
ound structures, or ‘haloes’ , directly influences the formation and
volution of galaxies (White & Frenk 1991 ). Galaxies form within
hese haloes and their hierarchical merging scenario also leads to
alaxy mergers. 
 E-mail: angel.chandrogomez@research.uwa.edu.au 
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Large-volume cosmological simulations can model the formation
f hierarchical structures. These simulations numerically trace the
volution of the DM density field (in N -body/DM-only simulations)
r jointly with baryons (in hydrodynamical simulations) by solving
oth the fluid and gravity equations (see Somerville & Dav ́e 2015 , for
 re vie w). State-of-the-art simulations such as FLAMINGO (Schaye
t al. 2023 ), ILLUSTRISTNG (Pillepich et al. 2018 ), EAGLE (Schaye
t al. 2015 ), MAGNETICUM (Teklu et al. 2015 ), or HORIZON-AGN
Dubois et al. 2014 ) offer powerful tools for making theoretical
redictions for galaxies across cosmic time. They can generate mock
atalogues that emulate galaxy surv e ys, which can be compared
irectly to observations. Moreo v er, the y allo w testing dif ferent
ubgrid physics prescriptions for baryonic processes that remain not
ompletely understood, such as feedback mechanisms, star formation
r gas cooling. 
Despite their success, cosmological (either N -body or hydro-

ynamical) simulations simply model the evolution of DM (or in
ddition gas/stellar) particles or cells, which are tracers of the under-
ying density fields. To enhance their predictive power and enable
© 2025 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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irect comparison with the observable Univ erse, ra w simulation data 
eed to be processed to track the evolution of gravitationally bound 
tructures, both haloes and galaxies. Post-processing analysis tools, 
uch as group-finding algorithms, termed as ‘halo/subhalo finder’ 
odes, identify gravitationally bound particles, thus detecting haloes 
nd substructures/galaxies within them at different epochs, as well 
s allowing for their properties to be measured. Additionally, tree- 
uilding algorithms, known as ‘mer ger tr ee builder’ codes, link these
tructures across time, constructing their individual evolutionary 
istories. A huge diversity of these post-processing codes is available, 
ased on different methodologies (see Knebe et al. 2011 ; Onions et al.
012 ; Knebe et al. 2013a , b for halo/subhalo-finding and Srisawat
t al. 2013 for tree-building tools). 

The use of halo/subhalo finder and tree builder codes is essential 
rom the point of view of galaxy formation and evolution since 
heir predictions depend on them. Every hydrodynamical simula- 
ion requires these post-processing tools to e v aluate the indi vidual
rowth of galaxies and haloes/subhaloes in them – e.g. codes 
uch as VELOCIRAPTOR (Elahi et al. 2019a ), D-TREES + DHALO 

Jiang et al. 2014 ), or HBT-HERONS (Han et al. 2018 ; Forouhar
oreno et al. 2025 ) have been used in FLAMINGO ; SUBFIND

Springel et al. 2001 ; Dolag et al. 2009 ) and SUBLINK (Rodriguez-
omez et al. 2015 ) in ILLUSTRISTNG , EAGLE, and MAGNETICUM 

Dolag et al. 2023 ) – there is LHALOTREE (Springel, Di Matteo &
ernquist 2005 ) data for ILLUSTRISTNG as well – ; or ADAPTA- 
OP (Tweed et al. 2009 ) in HORIZON-AGN . Plus certain subgrid
hysics recipes in hydrodynamical schemes rely on halo properties. 
 or instance, supermassiv e black holes (SMBHs) are typically seeded 
t the centre of haloes (Di Matteo et al. 2008 ). 

Beyond hydrodynamical simulations (which are the most compu- 
ationally e xpensiv e way of predicting galaxy populations), other 
pproaches model galaxies on top of DM-only runs using as a 
ackbone the output from the halo/subhalo finder or merger tree 
uilder codes. A detailed description of these models can be found 
n Wechsler & Tinker ( 2018 ), which vary in their assumptions,
redicti ve po wer, and computational cost. Models relying on less
hysical assumptions require the halo/subhalo-finding step to match 
alo properties to galaxy properties. Halo occupation distribution 
HOD) models, based on a probability distribution conditioned on 
he halo mass, populate them with a certain number of galaxies 
eeting some stellar mass or luminosity criteria (Benson et al. 

000 ); abundance matching models directly connect stellar masses 
r luminosities of galaxies to haloes by matching the abundance 
f haloes with the abundance of galaxies of a certain mass or
nternal velocity (Wechsler et al. 1998 ); or models that parametrize 
he stellar-to-halo mass relation as well (Moster et al. 2010 ). Halo

ass accretion histories from the tree-building step are also crucial 
or empirical models that constrain the galaxy–halo connection at 
ifferent epochs (Behroozi et al. 2019 ) and for the most physical
nd more computationally e xpensiv e semi-analytic models (SAMs), 
hich solve baryonic prescriptions based on individual halo growth 
istories (White & Frenk 1991 ). 
All galaxy formation models – from the most physical hydrody- 

amical simulations to simpler empirical models – require the use of 
hese simulation post-processing tools. Moreo v er, these models are 
omplementary to one another: physical models inform assumptions 
sed in more empirical techniques, while empirical models can 
elp constrain parameters in more physical approaches. Accurate 
alo-finding and tree-building algorithms are therefore critical for 
roducing reliable predictions across all types of galaxy formation 
odels. Consequently, new methods are continually being developed 
Poole et al. 2017 ; Bah ́e et al. 2019 ; Ca ̃ nas et al. 2019 ; Bose et al.
022 ; Mansfield et al. 2024 ). 
While the numerous available halo/subhalo finder and merger 

ree builder codes usually work well, difficulties arise in specific 
ircumstances, as has been widely reported in workshops such as 
he ‘Haloes going MAD’ (Knebe et al. 2011 , 2013a ), ‘Subhaloes
oing Notts’ (Onions et al. 2012 ; Elahi et al. 2013 ; Onions et al.
013 ; Hoffmann et al. 2014 ; Behroozi et al. 2015 ), and ‘Sussing
erger Trees’ (Srisawat et al. 2013 ; Avila et al. 2014 ; Lee et al.

014 ). Common challenges include tracing haloes with few particles 
Onions et al. 2012 ), tracking substructures inside haloes in very
ense regions (Muldrew, Pearce & Power 2011 ; van den Bosch
t al. 2018 ; Mansfield et al. 2024 ), dealing with tidal streams
nd shells arising from substructures being stripped (Elahi et al. 
013 ), tracing structures through major mergers (Behroozi et al. 
015 ) or defining halo boundaries (Diemer 2021 ). The academic 
tudies from these workshops analyse the performance of multiple 
lgorithms and provide recommendations to impro v e them. Ho we ver, 
espite identifying potential numerical issues, there is still a lack of
ystematic quantification of how different codes perform and how 

heir limitations affect predictions from galaxy formation models 
G ́omez et al. 2022 ). As a result, this paper aims to address these
aps by characterizing and quantifying the most rele v ant numerical
ssues in merger tree post-processed data and e v aluating their impact
n models of galaxy formation. 
The analysis focuses particularly on SAM predictions, as these 
odels offer a powerful and efficient tool for large-volume studies 
hile testing subgrid prescriptions for different baryonic processes 

see a re vie w in Baugh 2006 ; Benson 2010 ; Somerville & Dav ́e
015 ). SAMs have been used to study a range of galaxy populations
t different cosmic times for the dual purpose of making predictions
bout observable properties of galaxies and to help design galaxy 
urv e ys. F or instance, the y hav e been used to infer cosmological
arameters in the local Universe (e.g. Cole et al. 2005 ; Gonz ́alez
t al. 2009 ), to predict the atomic hydrogen (H I ) properties of
alaxies supporting surv e ys with the Square Kilometre Array (SKA)
nd its pathfinders (Koribalski et al. 2020 ), and to help understand
ow well halo masses can be derived from spectroscopic surv e ys
Robotham et al. 2011 ). Additionally, given that SAMs depend on
he evolution of DM haloes, they provide an ideal framework for
hecking how numerical artefacts in both halo finder and tree builder
odes propagate into such galaxy formation models. While some 
tudies have explored ho w dif ferent post-processing codes impact 
AMs, their findings are contradictory. For example, some conclude 

hat modelled galaxy properties remain consistent despite variations 
n the underlying merger tree catalogues (G ́omez et al. 2022 ),
hereas others highlight substantial discrepancies (Lee et al. 2014 ). 
evertheless, there is little explanation of how the numerical artefacts 

hat post-processing tools produce propagate to the predicted galaxy 
roperties. This paper analyses this impact and develops strategies 
o impro v e the reliability of SAM predictions, focusing on the
obustness of theoretical models rather than merely reproducing 
bservables. 
We begin in Section 2 with a description of the simulation data used

or this analysis, giving details on the halo-finding and tree-building 
lgorithms employed. In Section 3 , we categorize two key numerical
roblems and quantify their frequency as a function of halo mass and
osmic time, while we examine their impact on SAMs. In Section 4 ,
e propose solutions to minimize the impact of numerical problems 

nd produce more reliable predictions, understanding how these 
redictions change. We finally summarize our results in Section 5 . 
MNRAS 539, 776–807 (2025) 
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M

Table 1. Simulations used. L : the periodic box size in comoving Mpc; N part : 
the number of DM particles in the volume; m part : the DM particle mass in M �; 
N out : the number of simulation outputs/snapshots; and the type of simulation 
(DM-only or hydro). 

Simulation L /Mpc N part m part /M � N out type 

FLAM-DM 1000 3600 3 8.40 ×10 8 79 DM-only 
FLAM-HYDRO 1000 3600 3 7.06 ×10 8 79 hydro 
PMILL 800 5040 3 1.56 ×10 8 271 DM-only 
MEDI-SURFS 311.07 1536 3 3.27 ×10 8 200 DM-only 
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 M E R G E R  TREE  DATA :  A L G O R I T H M  

E SCRIP TION  

or this analysis, we use four state-of-the-art large-volume cosmo-
ogical simulations: (i) the fiducial DM-only run ‘L1 m8 DMO’
nd (ii) the fiducial hydrodynamical run ‘L1 m8’ both from the
LAMINGO project (Kugel et al. 2023 ; Schaye et al. 2023 ); as
ell as (iii) PMILL (Baugh et al. 2019 ) and (iv) MEDI-SURFS

Elahi et al. 2018 ). Each simulation has slightly different cosmo-
ogical parameters: (i)–(ii) h = 0 . 681, �m 

= 0 . 306, �� 

= 0 . 694,
nd �b = 0 . 0486; (iii) h = 0 . 6777, �m 

= 0 . 307, �� 

= 0 . 693, and
b = 0 . 04825; and (iv) h = 0 . 6751, �m 

= 0 . 3121, �� 

= 0 . 6879,
nd �b = 0 . 0488. These variations involve a mass difference of
ess than 1 per cent driven by the h differences, which is negligible
or our purposes. Since we focus on relative mass changes and
article counts in each simulation, the cosmological parameters do
ot play a significant role in this study and are henceforth ignored.
ther rele v ant parameters, such as the simulation box size, the DM
article mass or the number of snapshots are detailed in Table 1 . The
imulations also employ different gravity and hydrodynamics solver
odes – SWIFT (Schaller et al. 2024 ) for (i)–(ii) and GADGET-2
Springel 2005 ) for (iii)–(iv) – but these differences do not matter
or our results. 

Ultimately, we e v aluate six merger tree catalogues, since the
LAMINGO runs have been processed twice using different sets
f halo/subhalo-finding and merger tree-building codes. The key
eatures for all the catalogues are presented in Table 2 . The main
ifference for our purposes is that the catalogues are post-processed
sing various halo/subhalo finder and tree builder codes. This
pproach allows us to study the frequency of potential numerical
rtefacts and any dependence on the code employed. In addition,
e use two SAMs to explore how these numerical artefacts impact
odels that apply different descriptions of baryon physics. 
Below, we briefly summarize the halo finder and merger tree

uilder codes used in these catalogues in Section 2.1 and Section 2.2 ,
espectively, while the SAMs employed for the analysis are discussed
n Section 2.3 . 

.1 Halo/subhalo-finding 

alo/subhalo finders are designed to identify large, isolated o v erden-
ities in cosmological simulations, classifying them as ‘host/main
aloes’ . These large o v erdensities are typically identified using a
riends-Of-Friends (FOF) algorithm, which groups particles that are
patially close (3D FOF) or close in phase space (6D FOF). The
rocess involves defining a linking length – a threshold (spatial or
hase space) distance – below which particles are linked together.
y applying this criterion to all particles in the simulation, groups
f clustered particles, named FOF groups, are formed based on the
hosen distance metric. 
NRAS 539, 776–807 (2025) 
Within the host haloes identified by the FOF algorithm, there can
e smaller o v erdensities referred to as ‘subhaloes’ . Various methods
xist to detect these self-bound groups of particles. Regardless of
he method, there is al w ays a dominant subhalo determined by a
nder-specific metric, such as the most massive subhalo within a
ost halo. The dominant structure is termed ‘central subhalo’ ; while
he remaining smaller o v erdensities are called ‘satellite subhaloes’ .
 host halo can consist of a single subhalo (the central subhalo)
r multiple subhaloes (a central subhalo with its satellites). These
efinitions are visually illustrated in Fig. 1 . Below we summarize the
nder codes used in the analysed catalogues, each based on a distinct
pproach to identify DM (sub)haloes across simulation snapshots. 

.1.1 SUBFIND (configuration-space) 

SUBFIND (Springel et al. 2001 ) is a configuration-based finder.
t starts identifying host haloes using a 3D FOF algorithm with
 standard linking length of b = 0 . 2 times the mean interparticle
istance, without incorporating velocity information. Within each
ost halo, subhaloes are detected as local o v erdensities, defined as
elf-bound groups of particles. To identify density peaks (subhalo
andidates) within the FOF group, the code calculates local densities
y applying an adaptive kernel interpolation to the N dens nearest
eighbours for each particle in the group. 
Starting with the densest particle and proceeding in decreasing

rder, the code selects its N ngb nearest particles and isolates the
ubset with higher density estimates. The algorithm then examines up
o the two closest neighbouring particles from this subset, which may
nclude none, one or two particles: (i) if such particles are not found,
 local density maximum is identified, forming a new subhalo; (ii) if
ne or two particles belonging to the same subhalo are found, they are
dded to that existing subhalo; and (iii) if two particles belonging to
ifferent subhaloes are found, these subhaloes are marked as subhalo
andidates, as a saddle point between two separate o v erdense re gions
s located. Once subhalo candidates are identified, an unbinding
rocedure is subsequently performed. Particles with positive total
nergy are remo v ed iterativ ely, defining the subhalo’s centre as the
ost bound particle and its velocity centre as the centre-of-mass

elocity of the particles in the group. 
SUBFIND assigns particles to the smaller o v erdensities first, ensur-

ng each particle is associated with only one subhalo. This approach
stablishes an e xclusiv e mass definition. Finally, the code rechecks
he self-bound nature of the disjoint subhaloes, defining them as
atellites. Particles belonging to the background of the FOF group
re also subjected to the unbinding procedure, forming the largest
ubhalo in the group or the central subhalo. Resolved subhaloes are
etained if their particle number exceeds a predefined threshold N ngb .

.1.2 VELOCIRAPTOR (phase space) 

ELOCIRAPTOR (Elahi et al. 2019a ) is a phase-space finder. It
dentifies host haloes using either a 3D or 6D FOF approach, taking
nto account a particle’s position and velocity information. In this
tudy, the code was applied with a simple 3D FOF approach (with
he standard linking length of b = 0 . 2 times the mean interparticle
istance) for the FLAMINGO -related runs. For MEDI-SURFS , an
dditional 6D FOF algorithm w as emplo yed (with a velocity-space
inking length proportional to the velocity dispersion of the 3D FOF
roups), which helps separate structures that might be incorrectly
inked 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 
N 

min 
part, 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 N 

min 
part, 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 1 

FLAM-DM-HBT HBT-HERONS HBT-HERONS history space history space 20 
FLAM-HYDRO-HBT HBT-HERONS HBT-HERONS history space history space 20 1 

PMILL SUBFIND D-TREES + DHALO configuration space adjacent snapshots 15 
MEDI-SURFS VELOCIRAPTOR TREEFROG ( + DHALO ) phase space adjacent snapshots 20 

1 accounting for baryonic particles as well 
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After host haloes are identified, VELOCIRAPTOR locates substruc- 
ures within them based on phase-space information. This method 
everages the distinct local velocity distributions of substructure 
articles compared to the background host halo. For each particle in 
 FOF group, following the methodology of the original STructure 
inder ( STF ) paper (Elahi, Thacker & Widrow 2011 ), its local
elocity density is estimated based on its N v nearest neighbours 
n velocity space, which are selected from its N se nearest spatial 
eighbours ( N v ≤ N se ). The background velocity density, on the 
ther hand, is calculated by dividing the group into cells, where 
he number of particles per cell, N cell , is chosen to strike a bal-
nce between statistical reliability and minimal density variations 
etween cells. Each particle’s background velocity density is then 
nterpolated using the cell it occupies and its six neighbouring 
ells. Particles whose local velocity density exceeds the background 
ensity by a predefined threshold are grouped into dynamically 
istinct substructures if they satisfy a secondary 3D FOF criterion 
nd also share similar velocities. An iterative unbinding procedure 
emo v es unbound particles from each substructure. The remaining 
ound particles are assigned e xclusiv ely to a single substructure,
hich is retained only if it meets a minimum particle count 

hreshold. 
Moreo v er, remnants of mergers or ‘cores’ are identified afterwards 

ithin the remaining background particles using a conserv ati ve 6D 

OF, in which the linking length is progressively reduced to again 
solate o v erdensities distinct from the background distribution. These 
 v erdensities are reconstructed as satellite subhaloes as well after 
erforming an unbinding procedure. Although VELOCIRAPTOR is 
apable of identifying tidal streams, this feature is not used in this
nalysis. 

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

.1.3 HBT-HERONS (history-space) 

BT-HERONS (Forouhar Moreno et al. 2025 ) differs from both 
onfiguration- and phase-space-based codes, employing a unique 
ethodology, which can be described as a history-space finder. The 

ode is an impro v ed v ersion of HBT + (Han et al. 2018 ), featuring bug
xes and enhancements in substructure identification, self-consistent 
erger tree building, and computational efficiency. It begins with 
 3D FOF catalogue using a linking length of b = 0 . 2 times the
ean interparticle distance. Subhaloes are then identified by cross- 
atching particle memberships as detailed in Han et al. ( 2012 ),

ased on the principle that every satellite subhalo was once the
nly central subhalo hosted by its halo. This approach ef fecti vely
eparates heavily o v erlapping subhaloes. F or hydrodynamical runs, 
he FOF groups are identified using merely DM particles, with 
aryons consequently linked to them. 
The core of the cross-matching algorithm involves assigning a set 

f particles, referred to as the ‘source’, to every subhalo. The source
s then tracked across snapshots to detect descendant subhaloes. 
elf-bound subhaloes with N bound particles are subsequently iden- 

ified by applying an unbinding procedure to the source. To a v oid
nstabilities, the code limits the number of particles in the source
 N source ≤ 3 N bound ), updating it after unbinding. 

Starting from the earliest snapshot, the code locates isolated FOF 

roups in the simulation. These groups determine the source, with 
ts self-bound particles defining a newly created central subhalo. As 
he simulation progresses, a weighted estimate of the 10 most bound
racer particles from the source is tracked forward to identify which
ost halo the descendant structure belongs to. In hydrodynamical 
imulations, only collisionless and time persistent particles (DM 

r stellar) are used to track descendant subhaloes, as gas or BH
articles could cause sudden mass-loss due to ejection/consumption 
r mergers, respectively. When multiple previously central subhaloes 
re found within a single FOF group, this indicates a merger
vent. 

Central candidates are the central subhaloes at the latest snapshot 
hose previous bound mass is greater than some fraction of the

argest bound mass among the candidates ( f major max ( M bound )). If
ore than one candidate exists, the subhalo with the lowest specific

rbital kinetic energy (computed in the centre of mass reference 
rame of the FOF group) is designated as central. The central
ubhalo acquires the diffuse mass accreted by the host halo, while
he remaining subhaloes are classified as satellites, preventing the 
ccretion of particles that belong to the background of the FOF
roup. The sources for central subhaloes are updated to the current
ost halo, excluding particles belonging to any satellite sources; 
hile the sources for the satellites continue to be traced back to their
rogenitors. 
The unbinding algorithm operates recursively from the deepest 

ested structures to the shallo west, le veraging the code’s record of
he satellite-of-satellite hierarchy. Stripped particles from satellites 
re transferred to the central subhalo source to ensure e xclusiv e
ass definitions. For each source, unbound particles are remo v ed

ntil the mass converges within a specified tolerance, using the 
entre of mass of all bound particles as a reference to compute
inetic energies. This is applied to both DM and hydrodynamical 
imulations, treating all particle types equally. In hydrodynamical 
MNRAS 539, 776–807 (2025) 



780 Á. Chandro-G ́omez et al. 

M

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. 
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uns, at least 10 collisionless particles must be present for any
esolved subhalo. 

HBT-HERONS also tracks the evolution of subhaloes whose mass
temporarily) drops below the resolution limit. These ‘orphan’ sub-
aloes are tracked using the most bound particle (tracer particle) and
eappear if that particle is hosted by an FOF group with no resolved
ubhaloes, resulting in zero masses at the intermediate snapshots. The
ode also includes a prescription for merging subhaloes affected by
ynamical friction, coalescing structures that o v erlap in phase space.
his is assessed using the mass-weighted position and velocity of

he 10 most bound particle tracers, except for orphan structures,
here simply the tracer particle is used. After the merger, all source
articles from the deeper structure are transferred to the shallower
ne. Further details about other implementations are provided in
orouhar Moreno et al. ( 2025 ), which not only introduces the code
ut also compares various subhalo finders, ultimately concluding that
BT-HERONS is the most reliable choice for subhalo identification.

.2 Merger tree-building 

nce the structure hierarchy is established, merger tree builders link
hese structures across the snapshots of the simulation, making a
rogenitor-subhalo/descendant connection. The links are typically
ade by cross-matching particles shared by the structures between

napshots. This process is guided by a merit function, which e v aluates
he particle information considered in the algorithm (e.g. the number
NRAS 539, 776–807 (2025) 
f shared particles between structures or the binding energy of the
articles). The most likely progenitor/descendant is selected as the
ne with the highest merit function value. 
Although a subhalo can have multiple progenitors in a merger

vent (as several subhaloes merge), one is al w ays designated as the
ain progenitor. The designation can be determined in various ways,

uch as identifying the subhalo with the highest merit function value
e.g. the one that shares the most particles or the most bound particles
ith the structure at the latest snapshot) or the most massive one.
he main progenitor links are indicated by arrows in Fig. 1 . Below,
e outline the approach each tree builder code follows. 

.2.1 D-TREES + DHALO (adjacent snapshots) 

-TREES (explained in appendix A2 in Jiang et al. 2014 ) is a subhalo
erger tree builder that identifies the progenitor/descendant for each

ubhalo. The code links structures between snapshots by identifying
articles that subhaloes have in common. It maximizes a merit
unction (see equation A1 in Jiang et al. 2014 ), focusing on the
ost bound particles of each subhalo, known as ‘core’ particles.
hese core particles help connect subhaloes irrespective of any lost
ass as well as identify the subhalo that survives in a merger event. 
For each snapshot in the simulation, first D-TREES identifies the
ain progenitor of each subhalo by determining which subhalo in the

receding 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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econdly, it makes descendant links based on which subhalo at the 
ater snapshot has the highest number of core particles from the earlier
ubhalo (ag ain, reg ardless of whether they are part of the descendant’s 
ore). Furthermore, the code can connect subhaloes that may be 
emporarily lost when passing near the dense regions of a larger one,
nabling to distinguish between real mergers and those caused by 
he finder code temporarily not detecting the subhalo. This capability 
llows the search of main progenitor-descendant connections across 
ultiple snapshots, N step . If snapshots are skipped due to the best

ink being between non-consecutive snapshots, D-TREES inserts 
interpolated’ subhaloes to allow for a continuous merger tree. The 
roperties of these interpolated subhaloes are assigned the same 
alues as those of the subhalo at the earlier time between the two
nterpolated snapshots. 

After establishing these links, the code DHALO (explained in 
ppendix A3 in Jiang et al. 2014 ) processes the central-satellite 
ierarchy and groups the subhalo merger tree into host haloes that 
efine the largest gravitationally bound structures. This is based 
n the idea that once a subhalo becomes part of a host halo, it
emains attached to it as long as it is resolved. DHALO applies the
ollowing conditions: (i) a newly formed subhalo that does not lie 
nside a predefined factor, R factor , of the half mass radius of any
ther subhalo is considered to create a new separate host halo, 
reventing artificial mergers caused by tenuous bridges of particles; 
ii) satellite subhaloes are designated as separate host haloes if they 
ave not lost enough mass, M frac , upon becoming satellites, ensuring 
rtificially linked FOF groups are split; and (iii) once conditions (i)–
ii) are applied, a subhalo can not change the host halo to which it
elongs. Additionally, a central identifier for each group is assigned 
o its most massive subhalo. Note, however, that the SHARK and 

ALFORM SAMs make their own definitions of the central subhalo, as 
escribed later in Sections 2.3.1 and 2.3.2 , and do not use this central
dentifier. 

The host haloes defined by DHALO are suitable for modelling 
alaxy formation with masses generally growing monotonically 
G ́omez et al. 2022 ). Consequently, both SAMs discussed in 
ection 2.3 require DHALO to process merger tree data before 

ncorporating any baryonic physics. The code is therefore used in 
ost of the merger tree catalogues listed in Table 2 , with four of

hem employing the D-TREES + DHALO combination. Ho we ver, 
HALO is not restricted to outputs from D-TREES and can be applied

ndependently to outputs generated by other tree builders, ensuring 
ompatibility with the input format required by the SAMs. In such 
 way, the MEDI-SURFS catalogue uses TREEFROG (explained in 
ection 2.2.2 ) to identify progenitor-descendant connections, while 
HALO redefines host haloes according to conditions (i)–(iii). 

.2.2 TREEFROG (adjacent snapshots) 

REEFROG (Elahi et al. 2019b ) operates similarly to D-TREES , per-
orming a cross-matching of particles to maximize a merit function 
see equation 3 in Elahi et al. 2019b ). Ho we ver, its merit function
ccounts for the total number of shared particles between subhaloes 
hile weighting them based on the number of equally well-bound 

hared particles. The weighting scheme is calculated via the rank of
he particles, based on their positions in an array sorted by binding
nergy. This merit function is computed for a fraction f TF of the most
ound particles of each subhalo. 
For each snapshot with an available structure catalogue, the code 

rst examines the previous snapshot to identify multiple progenitors 
structures with a merit function value abo v e some predefined 
hreshold, M lim 

, when looking back in time) and the main progenitor
the structure with the highest merit function value). It then analyses
he future snapshot to select a unique descendant (the structure 
ith the highest merit function value when looking ahead abo v e

he predefined threshold). This ensures that each structure has a 
ingle descendant, as tree building can become complex due to mass-
oss and tidal disruption. The code can also search across multiple
napshots, � s , for progenitor-descendant links if no progenitor or 
escendant is found at the subsequent earlier or later snapshot due to
he merit function values being below the threshold. 

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

.2.3 HBT-HERONS (history-space) 

BT-HERONS (Han et al. 2018 ; Forouhar Moreno et al. 2025 ),
s detailed in Section 2.1.3 , constructs the merger tree branches
imultaneously with the subhalo-finding process in a history-space 
pproach. In this method, particles associated with a subhalo, along 
ith additional unbound particles (collectively referred to as the 

source’), are tracked in consecutive snapshots. The descendant is 
hen selected as the bound structure that inherits this set of particles,
eading to a more robust and efficient merger tree catalogue. 

.3 Semi-analytic models of galaxy formation 

AMs solve for the evolution of galaxies by relying on the DM
tructures and merger histories provided by tree-building algorithms. 
hey treat the different physical processes affecting baryons using 
 set of analytic equations, generally incorporating various mass 
eservoirs: hot halo gas, cold gas and stars in a disc or bulge, SMBHs
nd gas expelled from the halo, as a minimum. More mass reservoirs
an potentially be tracked, such as several interstellar medium (ISM) 
r additional halo gas reservoirs. A set of coupled parametrized 
ifferential equations aims to encapsulate all the physical processes 
ele v ant to galaxy formation and evolution, describing how the mass,
etals, angular momentum, and energy are exchanged between these 

eservoirs. The parameters involved in these equations are calibrated 
gainst a set of observations. 

The physical processes represented by the set of equations are 
argely consistent across different codes (Baugh 2006 ; Benson 2010 ):
i) gas accretion onto DM host haloes, forming a hot halo gas
eservoir through smooth accretion; (ii) cooling of this hot gas in the
ensest regions, settling down in the form of a disc; (iii) star formation
ithin the disc; (iv) stellar feedback, which either returns gas to

he hot halo or ejects it from the halo to the intergalactic medium;
v) chemical enrichment of stars and gas; (vi) disc instabilities 
ransferring stars and/or gas to a bulge component; (vii) galaxy 

ergers, in some cases tracked using ‘orphan’ satellite galaxies 
s satellite subhaloes are not resolved below a resolution limit, 
hich can also alter the disc morphology; (viii) starbursts induced 
y mergers and/or disc instabilities; (ix) SMBH growth through 
ergers, starburst-driven cold gas or hot halo gas accretion; (x) active

alactic nucleus (AGN) feedback; (xi) photoionization feedback; and 
xii) environmental processes, such as ram pressure stripping, tidal 
tripping, among others. 
MNRAS 539, 776–807 (2025) 
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SAMs rely on smooth halo/subhalo properties to accurately model
aryonic processes. Without this smoothness, non-physical effects,
uch as the triggering of artificial starbursts, can happen. Ho we ver,
he specific processing of halo/subhalo information can vary between
if ferent codes. Belo w, we pro vide an o v ervie w of ho w the SAMs
sed in the analysis handle this information, focusing on how the
alo/subhalo properties from tree builder codes are processed given
he paper’s aim. In our case, both SAMs are run o v er the same merger
ree catalogue in the DHALO format therefore ensuring the input data
hare the same definitions. 

The central-satellite hierarchy of the subhaloes plays a key role in
he accurate treatment of galaxies, as central galaxies are assigned
o central subhaloes, while satellite galaxies to satellite subhaloes.
he modelling of galaxy properties depends on this hierarchy; for

nstance, satellite galaxies are subject to environmental processes.
nitially, SAMs assume all galaxies originate as central galaxies,
orresponding to central subhaloes that appear in isolation as the
nly subhalo within a host halo. During mergers, galaxies can
ither retain their status as central objects or transition to satellites
ased on whether their associated subhalo becomes a central or a
atellite within the remnant host halo. Furthermore, galaxies hosted
y subhaloes that are no longer resolved due to a low particle number
re also classified as satellites. 

.3.1 SHARK (subhalo-based) 

HARK was first presented in Lagos et al. ( 2018 ), where prescriptions
or the physical processes (i)–(xii) are outlined. A key feature of
HARK is its flexibility in exploring a wide range of models for the
ame baryonic processes, allowing for a more thorough exploration
f their effect on the predictions of galaxy populations. The code
as updated to its latest version in Lagos et al. ( 2024 ) to model
assive galaxies consistently with observations o v er time. The
ost significant impro v ement o v er the first version of SHARK is

he implementation of a new AGN feedback model that includes
et and wind feedback modes; while other new elements include
he exchange of angular momentum between the ISM and stars, a

ore refined dynamical friction time-scale for mergers (Poulton et al.
021 ), a treatment for the black hole (BH) spin, impro v ed modelling
f environmental processes for satellite galaxies, as well as a package
hat allows for automatic parameter e xploration. F or this paper, we
un the latest version of SHARK , which has been recalibrated to fit
he stellar mass function (SMF) at z = 0 for the FLAM-DM-HBT
erger tree catalogue. Details of this recalibration are provided in
ppendix B . 
In SHARK , when a central subhalo forms, a hot halo gas reservoir at

he virial temperature is assigned to its host halo. This hot gas grows
n tandem with the host halo and cools down within a cooling radius
s per Croton et al. ( 2006 ). Cold gas assembles into a disc, whose
ize is go v erned by the halo gas specific angular momentum and the
ubhalo maximum circular velocity, becoming available to form stars
t a rate computed by integrating the surface density of molecular
as according to Blitz & Rosolowsky ( 2006 ) (a.k.a. star formation
n the disc). Major and wet (i.e. gas-rich) minor mergers drive the
old gas in the disc to inflow to the bulge component, triggering
tarbursts (a.k.a. star formation via mergers and disc instabilities) that
re more efficient than the disc star formation mode. BHs are seeded
ith 10 4 M � h 

−1 in subhaloes with 10 10 M � h 

−1 and can accrete
tarburst-driven cold gas (starburst mode) or hot halo gas (hot halo
ode), as described in Kauffmann & Haehnelt ( 2000 ) and Croton

t al. ( 2016 ), respectively. Stellar feedback due to winds or supernova
NRAS 539, 776–807 (2025) 
SN) explosions (assuming a universal Chabrier 2003 , initial mass
unction (IMF)) is modelled as in Lagos, Lacey & Baugh ( 2013 ),
hereas AGN feedback from winds or jets follows Lagos et al.

 2024 ). 
The model pre-processes the DHALO merger tree skeleton pro-

ided as input before introducing baryonic physics (a full description
s in section 4.1 in Lagos et al. 2018 ). This step generates a consistent
ubhalo hierarchy: selecting at the final simulated snapshot the most
assive structure in each group as the central subhalo and tracing its
HALO main progenitors (defined by the most bound particles; see
ection 2.2.1 ) backwards in time, marking them as central subhaloes
t earlier times to ensure that the central flag remains unchanged.
his prevents artefacts from propagating into the predicted evolution
nd properties of the galaxy population. Central subhaloes without
rogenitors are populated with a central galaxy, whose properties –
urrent and future – are calculated making use of either host halo or
ubhalo information. The code primarily relies on subhalo properties
o compute these various galaxy properties, such as the disc size, BH
ccretion rates or the mass outflow due to SN feedback, among others,
iming for a more accurate physical description of the involved
aryonic processes. Additionally, host haloes are constrained to
row in mass consistently with a hierarchical � CDM scenario,
hus ensuring the mass of a host halo is equal to or greater than
he mass of its progenitors, controlling a physical gas accretion for
alaxies. 

.3.2 GALFORM (host halo-based) 

ALFORM was first introduced in Cole et al. ( 2000 ), with the latest
ajor update presented in Lacey et al. ( 2016 ), which includes

mplementations for the physical processes (i)–(xii). The fla v our
e employ in this paper is GP19 (Gonzalez-Perez et al. 2020 ),
hich uses a universal (Chabrier 2003 ) IMF for star formation in
oth the disc and the bulge and features an updated model for the
H growth and spin evolution (Griffin et al. 2019 ), gradual ram
ressure stripping of gas for satellite galaxies (Font et al. 2008 ) and a
erging scheme that follows satellite orbits introduced in Gonzalez-
erez et al. ( 2018 ) and Baugh et al. ( 2019 ). The free parameters are
alibrated using the MS-W7 simulation, with a box of 500 Mpc h 

−1 

Guo et al. 2013 ) and a WMAP7 cosmology (Komatsu et al. 2011 ).
he different cosmology does not affect our analysis, which focuses
n merger tree artefact propagation rather than statistical predictions,
nd the variations involve negligible effects on the studied properties.
he calibration is set to reproduce the z = 0 luminosity function in

he b J and K bands, the BH-bulge mass relation and the local passive
alaxy fraction. 

The gas treatment for haloes in GALFORM is similar to SHARK ,
ith hot gas settling into a spherically symmetric distribution and

ooling down slowly (hot accretion) or rapidly (cold accretion) inside
 cooling radius as explained in Cole et al. ( 2000 ). The disc has
n exponential surface density profile, whose half-mass radius is
etermined by the conservation of specific angular momentum and
he centrifugal equilibrium in the combined gravitational potential
f the halo, disc and bulge. Star formation in the disc follows the
litz & Rosolowsky ( 2006 ) prescription as described in Lagos et al.
 2011 ). Gas transfer to the bulge due to major, wet minor mergers
nd disc instabilities and its resulting size is modelled as in SHARK ,
ut the star formation model for starbursts is different. Here, the
tar formation rate depends on the dynamical time-scale of the bulge
Kennicutt 1998 ). BHs, seeded with 10 M � h 

−1 once a galaxy is
ormed, accrete cold gas from the bulge during starbursts (starburst
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ode), whose quantity is a fraction of the stellar mass formed, or
rom the hot gas (hot halo mode). Stellar feedback depends on the
alaxy’s circular velocity as in Cole et al. ( 2000 ), and AGN feedback
perates only on galaxies whose host haloes are under hydrostatic 
quilibrium, such that the gas cooling flow is shut off if the cooling
uminosity is similar to or smaller than the Eddington luminosity. 

GALFORM also manipulates the merger tree skeleton provided by 
HALO to a v oid artefact propagation. While its treatment shares

ome similarities with SHARK – both impose that host halo masses 
annot decrease with time and both pre-process the central-satellite 
ubhalo hierarchy – , there are significant differences. In GALFORM , 
entral flags for each host halo are assigned to the subhalo with
he highest cumulative mass throughout its past merger tree. All 
ubhaloes along the main progenitor branch of this subhalo are set to
e the central subhalo for their respective host haloes. However, 
ALFORM depends on the host halo merger tree rather than the 

ubhalo merger tree. As a result, the model prioritizes the main 
rogenitor of a host halo, defined as the host containing the main
rogenitor subhalo of its central subhalo. If no central subhalo 
xists, the main progenitor is assigned to the host containing the 
ain progenitor of the most massive satellite subhalo. 
Furthermore, the o v erall processing for the evolution of DM 

tructures differs. The code defines ‘halo formation’ events when 
ost haloes grow by a factor of 2 in mass, ensuring that host halo
roperties (circular velocity V vir , halo concentration c, and spin λ),
xcept for the host halo mass M halo and radius r vir , remain constant
etween such events. Then, all baryonic processes rely primarily 
n these properties of the host halo, as they provide a smoother
volution (G ́omez et al. 2022 ). The only exception is the use of
ubhalo information to compute the dynamical friction time-scale of 
 satellite galaxy merging with its central galaxy once the satellite 
ubhalo is no longer resolved. During host halo mergers, the central 
alaxy in the main progenitor becomes the central galaxy in the 
ubsequent snapshot. 

 DEF ININ G  A N D  QUANTIFYING  M E R G E R  

REE  ARTEFAC TS  

e analyse the merger tree catalogues described in Section 2 . We
ocus on the central subhaloes at z = 0 in the simulations and track
hem backwards by following their main progenitors in what is called 
he ‘main br anc h’ (see the bold red colour lines in Fig. 1 ). Other
ranches merge with the main branch (blue and purple colours in 
ig. 1 ) or become satellite subhaloes (green colour). We focus on the
ain branches because: 1. they characterize the growth of the DM-

ound structures, representing the main backbone for SAMs, which 
ssume that central galaxies populate these central subhaloes; and 2. 
ain branches exhibit a wide variety of growth histories that reflect 

he diversity seen in all subhaloes, and by only analysing those we
ower computational costs. 

We examine the mass accretion histories (MAH) for the main 
rogenitor subhalo, as defined by each merger tree code (Section 2.2 ), 
f all main branches. Some SAMs use these histories that describe 
he growth of DM within subhaloes to model galaxy properties 
ccordingly (see the SHARK description in Section 2.3.1 for details). 
y examining the MAHs generated by different combinations of 
alo/subhalo finder and merger tree algorithms, we categorize the 
umerical artefacts that affect them into two main types: ‘mass- 
wapping’ and ‘massive-tr ansient’ ev ents. These artefacts are de- 
cribed and their frequencies analysed in Sections 3.1 and 3.2 , 
espectively. In Section 3.3 , we provide examples of how these 
umerical artefacts in merger trees directly impact the predicted 
volution of galaxies in SAMs. We initially visualized the MAHs 
or both main and satellite branches at z = 0 and found no artefact
 xclusiv ely affecting the satellite population, supporting our decision 
o focus solely on the main branches in this study. 

.1 Mass-swapping events 

.1.1 Definition 

he first artefact affecting merger trees that we identify is the
nstantaneous drops in mass during their assembly, which contrasts 
ith the expectations of central MAHs within a hierarchical structure 

ormation. A central subhalo should grow in mass e xclusiv ely
hrough smooth accretion or mergers with other haloes/subhaloes 
 v er time. An example of this artefact is shown in the top panel in
ig. 2 , where the evolution of a main branch (in orange) displays
everal significant mass drops, highlighted by red dashed vertical 
ines. The largest mass drop, a change of almost 2 dex, is marked
ith a more intense red line. 
These dips in the central subhalo mass are numerical issues arising

rom the misidentification of structures by halo/subhalo finder and 
erger tree builder codes, particularly when dealing with massive 

tructures undergoing merger events. This type of artefact is well 
nown in the literature and has been reported in works such as
risawat et al. ( 2013 ) and Poole et al. ( 2017 ). 
The diagram in the bottom panel in Fig. 2 illustrates the general

henomenon: a central subhalo and a satellite subhalo swap their 
ierarchy, resulting in the material on the outskirts of the halo being
xchanged between them, as those particles are typically assigned 
o whichever subhalo is identified as central. This can be observed
n the example in the top panel, focusing on the most significant
wapping event. Here, the evolution of the satellite that inherits these
articles is shown in blue. This satellite subhalo becomes the central,
ndicated by the black dots, at the specific snapshot where there
s a noticeable jump in mass around lookback times ≈ 6 Gyr, but
ubsequently reverts to being a satellite. When this occurs, all the
ass on the outskirts is re-assigned to what had been the central

ubhalo before the mass-swapping event. In this particular example, 
he blue subhalo does not initially possess a satellite hierarchy before
he swapping event, but the underlying phenomenon remains the 
ame. The remaining two dips in Fig. 2 at roughly lookback times

7 . 5 and 10 Gyr are swapping events with other subhaloes that are
ot shown. 
Events where the subhalo mass undergoes large mass increases 

not produced by mergers) or decreases are considered non-physical 
nd should be classified as mass-swapping events. To isolate them, 
e introduce a physically reasonable definition and follow Wechsler 

t al. ( 2002 ), where the authors assume the MAHs reco v ered from
 CDM cosmological simulations can be universally described by 

xponential profiles of the form: 

( z) = M 0 e 
−αz (1) 

here M 0 is the final mass of the subhalo, z the redshift and α a free
arameter. 
When the tree builder codes link the main progenitor and de-

cendant subhaloes, we compute the mass ratio that arises following 
quation ( 1 ) as a function of the redshift: 

M( z i + 1 ) 

M( z i ) 
= 

M subhalo 

M main progenitor 
= e α�z (2) 

here �z = | z i + 1 − z i | is the redshift separation between consecu-
ive snapshots. Thus, we can compute the expected change in mass
MNRAS 539, 776–807 (2025) 



784 Á. Chandro-G ́omez et al. 

M

Figure 2. Example of a main branch undergoing several mass-swapping 
ev ents. Top panel : MAH (e xtracted 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 1 , 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. 
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ccording to these exponential profiles independently of the snapshot
adence of each simulation. This definition helps a v oid events being
isclassified as mass-swapping at early times due to the longer

edshift span between snapshots. 
With all these ingredients we can give a proper definition for

he mass-swapping events. Typical values for α lie in the range
[0 . 3 –2] (see fig. 3 in Wechsler et al. 2002 , for structures spanning
NRAS 539, 776–807 (2025) 
 range of masses and concentration parameters). Ho we ver, for our
urposes, we select (realistic) extreme values considering al w ays
atter accretion (i.e. increases in mass) at varying rates: an extremely

apid rate αu = 3 as the upper limit and an extremely slow αl = 0 . 1
s the lower limit. Additionally, instead of defining unrealistic α
alues (outside the range of values set abo v e) to account for non-
hysical mass increases or decreases, we introduce extreme offsets
n equation ( 2 ) that imply in the case of no mass change ( α = 0)
n increase larger than a factor of two ( O u = 1) or a decrease more
ignificant than a factor of half ( O l = −0 . 5) in the original mass.
he final equation we use to classify mass-swapping events takes the

orm: 

M subhalo 

M main progenitor 
= 

{
e αu �z + O u = e 3 �z + 1 (upper limit) 
e αl �z + O l = e 0 . 1 �z − 0 . 5 (lower limit) 

(3) 

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

.1.2 Characterization 

ig. 3 shows 2D maps of the relative mass change as a function of
he lookback time/redshift for all the main branch connections for
ach of the merger tree catalogues. Throughout this paper, for HBT-
ERONS subhaloes that become ‘orphans’ (i.e. with just the most
ound particle) across a range of snapshots because their particle
umber fluctuates around the minimum to detect them and then
eappear, their mass is assigned the same values as the mass of the
ubhalo at the earlier snapshot where it is well defined. Thus, these
nstances are not flagged as mass-swapping events. The shaded areas
ndicate regions considered mass-sw apping artef acts (i.e. large mass
ncreases, that are not caused by mergers, at positi ve v alues of the
 -axis, and huge mass decreases at ne gativ e values of the y -axis).
dditionally, there are 1D projected histograms on the right and
ottom panels to aid in the analysis. 
The most striking difference across the catalogues is how

opulated the artefact area (shaded region) is. The PMILL cat-
logue spans the largest range in parameter space with mass
hanges reaching extreme upper and lo wer v alues as large as
og 10 ( M subhalo / M main progenitor ) ≈ [ −4 , 4]. Similarly, the FLAM-DM-
R and FLAM-HYDRO-VR catalogues also co v er a wide area

round log 10 ( M subhalo / M main progenitor ) ≈ [ −3 , 3], though they are not
s broad as PMILL , particularly at a high lookback time/redshift.
his broad distribution can result from D-TREES tracking only the
ost bound cores of subhaloes while disregarding the bulk of the

ubhalo mass. The MEDI-SURFS catalogue produces slightly better
esults, possibly due to its smaller box size and TREEFROG post-
rocessing. Configuration-based finders, such as SUBFIND , are less
f fecti ve at accurately recovering subhalo masses in mergers events
characteristic of these artefact areas – compared to phase-space-

ased finders like VELOCIRAPTOR – since the former ones struggle
o resolve structures at nearly identical positions. Ho we ver, mass
uctuations still exist due to the phase differences between the
rbiting core and the merging mass (Behroozi et al. 2015 ). 
The HBT -related catalogues show the most accurate results, with

he smallest population of artefacts and a well-defined peak with
arrower wings in the 1D projected histogram in the right panel
round log 10 ( M subhalo / M main progenitor ) ≈ 0. Temporal finders provide
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(a) (b) (c)

(f)(e)(d)

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 
( M subhalo = M main progenitor ). On the right and bottom panels, we show the 1D projected histograms for the mass ratio and the lookback time/redshift, respectively, 
for all the connections (solid line) and the satellite-related ones (dashed line). 
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ore stable merger trees since they do not truncate branches early, 
hey create smoother mass variations and better tracking of other 
roperties as well (Srisawat et al. 2013 ; Avila et al. 2014 ; Behroozi
t al. 2015 ; Wang et al. 2016 ). 
The map in Fig. 3 is colour-coded by the fraction of main branches
n each 2D bin that exhibit a satellite hierarchy in one of the two
napshots where the mass change is calculated. Main branches 
hould maintain a central hierarchy o v er time. Therefore, re gions
MNRAS 539, 776–807 (2025) 
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f the parameter space dominated by satellite events (shown in more
urple colours) are not physically realistic. As these purple areas
re well captured in the shaded prohibited areas, the cutoffs defined
n equation ( 3 ) ef fecti vely isolate temporal changes in hierarchy.

e do not directly flag cases with a change in the hierarchy as
umerical artefacts because this could o v erlook swapping ev ents
hat do not involve such a huge mass exchange, e.g. fly-by or
plashback cases. Conversely, there may be instances where the
ass-swapping is not linked to the typical satellite-central type

wapping. 
All examples that employ directly D-TREES to build the subhalo

rees exhibit a satellite fraction close to unity in the artefact area, even
hen combined with DHALO , which aims to define this hierarchy

onsistently to a v oid these swapping events, as stated in G ́omez et al.
 2022 ). In contrast, the HBT -related cases and MEDI-SURFS display
any mass-swapping events where the subhalo retains its central

tatus (more cyan colours in the shaded region). This indicates that
ass-swapping does not always correspond to a hierarchy swap,

articularly in the case of non-physical mass increases. For MEDI-
URFS , TREEFROG appears to clean the satellite hierarchy in central
ranches. Moreo v er, the last snapshot (at lookback times ≈ 0 Gyr)
or the FLAM-DM-VR and FLAM-HYDRO-VR catalogues show
nteresting mass decreases without corresponding hierarchy change.

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

.1.3 Quantification 

fter properly defining the mass-swapping events, we identify the
ain branches affected by them and quantify how many main

ranches exhibit such behaviour. Table 3 lists the number of main
ranches analysed for each catalogue, along with their median mass
nd particle number. We also report the fraction of main branches
ffected by non-physical mass changes in their accretion histories,
s well as the median mass and particle number for the affected
ranches. 
In most catalogues, ≈ 10 per cent of branches experience at least

ne mass-swapping event, whereas for the HBT -related catalogues,
his fraction is significantly lower ( ≈ 2 per cent ). This suggests, as
reviously seen in the 2D maps, that the distinct HBT-HERONS
lgorithm ef fecti vely reduces the number of branches that are
rtificially affected, likely due to the employed temporal information
nd the advantage of building the branches simultaneously . Notably ,
ranches affected by mass-swapping tend to have a larger median
aximum particle number ( ≈ 200 –300) compared to the median
aximum number of particles for all branches ( ≈ 50 –80). The

rtefact may occur at any stage of the subhalo ev olution, b ut the
aximum values, presumably reached near z = 0, are used for

onsistency. Larger subhaloes with later formation times are more
rone to undergo major mergers since they trace higher density
eaks (denser environments) (Behroozi et al. 2015 ), making structure
NRAS 539, 776–807 (2025) 
dentification more challenging and increasing the likelihood of
ass-swapping. 
The left panel of Fig. 6 presents the fraction of main branches

hat have suffered from mass-swapping events at any point of their
volution as a function of the maximum particle number along the
ain branch to remo v e the resolution dependence. F or the two cat-

logues derived from hydrodynamical runs ( FLAM-HYDRO-VR and
LAM-HYDRO-HBT ), the maximum particle number is estimated
y dividing the maximum subhalo mass (accounting for all particle
ypes) by the DM particle mass, N 

max 
part, subhalo ≈ M 

max 
part, subhalo /m part .

his provides a lower limit that does not bias the results. Each colour
epresents a different merger tree catalogue, while the vertical lines
ark the resolution limit for each of them. Plus, in Fig. A2 , we show
 version of Fig. 6 that replaces the x -axis with the subhalo mass. 

The most noticeable trend is that more massive structures are more
rone to mass-swapping across all catalogues, especially those with
aximum particle numbers abo v e 10 3 . These high-particle-number

tructures may, ho we v er, hav e faced numerical issues when they were
ess massi ve, having gro wn in mass since then. Broadly, we find more
han half of the branches more massive than 10 3 particles are affected
y mass-swapping events. The exception is HBT-HERONS , which
dopts a history-space approach based on tracking particles between
napshots, ef fecti vely minimising this artefact. Nevertheless, the
eak of affected main branches for the HBT catalogues still occurs
t the high-mass end. 

The general trend for the non- HBT cases is similar, but the
hapes of the curves differ for the different codes employed. The
EDI-SURFS catalogue behaves similarly to the FLAM-DM-VR

nd FLAM-HYDRO-VR catalogues because they share the same
alo finder ( VELOCIRAPTOR ), which indicates the issues stem
nitially from the structure-finding step. This interpretation is further
upported by the difference with PMILL , which follows a distinct
rend as a result of using SUBFIND . Configuration-based algorithms
n principle struggle more to separate structures in dense environ-

ents, but in this case, they show fewer affected massive branches.
his discrepancy may arise from the varying definitions of central
ubhaloes between the codes, with VELOCIRAPTOR also identifying
emnants of mergers as satellite subhaloes, reallocating particles from
he central subhalo accordingly. 

The hydrodynamical runs, although having fewer extreme cases
nd fewer in number as stated before, show that the fraction of
ranches affected by mass-swapping is larger for the catalogues
rocessed with both VELOCIRAPTOR and HBT-HERONS than for
M-only in Fig. 6 , and the median values correspond to fewer
assive branches in Table 3 . While DM-only runs may exhibit
ore mass-swapping events, these tend to occur repeatedly on the

ame branches due to less strong gravitational potentials. In contrast,
ranches in hydrodynamical runs are more susceptible to mass-
wapping since the centre of the host haloes is denser due to the
tronger clustering, making the particle assignment o v er different
ubhaloes more challenging. 

.2 Massi v e transients 

.2.1 Definition 

he second type of artefact we observe in the MAHs of the main
ranches is the sudden appearance of subhaloes with an unexpect-
dly high number of particles. Typically, bound structures are first
dentified by the codes described in Section 2.1 , when they consist
f around 20 particles. Ho we ver, there are cases in which structures
re detected for the first time with hundreds or even thousands of
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Table 3. Statistics of numerical artefacts. N mb : the number of main branches or central subhaloes at z = 0 whose merger trees we track; ˜ x ( M 

max 
subh ): median 

maximum mass for all main branches in M �; ˜ x ( N 

max 
p , subh ): median maximum particle number for all main branches; f s : fraction of main branches affected by 

mass-swapping in %; ˜ x ( M 

max 
subh , s ): median maximum mass for main branches affected by mass-swapping in M �; ˜ x ( N 

max 
p , subh , s ): median maximum particle number 

for main branches affected by mass-swapping; f t : fraction of main branches affected by massive transients in %; ˜ x ( M 

max 
subh , t ): median maximum mass for main 

branches affected by massive transients in M �; ˜ x ( N 

max 
p , subh , t ): median maximum particle number for main branches affected by massive transients; f art : fraction 

of main branches affected by either mass-swapping or massive transients in %. 

Catalogue N mb ˜ x ( M 

max 
subh ) ˜ x ( N 

max 
p , subh ) f s ˜ x ( M 

max 
subh , s ) ˜ x ( N 

max 
p , subh , s ) f t ˜ x ( M 

max 
subh , t ) ˜ x ( N 

max 
p , subh , t ) f art 

/M � /% /M � /% /M � /% 

FLAM-DM-VR 54 348 687 6.6 ×10 10 78 9.7 3.2 ×10 11 383 0.13 4.0 ×10 12 4725 9.8 
FLAM-HYDRO-VR 63 442 932 5.1 ×10 10 72 10 1.9 ×10 11 266 0.10 1.3 ×10 12 1864 10 
FLAM-DM-HBT 53 941 906 5.3 ×10 10 63 1.8 1.4 ×10 11 162 7.4 ×10 −5 6.1 ×10 13 72 301 1.8 
FLAM-HYDRO-HBT 61 092 496 4.0 ×10 10 48 2.5 8.8 ×10 10 104 3.5 ×10 −4 4.3 ×10 13 51 640 2.5 
PMILL 4 295 458 7.8 ×10 9 50 12 3.3 ×10 10 211 0.15 5.5 ×10 11 3545 12 
MEDI-SURFS 5 311 603 1.8 ×10 10 55 12 5.4 ×10 10 166 0.14 1.5 ×10 12 4589 12 
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articles. Throughout this paper, we refer to these structures as 
assive transients. An example of a massive transient is shown in 

range in the top panel in Fig. 4 . Initially, there is a structure (depicted
n blue) that grows in mass smoothly, but it abruptly disappears at
 late cosmic time (in this case around lookback times ≈ 8 Gyr)
fter being redefined as a satellite subhalo of a new central subhalo.
his new subhalo branch emerges for the first time with a very
igh mass, � 10 12 . 6 M �, and corresponds to the final main branch.
uch structures are not expected to appear in the current model of
tructure formation, thus they represent a non-physical numerical 
rtefact resulting from the combination of halo-finding and tree- 
uilding 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 
ndicative of numerical inaccuracies, is somewhat ambiguous and 
ot straightforward. We decide to use the standard deviation of the 
article number at birth for all main branches in the catalogue at
ach specific snapshot, σ ( N 

birth 
part, subhalo , z), to define it. We flag as

umerical artefacts subhaloes born with a particle number exceeding 
he threshold: 

 

birth 
part, subhalo > max (10 N 

min 
part, subhalo , 3 σ ( N 

birth 
part, subhalo , z)) (4) 

hich means the particle number must be either abo v e three times the
tandard deviation at each snapshot or exceed one order of magnitude 
bo v e the minimum particle number required to detect a subhalo. This
pproach helps a v oid considering very low values for the standard
eviation at high- z when the Universe is not dense enough to form
 ery massiv e objects. 
We tested other arbitrary threshold values for the particle number at 

irth, such as 100, 200, 1000, or 3 σ ( N 

birth 
part, subhalo ) globally regardless

f the snapshot. The results were practically the same in all these
ariations. Therefore, we prefer a z/time-dependant threshold that 
as a more meaningful physical interpretation. 

.2.2 Characterization 

aving established the transient definition, we examine their time 
istribution in Fig. 5 for all catalogues. We generate a 2D histogram of
he particle number at birth for all main branches in the catalogues as a
unction of the lookback time/redshift. Subhaloes that fall within the 
haded area in this panel are considered transients according to our 
efinition, with the solid black line indicating the boundary defined 
n equation ( 4 ). For comparison, the black dashed line represents
 σ ( N 

birth 
part, subhalo ) globally across the entire redshift range, dominated 

y the large number of subhaloes at low- z. Additionally, a dotted
lack line marks the minimum particle number required to detect a
ubhalo. 1D projected histograms for the particle number and the 
ookback time/redshift are included on the right and bottom panels, 
espectively. 

Across all catalogues, we find most subhaloes are born with ≈
0 –10 2 particles and massive transient occurrences are more common 
t smaller lookback times, where there are very dense environments 
nd the post-processing codes used to find and track bound systems
ncounter difficulties (Behroozi et al. 2015 ). The trends for the
assive transients are similar to those observed for mass-swapping. 
ore extreme cases are found in the PMILL , FLAM-DM-VR, and

LAM-HYDRO-VR catalogues. In PMILL , a significant number of 
ubhaloes emerge with around 10 6 particles or more at lookback 
imes < 10 Gyr, while in FLAM-DM-VR and FLAM-HYDRO-VR 

he most extreme transients have 10 4 particles, with a few cases
ith higher particle numbers, but they only appear at lookback times
 8 Gyr. SUBFIND exhibits more transients than VELOCIRAPTOR 

s configuration-based codes struggle to distinguish very nearby 
bjects. If subhaloes are temporarily split off from the bulk of the
ass, D-TREES , which track the most bound particles of subhaloes,
ay mistakenly identify a ne w massi ve subhalo with no progenitors.
The MEDI-SURFS catalogue shows similar results, though less 

xtreme: subhaloes appear with around 10 3 . 5 particles in the worst 
ases. D-TREES and TREEFROG may skip snapshots to connect 
ubhaloes across time when it is unnecessary . Interestingly , the
ashed line indicating 3 σ ( N 

birth 
part, subhalo ) is higher than in other runs,

uggesting that subhaloes tend to form with a larger variety of particle 
umbers in this catalogue. The most notable result comes from the
BT -related catalogues, where massive transient subhaloes are rare 

nd flagged subhaloes have roughly 10 2 particles. Most subhaloes 
ppear with a reasonable particle number, highlighting that HBT- 
ERONS ef fecti vely reduces this artefact thanks to its history-space

lgorithm, as pointed out in previous studies (Srisawat et al. 2013 ;
vila et al. 2014 ; Behroozi et al. 2015 ; Wang et al. 2016 ). 
The thresholds defined in equation ( 4 ) generally show larger values

t lower lookback times. However, the PMILL catalogue deviates 
rom this pattern, as there is a significant population of subhaloes born
ith a high number of particles around lookback times ≈ 8 –10 Gyr,
hich then decreases up to the present day. A similar population

s observed in FLAM-DM-VR , though it is o v ershadowed by the
resence of massive structures born at very low- z. This may indicate
n increase in merging activity around z ≈ 1 –2, which agrees with
esults from other simulations showing that merger activity peaks 
t that cosmic time (Bertone & Conselice 2009 ). Besides, looking
t the 1D histograms on the right side, it is interesting that the
referred particle number at birth for subhaloes usually falls in 
MNRAS 539, 776–807 (2025) 
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M

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, ho we v er the y are not. The black dots show the snapshots 
at which each structure is defined as being central. 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 describes that at z 1 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. 
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he second least massive bin rather than the smallest, except for
EDI-SURFS . 
In the catalogues involving hydrodynamics, the 2D maps in Fig. 5

ook very similar to the DM-only cases, with the exception that
he FLAM-DM-VR case has slightly more extreme transients than
LAM-HYDRO-VR . The discrepancy may arise from the weaker
ravitational potentials in the DM-only case, which can cause a
tructure to split between the core and its outskirts (ejected cores in
g. 1 in Poole et al. 2017 ). 
NRAS 539, 776–807 (2025) 
.2.3 Quantification 

s a result of defining this numerical artefact, we can quantify how
ransients impact each of the catalogues. Table 3 summarizes the
umber fraction of main branches affected by this issue: values
re around 0.1 per cent for all catalogues, except for the HBT -
elated catalogues, which exhibit significantly better performance
ith fractions several orders of magnitude lower. While o v erall

he problem of massive transients is less severe than that of mass-
wapping, the main branches impacted by transient events tend to
e the most massive ones, as indicated by the median maximum
article number for the affected branches (abo v e 10 3 particles). Thus,
t is crucial to consider them when analysing massive structures.
hese most massive branches are likely impacted because numerical
isidentification occurs in the densest environments, which are more

usceptible to major merger events (Behroozi et al. 2015 ). 
Less massive subhaloes, which are more often affected by mass-

wapping, seem to a v oid this issue. Ho we ver, there is a bias by
onstruction introduced by the definition of transients as massive
tructures. The most extreme case is found in the HBT -related
atalogues, where the median maximum particle number along
he main branch evolution exceeds 10 4 particles. Most of these
BT-HERONS subhaloes initially emerge in the simulation with
 relati vely lo w particle number ( ≈ 200), as sho wn in the Fig. 5
iddle column panels at z > 3. Over time, ho we ver, they gro w

n mass accordingly, eventually reaching a much higher particle
umber. 
The central panel of Fig. 6 describes the number fraction of main

ranches affected by transients as a function of the maximum number
f particles along the main branch. The same comparison is illustrated
n Fig. A2 as a function of the subhalo mass. Again, it is evident that
his second type of artefact is less severe than the mass-swapping,
ut remains significant for the more massive subhaloes. It affects
round 20 per cent of the main branches at the high-mass end for
he PMILL , FLAM-DM-VR, and MEDI-SURFS catalogues; while it
as a little effect on the HBT -related catalogues. The abrupt jump in
he FLAM-DM-HBT curve around 10 6 particles is due to the small
umber of statistics – only one subhalo falls within that bin (this
ubhalo emerges early in time at z ≈ 10 with about 200 particles, just
bo v e the defined threshold, and then grows in mass accordingly).
he results for FLAM-HYDRO-VR fall between these 2 regimes. 
The PMILL and FLAM-DM-VR catalogues exhibit similar curves,

oth making use of the D-TREES + DHALO tree-building codes
transients have been reported for this combination of codes in fig. 8
n Wang et al. 2016 ). This could suggest that the tree builder primarily
ddresses this issue. Algorithms with patching mechanisms which
ink structures separated by more than one snapshot in time alleviate
hese transient cases (Srisawat et al. 2013 ), although they are still
resent. Plus, the MEDI-SURFS catalogue demonstrates a distinct
erformance, likely due to its different tree builder (the halo finder
sed is VELOCIRAPTOR as in FLAM-DM-VR ). Overall, it is clear
hat HBT-HERONS manages these structures more ef fecti vely. 

Examining the diagnostics plots in Fig. 6 or the statistics in Table 3 ,
t is apparent that comparing the FLAM-DM-VR catalogue to the
LAM-HYDRO-VR one, the hydrodynamical run suffers less from

his second artefact. The increased clustering of particles produces a
eeper gravitational potential and less dispersed material that can be
jected from the core of the central subhalo. In that case, it appears
hat the transients are impro v ed when adding baryons. Conversely,
he HBT -related catalogues have the opposite behaviour, with the
ydrodynamical run being more affected. This is, in principle, related
o its history-based method of tracking particles. 
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(a) (b) (c)

(e)(d) (f)

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 3 σ ( N 

birth 
part, subhalo , z) defined in equation ( 4 ) (solid line). A dotted 

line represents the minimum particle number for a subhalo to be detected ( N 

min 
part, subhalo ), whereas a dotted line shows 3 σ ( N 

birth 
part, subhalo ) globally. 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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Table 3 also presents the fraction of main branches affected by 
ither of the two artefacts investigated – mass-swapping and massive 
ransients – , while the right panel of Fig. 6 exhibits the fraction of
ain branches affected by either artefact as a function of the maxi-
um subhalo particle number. The results closely resemble those for 
ass-swapping, as transients affect a very small number of branches. 
MNRAS 539, 776–807 (2025) 
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M

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 2 . 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. 
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n summary, these numerical issues affect about 10 per cent of all the
ain branches in non-history-based codes, whereas the fraction is

educed to about 2 per cent for HBT -related catalogues. The fraction
ncreases significantly at the high-mass end, reaching o v er 50 per cent
or subhaloes with more than 10 3 particles in the former and around
0 per cent for the most massive subhaloes in HBT-HERONS . It is
mportant to note that these two types of artefacts are connected,
s the results do not change substantially when considering them
ogether. Main branches flagged as problematic are often affected
y both of them simultaneously. As noted in previous works (e.g.
risawat et al. 2013 ; Avila et al. 2014 ), the numerical artefacts studied

n this paper can not be attributed to a single post-processing step,
ather they result from the combination of halo/subhalo-finding and
ree-building. 

In general, resolution plays a critical role in all of the results
resented. Artefacts typically arise due to the difficulty of assigning
articles to structures within very dense environments. In such a way,
ncreasing the particle resolution would push these issues to earlier
napshots in time, since these higher-density conditions would form
arlier, challenging post-processing codes even further. That is the
eason why we present our results as a function of the number of
articles instead of mass to remo v e this dependenc y. In Appendix A1 ,
e analyse small cosmological boxes to pro v e that the numerical

ssues arise in subhaloes with abo v e 10 3 particles, independently of
he mass resolution and the number of snapshots. This shows that our
nalysis is not biased by the use of simulations with varying features.
urthermore, in Appendix A2 , we use these same test boxes to show

hat numerical artefacts are more likely to arise in structures situated
n denser environments. By analysing environmental and merger
istory metrics, we demonstrate that affected subhaloes reside in
enser regions and have more complex merger histories. 
NRAS 539, 776–807 (2025) 

 For the hydrodynamical runs N 

max 
part, subhalo ≈ M 

max 
part, subhalo /m part , where the 

aximum subhalo mass is accounting for all the particles independently of 
heir nature (DM or baryons), while m part is the DM particle mass. In such a 
ay, N 

max 
part, subhalo is an approximate estimate that works as a lower limit since 

he baryonic particles are less massive. 

c  

p
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F  

b  

s  
.3 Impact on galaxy formation models 

fter characterizing and quantifying the numerical artefacts affecting
erger trees in a range of catalogues, we e v aluate the impact they

ave on the predictions made by SAMs. To do this, we run both
HARK and GALFORM on the highly artificially affected FLAM-DM-
R catalogue to determine whether these artefacts propagate into

he galaxy predictions. Since each code computes galaxy properties
ased on different merger tree information ( SHARK uses primarily
ubhalo data, while GALFORM relies on host halo information), this
nalysis allows us to evaluate how varying baryonic treatments
nfluence the propagation of these artefacts. We focus on main
ranches that had been flagged as suffering from mass-swapping
r transient events and, for simplicity and efficiency, we select the
entral galaxies hosted by the problematic main branches. 

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

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

.3.1 Mass-swapping 

ig. 7 presents the MAHs in the first row for two example main
ranches affected by mass-swapping, with their predictions in the
ubsequent 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. 
F irst r ow : 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. 
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vents occur just in the first row, with the most e xtreme ev ent marked
y a more opaque line in all the rows: one occurs at z < 1 for the first
olumn and another at z > 1 for the second. The main conclusion is
hat significant subhalo mass changes (shown in red) are associated 
ith non-physical alterations in the galaxy properties for SHARK . The 
roperties influenced by these subhalo changes in SHARK include: 

(i) Gas disc size : Abrupt changes in the gas disc size are seen in
he second row since the subhalo maximum circular velocity, V max , 
sed to calculate this property, is affected by the artefacts as well. A
ess massive subhalo results in a lower velocity profile, which leads 
o a more extended disc, and vice versa. 
t
(ii) SFHs : A large decrease in subhalo mass is accompanied by
 significant drop in the star formation rate (SFR) in the third row.
he star formation in the disc decreases as the cold gas becomes

ess dense due to the disc being more extended (lower gas surface
ensity translates to lower integrated molecular gas masses). A milder 
mpact is observed on the SFR associated with starbursts, triggered 
y mergers or disc instabilities. 
(iii) BHAHs : Both BH accretion modes are similarly affected 

n the fourth row, as they depend on the subhalo maximum circular
elocity , V max . Consequently , there is a correlated drop in their values.
ith the gas becoming more extended, less material is accreted onto
MNRAS 539, 776–807 (2025) 

he central BH. 
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We emphasize that even inherently more robust subhalo properties,
uch as the maximum circular velocity, V max , which primarily probes
he inner core of the subhalo and is less sensitive to changes in mass,
re still affected by these issues. As a result, these effects propagate
o the derived galaxy properties. Other galaxy properties in SHARK

uch as the disc and bulge gas mass, the atomic and molecular gas
ass or the reheated mass from SNe are also impacted accordingly. 
The right panel of Fig. 7 shows the main branch evolution predicted

y GALFORM for central galaxies associated with the same central
ubhaloes selected at z = 0. At first, we notice the MAHs in the top
anels do not exhibit mass-swapping. This is because GALFORM uses
ost halo masses instead of subhalo masses, with the host halo mass
epresented constrained to grow (light grey lines). Additionally, other
ost halo properties, such as circular velocity V vir , halo concentration
, and spin λ (except for mass M halo and radius r vir ) used to compute
alaxy properties, are only updated when the host halo mass increases
y a factor of 2 (dark grey lines). Therefore, it is by definition not
ossible to have significant mass decreases, and any non-physical
ass increase typically follows a non-physical mass decrease, so

hey are also a v oided. 
Furthermore, galaxy properties in GALFORM rely on host halo

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

.3.2 Massive transients 

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

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

(ii) SFHs : When the former galaxy merges back with the newly
efined main branch, a non-physical starburst is triggered by the
erger, which produces a peak in the SFR in the third row. 
NRAS 539, 776–807 (2025) 
(iii) BHAHs : The BH accretion acti v ates whene ver there is gas in
he bulge from starbursts, which occurs only after the merger event as
een in the fourth row. Another potential channel of BH accretion is
he hot halo accretion, which also acti v ates after the merger, although
ts contribution is less significant as the BH is not massive enough. 

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

The results for GALFORM , shown in the right panel of Fig. 8 ,
emonstrate that this SAM ef fecti vely copes with transients. This is
ue to its host halo-based methodology, where central subhaloes
ithout a specific main progenitor (transient definition) can be

inked to progenitors from other subhaloes (satellites) within the
ost halo, as the code relies on the host halo merger tree structure
Section 2.3.2 ). As a result, transient events do not propagate into the
redicted properties when there is a main progenitor for the host halo,
s seen in the first row of the GALFORM panels, where the lifetime of
he central galaxies is extended to before the transient emergence, as
ell as in subsequent rows for the galaxy properties. 
Our analysis reveals that artefacts in merger tree data are relatively

ommon depending on the halo/subhalo-finding and tree-building
odes employed and that they can affect the predicted properties of
alaxies hosted by the affected main branches. The impact of these
rtefacts varies depending on the method used to evolve baryons.
AMs that rely on subhalo merger tree information, such as SHARK ,
re highly impacted. In contrast, using host halo information, as in
ALFORM , appears to mitigate the propagation of mass-swapping and

ransient events. This approach models central galaxy properties and
inks galaxies across time using host halo information instead of that
rom the central subhalo (the gravitationally bound DM structure of
he galaxy). Thus, it assumes that central subhaloes and host haloes
re equi v alent, with negligible influence from satellite subhaloes on
he host halo. 

.3.3 Results in the context of other galaxy formation models 

idely used SAMs, such as GAEA (De Lucia et al. 2014 ;
irschmann, De Lucia & Fontanot 2016 ), L-GALAXIES (Guo et al.
011 ; Henriques et al. 2015 ), SAGE (Croton et al. 2016 ), or SAG
Cora 2006 ; Lagos, Cora & Padilla 2008 ), follow a similar subhalo-
ased strategy as SHARK . They also use the SUBFIND code as a halo
nder (along with various tree-building algorithms), which inherits

he merger tree artefacts as shown in Section 3 . It is unclear whether
ll of these codes account for these numerical inaccuracies. There is
ittle information available in the literature: L-GALAXIES imposes
ost halo mass growth (Ayromlou et al. 2021 ) and corrects for
as cooling when a satellite subhalo acquires an artificially central
ierarchy (Henriques et al. 2015 ); SAGE remo v es hot gas from the
ystem when dealing with host halo mass decreases (Croton et al.
016 ); or SAG a v oids using subhalo-specific angular momentum
ue to its noisy behaviour when defining the equi v alent galactic
isc values (Padilla et al. 2014 ). For none of these SAMs, there is
n y e xplicit reference to numerical issues in the merger tree data
or whether any corrections are made. Thus, their predictions may
e affected by the same issues seen for SHARK in Sections 3.3.1
nd 3.3.2 . If that is the case, these codes would benefit from
itigation strategies, such as those introduced in Section 4 . 
Other SAMs, such as SANTA CRUZ (Somerville & Primack

999 ; 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 e xtreme ev ent 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. 
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ify (sub)haloes and construct merger trees, namely ROCK- 
TAR (Behroozi, Wechsler & Wu 2013a ) and CONSISTENT TREES 

Behroozi et al. 2013b ), which are not analysed in this paper.
hese codes detect structures based on phase-space information 
nd link those structures through adjacent snapshots, following 
pproaches similar to those implemented by some methods described 
n Section 2 (Behroozi et al. 2015 ; Wang et al. 2016 ). While the
xact impact of numerical artefacts in these merger trees remains 
ncertain, they seem likely to be affected as well. Moreo v er, since it
s unclear whether these SAMs primarily rely on host halo or subhalo
roperties, the extent of any potential biases is also unknown. If they
re indeed susceptible to similar issues, then they would benefit from
mplementing strategies to correct for them. 

 FIXES  TO  G A L A X Y  F O R M AT I O N  M O D E L S  

he general conclusion from Section 3.3 is that numerical artefacts 
n merger trees propagate into galaxy modelling for subhalo-based 

odels, leading to non-physical changes in the properties of in- 
ividual galaxies hosted by those affected DM structures. Given 
ow predominant artefacts can be, especially for the more massive 
ystems, for some combinations of halo finder and tree builder 
MNRAS 539, 776–807 (2025) 
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M

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 1 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 < z 3 ) uses host halo information from the infall snapshot ( z 3 ). 
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odes, we need a strategy to minimize their impact and improve
he resilience of these SAMs to the numerical issues. In Section 4.1 ,
e detail how to treat the artefacts at the SAM level to prevent their
ropagation, and in Section 4.2 , we explore how their predictions are
odified once these strategies are implemented. 

.1 Merger trees artefact treatment 

e propose changes to the way merger trees are handled in SAMs
o fix or at least minimize the mass-swapping and massive transient
umerical artefacts at the SAM level. These changes are based on
he findings in Section 3.3 , particularly how the different treatments
f baryons in GALFORM and SHARK lead to varying effects of the
rtefacts, as well as on the origin of the artefacts to address them in
erms of the merger tree structure. GALFORM already tries to mitigate
hese issues through the use of host haloes that grow monotonically
n mass, and a scheme for defining central subhaloes (G ́omez et al.
022 ). The proposed fixes are hence demonstrated using SHARK to
 x emplify how the predictions impro v e, but the y can be adapted to
ny SAM based on subhalo properties. 

.1.1 Mass-swapping 

HARK , as outlined in Section 2.3.1 , primarily depends on subhalo
roperties to model baryonic processes. It also builds merger tree
ranches and provides a consistent hierarchy for them, similar
o GALFORM : subhaloes that are central cannot become satellites,
 v oiding a mixing of the central and satellite galaxies when mass-
wapping events occur. This is achieved by identifying the most
assive subhalo for each host halo at the final snapshot of the

imulation and tracing its main progenitors backwards in time. All
hese branches retain central status. This allows us to implement
xes based on the subhalo hierarchy (which is well defined after the
HARK corrections). The steps for addressing mass-swapping cases
re illustrated schematically in Fig. 9 , where the pattern colours
epresent the structures used to define galaxy properties: an orange
olid pattern for the central galaxy hosted by the main branch subhalo
nd a blue-hatched pattern for the satellite galaxy hosted by the
NRAS 539, 776–807 (2025) 
atellite branch. The initial conditions are depicted in Fig. 2 (pre-fix).
he pre-processing applied by the code, which corrects the subhalo
ierarchy, is represented in the middle panel (i), ensuring the orange
ubhalo retains its central status throughout its lifetime. 

On the other hand, GALFORM considers the host halo properties
s the rele v ant ones in the modelling of galaxy properties (Sec-
ion 2.3.2 ), with a halo mass less sensitive to the impact of mass-
wapping events as these happen primarily between subhaloes hosted
ithin the same host halo. Moreo v er, the code constrains host halo
ass growth to be monotonic as SHARK does. This strategy makes
ALFORM more resilient to mass-swapping events as we stated in
ection 3.3.1 . 
With that in mind, we implement in SHARK the same host halo-

ased methodology, which is illustrated as the second step (ii) for
he fix in Fig. 9 . In short, we make the following adjustments: 

(i) Central galaxies : information from the entire host halo, which
s less affected by numerical artefacts than subhalo properties
G ́omez et al. 2022 ), as we can see in the example for individual
alaxies as the light grey lines in Fig. 7 , is used to model the evolution
f central galaxies. The smoother and strictly growing evolution is
lso illustrated schematically in (ii) of Fig. 9 , where the orange
olid pattern represents the properties computed using the entire
ost halo outlined in black. The mass of the satellite subhaloes can
e considered negligible compared to the central subhalo mass (De
ucia et al. 2004 ; Gill et al. 2004 ). 
(ii) Satellite galaxies : satellite subhaloes are also affected by
ass-swapping events, as they can present abrupt mass increases

ue to the temporary change in the central-satellite hierarchy. To
itigate the impact of those changes on the galaxies hosted by

atellite subhaloes, we rely on the host halo properties it had when it
as a central subhalo as done in GALFORM as well (Lacey et al. 2016 ).
pecifically, we use the data from the snapshot just before the subhalo
ecame a satellite (infall), helping a v oid the numerically erroneous
napshots when the structure is misidentified as a central (G ́omez
t al. 2022 ). As shown in Fig. 9 , the blue hatched pattern in (ii)
epresents the structure considered to calculate the galaxy properties
or the satellite galaxy, which remains unchanged after z < z 3 as at z 3 
he 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 
in Fig. 4 , incorporating the definitions involved in equations ( 5 )–( 7 ). i : possible incorrect connections are e v aluated. If the link marked with a blue arrow between 
z 2 and z 1 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 z 1 , the central galaxy hosted by the orange subhalo uses host halo information (solid orange pattern co v ering 
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. 
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s that after infall the subhalo structure changes primarily on the 
utskirts, not affecting properties such as the maximum circular 
elocity ( V max ), concentration, etc. (Ghigna et al. 1998 ). The only
nstance where we choose not to use the infall properties of the haloes
nd instead employ the current subhalo properties is environmental 
rocesses affecting satellite galaxies, such as ram pressure and tidal 
tripping. 

This new implementation of SHARK shares with GALFORM the 
ntermediate step of adjusting the central-satellite hierarchy to correct 
or numerical ef fects. Ho we ver, in GALFORM the subhalo with the
ighest cumulative mass in its past merger tree history, as defined 
t the final snapshot, is identified as central, and this designation is
pplied to all its main progenitors (based on the host halo structure).
pecifically, both SAMs correct in step (i) the hierarchy issues caused 
y DHALO , where the central identifier is assigned to the most
assive structure within each group. This misassignment results in 

entral-satellite swaps, as shown in Fig. 3 , where main branches are
ncorrectly assigned as satellites (indicated by the purple regions in 
he colour maps). The main dif ference, ho we ver, is that SHARK does
ot define ‘halo formation’ events to describe the evolution of the 
M structures for computing certain galaxy properties. As a result, 

he halo mass (and the subhalo mass for the environmental processes
f satellite galaxies) is updated more accurately at each snapshot, 
hough it still assumes that the satellite contribution is negligible. 

The implementation is acti v ated in SHARK by default setting the
ewly defined flag apply fix to mass swapping events to 
rue . After applying the mass-swapping fixes, the left panel of
ig. 11 presents the updated predictions for the same individual 
alaxies of Fig. 7 . We observe that the galaxy properties no longer
xhibit the abrupt changes seen previously at the moments marked by 
he red dashed vertical lines, where mass-swapping events occurred. 
he results now appear physically consistent, with no sudden jumps 

n the gas disc size evolution (unless there are physically moti v ated
tarbursts) and looking at the SFHs or BHAHs independently of the 
onsidered star formation or accretion modes. For satellites, visual 
nspection confirms that the results are similarly reasonable, with 
roperties usually showing declining profiles until the satellite galaxy 
nally merges with the central galaxy in a dynamical friction time-
cale. 

.1.2 Massive transients 

n contrast to GALFORM , SHARK does not have a built-in strategy
o handle massive transients. Therefore, we need to develop a 
ethod to minimize their influence. As in GALFORM , we propose
odifying the merger tree structure directly before populating it 
ith galaxies. Ho we ver, we make these modifications for transient

tructures at the subhalo level, while maintaining the subhalo- 
ased approach. When SHARK constructs the branches, it reconnects 
rogenitor and descendant subhaloes, keeping a consistent subhalo 
ierarchy to define central galaxies appropriately, as explained in 
ection 2.3.1 . As drawn in Fig. 4 , the link of the disappearing main
ranch at the moment the transient emerges (represented by the blue
rrow connecting z 2 and z 1 ) is the critical one. By connecting the
isappearing branch to the definitive main branch (shown in orange), 
e could solve this problem as abrupt changes in subhalo properties

hat can arise when both structures are linked would be assessed by
he mass-swapping fix explained earlier. 

Fig. 10 visually explains how to re-establish the links in the
ain branches affected by transient events. The left panel shows 

he initial conditions for the schematic example in Fig. 4 (pre-fix).
he middle panel indicates that the incorrect connection for the 
ubhalo that ultimately disappears must be severed (marked by a red
ross). The main branch would then be linked to the prior history
f that disappearing branch (i), ideally extending the main branch’s 
ifetime to ensure it reaches a reasonable particle number at birth.
urthermore, after modifying the links, the blue subhalo that ceases 

o have progenitors would be considered a satellite at the moment of
ts birth, meaning it would not host any galaxies. 

This linking modification applies to all the subhaloes belonging 
o main branches flagged as transients. Subhaloes can be flagged as
eing massive transients in SHARK using one of three thresholds (with 
he user having to decide on one): a z-dependant 3 σ ( N 

birth 
part, subhalo , z)

the default adopted in this paper, zdep 3sigma ), but also a con-
MNRAS 539, 776–807 (2025) 
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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 to massive 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 f u sb = 0 . 7 
transient gainedmass ratio low f mb 

l = 0 . 1 
transient gainedmass ratio up f mb 

u = 3 . 0 
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tant value of 10 N 

min 
part, subhalo ( const 10minpart ) or 200 particles

 const 200 ). The user can choose among these options using the
arameter define transient in SHARK , as included in Table 4 .
In addition, after flagging a subhalo as a massive transient, we

mpose several conditions that must be satisfied before breaking a
ink and creating a new one: 

M 

mb 
transient > M 

sb 
subhalo (5) 

M 

sb 
subhalo < f sb 

u M 

sb 
main progenitor (6) 

f mb 
l M 

sb 
main progenitor < M 

mb 
transient < f mb 

u M 

sb 
main progenitor (7) 

Following equation ( 5 ), a link is severed if the transient subhalo
s more massive than the subhalo belonging to the disappear-
ng branch. Equations ( 6 ) and ( 7 ) introduce some free parame-
ers to make sure the new connection is smoother in terms of

ass gained/lost for both the disappearing and main branches.
pecifically, equation ( 6 ) constrains the mass loss between z 2 
nd z 1 for the disappearing branch to determine if it is large
nough to be considered non-physical (with f sb 

u defined as tran-
ient lostmass ratio in the code). Meanwhile, equation ( 7 )
 v aluates whether the mass change in the newly created link results
n an unreasonable mass decrease (lower limit f mb 

l referred to as
ransient gainedmass ratio low ) or increase (upper limit
 

mb 
u referred to as transient gainedmass ratio up ). The
alues assigned to the parameters involved in equations ( 5 )–( 7 ) are
ompiled in Table 4 . Several alternative values were tested with no
ignificant difference found. 

When these criteria are not fulfilled, the main progenitor flag for
he transient is at least remo v ed and re-e v aluated for the most massive
tructure in the host halo. Consequently, there could still be a fix
etween z 1 and z 0 if there exists a more massive subhalo belonging
o the host (in case the blue subhalo at z 1 is more massive than the
range transient in Fig. 10 ). This is because the pre-processing fixing
he subhalo hierarchy in SHARK would extend the main branch’s
ifetime, connecting the orange main branch at z 0 to the blue satellite
t z 1 . The flag apply fix to massive transient events
n SHARK is set to true , enabling to apply the transient adjustment.

Fig. 11 displays in the right panel the updated predictions for
he same individual galaxies shown in Fig. 8 once the changes to
lleviate the presence of massive transients are applied. By linking
NRAS 539, 776–807 (2025) 
ransient structures using a subhalo-based method that follows
ubhalo branches – rather than relying on host halo information,
s in GALFORM – we successfully extend the lifetimes of the main
ranches beyond the previous lookback times/redshifts, as indicated
y the dashed vertical green lines. The subhaloes now emerge at
he initial snapshots of the simulation with a much lower number of
articles. As a result, there are no artificial starbursts or abrupt build-
ps of other properties for them. Plus, due to the mass-swapping fix,
he galaxy properties in these transient branches are now computed
sing a host halo-based approach. 
To statistically quantify how many transients are fixed, we analyse

he FLAM-DM-VR merger tree catalogue post-processed by SHARK .
ig. 12 presents a histogram showing the particle number at birth
or subhaloes belonging to main branches, comparing the results
efore (black line) and after (limegreen line) the fixes were applied.
he total number of main branches remains identical for both cases
 ≈ 10 7 from Table 3 ). The shaded areas co v er subhaloes classified as
ransients in each of the runs, with the pre-fix version in grey and the
pdated version in a solid lime-green pattern. We observe at least a
 de x impro v ement in each mass bin populated by transients, falling
ithin the shaded re gions. These re gions are delimited by a dotted
ertical line indicating the minimum particle number for a transient,
s defined in equation ( 4 ). 

The impro v ement is particularly noticeable in the bottom panel,
here the ratio between the new and old results is plotted, high-

ighting the ≈ 10 per cent values in the high-mass regime (particle
umber abo v e 10 3 ). Between the v ertical dotted – indicating the
inimum particle number required to detect a structure – and dashed

ines, there can not be impro v ements by definition, but also as
ransients that are fixed now emerge with a particle number in that
ange, the ratio can exceed one. The ratio of transients between the
haded areas is also illustrated by the lime-green solid pattern in the
ottom panel. 
Additionally, the green hatched pattern region in Fig. 12 highlights

ransient subhaloes that are particularly challenging to address due
o their pathological nature. These cases can be divided into 2
ain categories to deal with: (i) massive transients showing up as

solated haloes, making it difficult to connect them to any previous
tructure using the approach described in Section 4.1.2 unless we
ake into account spatial information – an aspect not addressed by
he GALFORM approach either; or (ii) transient subhaloes closely
ssociated with interpolated subhaloes – artificially created by the
erger tree builder algorithms to link structures separated by multiple

napshots in time, often due to the misidentification of nearby
tructures. This second category collects transients’ descendants
hich share the host halo with structures that, at the snapshot
hen the transient emerges, are either interpolated subhaloes or are
osted by them. Most of the transients that remain unfixed by our
mplementations lie in this pathological regime as shown in both the
op and bottom panels. 

Table 5 provides the statistics for massive transients in the spe-
ific case of the FLAM-DM-VR merger tree catalogue, comparing
umbers before and after these fixes are applied. We can observe
hat the total number of massive transients is successfully reduced
o 23 per cent, or 9 per cent when excluding pathological cases.
his success is further highlighted by the reduction in the median
article number at birth for these transient objects, indicating that
he high-mass end of subhaloes emerging as transients has been
f fecti vely addressed. In some cases, a subhalo’s lifetime may have
een extended, but not enough to a v oid classification as numerically
ncorrect. Plus, the value for 3 times the standard deviation of the
article number at birth, 3 σ ( N 

birth 
part, subh ), 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. 
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ust transients) has decreased, even though the total number of main 
ranches is significantly larger than the transient ones (3 dex). 
In short, after applying the fixes for both the mass-swapping and 

he massive transients inherited by the merger tree catalogues due to 
he structure-finding and tree-building post-processing algorithms 
he galaxy properties evolve smoothly and are significantly less 
ffected by them. While the merger tree data used as input may
ot be entirely accurate, we have proposed an approach to generate 
eliable predictions for galaxy properties when running SAMs. This 
trategy has been applied to these types of models, but it could be
eneralized for any kind of galaxy formation and evolution models. 
o facilitate its adoption, a pseudo-code for each implementation is 
rovided in Appendix D , which can be used by other subhalo-based
AMs. 

.2 New model predictions 

sing SHARK we compared the predictions of the SAMs before 
nd after applying the fixes described in Section 4.1 for individual
alaxies affected by numerical artefacts. Ho we ver, SAMs are most
f fecti ve when used to generate statistical results for comparison
ith observations or testing physics models describing baryonic 
MNRAS 539, 776–807 (2025) 
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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 t : number of 
massive transients; f unfixed : fraction of massive transients that remain unfixed 
compared to the pre-fixed values (and when excluding non-pathological 
cases) in %; ˜ x ( N 

birth 
p , subh , t ): median particle number at birth for massive 

transients; and 3 σ ( N 

birth 
p , subh ): 3 times the standard deviation of the particle 

number for all main branches at birth. 

Catalogue N t f unfixed ˜ x ( N 

birth 
p , subh , t ) 3 σ ( N 

birth 
p , subh ) 

/% 

Pre-fix 71 826 - 1015 402 
Fix 16 821 23 638 254 
(Non-pathol.) (6505) (9) - - 
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rocesses. Thus, we aim to assess how the statistical observables
re impacted by the artefacts characterized in Section 3 . We present
he combined impact of both artefacts, as the massive transients alone
o not cause a substantial ef fect, gi ven that only a few branches are
ffected by them. This also serves as a sanity check to validate the
esults for both central and satellite subhaloes, as well as central and
atellite galaxies. Since the parameter values in SHARK are calibrated
ith the fixes enabled (Appendix B ), we run the code with and
ithout the flags in Table 4 . 
We run SHARK on the FLAM-DM-VR catalogue and show how

he predictions change for it since this catalogue is highly affected
y the issues. Simultaneously, we run SHARK o v er the more accurate
LAM-DM-HBT catalogue. We maintain the same calibration of
HARK parameters in all cases, despite using different catalogues, in
rder to completely isolate the effect of the artefacts at the merger tree
evel. This ensures that no potential degeneracies are introduced due
NRAS 539, 776–807 (2025) 
o differences in the modelled physics at the SAM level, aligning with
he paper’s goal of providing as robust predictions as possible. None
he less, we tested whether keeping the same calibration affected the
esults by visually inspecting how much the z = 0 SMF (which is the
eference to calibrate SHARK ) changed when using different subhalo
nd merger tree catalogues, and found negligible differences. 

The comparison between the FLAM-DM-VR and FLAM-DM-
BT runs is presented in Appendix C , where we provide a fair

omparison between the predictions for both catalogues and assess
he magnitudes of their difference. We pro v e the modelled galaxy
roperties are very consistent despite variations in the underlying
erger tree catalogues once the catalogues are fixed, which is in

greement with G ́omez et al. ( 2022 ). This supports the argument
hat the fixes should al w ays be applied, regardless of the merger
ree catalogue used, even for less-affected catalogues, as noticeable
ifferences still exist that need to be addressed. 
We look particularly into observables related to the galaxy prop-

rties most affected by these artefacts in Section 3.3 (star formation,
H accretion, and disc size) o v er the full range of galaxy scales.
irst, we examine how the numerical fixes statistically propagate

hrough cosmic time by analysing the evolution of the SFRs and BH
ccretion rates. In Fig. 13 , we show the median SFHs and BHAHs for
ll progenitors across different stellar mass bins at z = 0, regardless
f whether the galaxies are central or satellite. Dotted lines represent
he predictions without the fixes, while solid lines show the new
esults. The ratio between them is computed in the bottom panels.
he discontinuities that appear in both panels at z = 3 and z = 5 are
ue to the change in cadence between snapshots in the FLAMINGO
imulation. 

On the left panel, we observe minimal changes in the SFH for the
owest mass bins, while more massive bins show an increase in SFRs
t z � 2 (the higher the stellar mass, the higher the difference between
he two runs). The fixes address non-physical drops (previously
hown in Fig. 7 ) caused by the mass-swapping events, as well as
emo v e artificial starbursts from massive transients (as seen in Fig. 8 ).
o we ver, since transient events are relatively rare, the net effect is an

ncrease in SFR, except for a slight decrease around lookback times
11 Gyr, where star formation activity peaks for all mass bins. As

 xpected, more massiv e systems, which reside in larger subhaloes,
xhibit the most significant differences. 

The right panel of Fig. 13 shows the median BHAHs, which are
imilarly affected regardless of the stellar mass bin. This suggests
n interesting global reduction in accretion via the starburst mode
etween lookback times = 6 − 12 Gyr, consistent with the decrease
n starburst activity at lookback times ≈ 11 Gyr. Although the

assive transients are not fully resolved with our implementations,
hey no longer drive so many artificial starbursts, leading to a
oticeable reduction in accretion. The lower BH accretion rates are
ikely the cause of the slightly ele v ated SFRs in massive galaxies as
GN feedback becomes weaker. 
Next, we e v aluate predictions for the entire galaxy population

cross different redshifts. Fig. 14 shows the SFR-stellar mass plane
t z = 0 , 1 and 2 with median values represented by solid lines and
tandard deviations as shaded areas, comparing the predictions from
oth runs (pre-fix and fix) alongside observational data. The ratio
f the median values is shown in the bottom panels. The corrected
redictions indicate higher SFRs for more massive galaxies, as the
xes eliminate the non-physical drops caused by numerical artefacts
particularly in systems with stellar masses abo v e 10 11 M �. The

pdated predictions align more closely with observations at various
osmic times, particularly with the data points for massive galaxies
rom Terrazas et al. ( 2017 ). We notice, ho we ver, that e ven with
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Figure 13. Left panel : median SFHs for several stellar mass bins at z = 0 (in different colours) considering all the galaxies modelled by SHARK o v er the 
FLAM-DM-VR catalogue, indicating the predictions before (dotted lines) and after (solid lines) applying the numerical artefact fixes. The ratio between both 
runs is shown in the bottom panel. Right panel : same but for the median BHAHs. 

Figure 14. SFR versus stellar mass plane at different redshifts ( z = 0 , 1 , 2) predicted by SHARK o v er the FLAM-DM-VR catalogue before (black line) and 
after (sky-blue lines) applying the numerical artefact fixes. Solid lines indicate median values, while shaded regions represent the standard deviation (16th–84th 
percentiles). In the corresponding bottom panels, the ratios of the median values between both runs (pre-fix and fix) are sho wn. Observ ational data from Terrazas 
et al. ( 2017 ), Bellstedt et al. ( 2020 ), and Popesso et al. ( 2023 ) are included. 
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he higher SFRs, these massive galaxies are well below the main 
equence (by > 1 dex), and would be safely considered as being
assive. At higher redshifts, both the corrected and uncorrected 
redictions converge, as numerical artefacts are more prominent 
t lower redshifts. Dense environments, which challenge structure- 
nding and tree-building algorithms, are more common in the low- 
edshift Universe. Notably, the scatter in the SFR-stellar mass plane 
s reduced after applying the fixes, particularly at stellar masses 
MNRAS 539, 776–807 (2025) 
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Figure 15. Stellar disc size versus stellar mass relation at different redshifts ( z = 0 , 1 , 2) predicted by SHARK for galaxies with M � , disc /M � > 0 . 5 o v er the 
FLAM-DM-VR catalogue before (black line) and after (sky-blue lines) applying the numerical artefact fixes. Solid lines indicate median values, while shaded 
regions represent the standard deviation (16th–84th percentiles). In the corresponding bottom panels, the ratios of the median values between both runs (pre-fix 
and fix) are shown. Observational data from van der Wel et al. ( 2014 ); Lange et al. ( 2016 ) are included. 

�  

d
 

d  

c  

m  

p  

p  

n  

j  

a  

f  

r  

s  

g
 

o  

g  

2  

m  

p  

a  

r  

m  

1  

i  

t  

e  

l  

a  

g  

w  

e  

2  

�  

K

5

I  

i  

f  

p  

e  

c  

s  

o  

i  

a  

w  

l  

w  

p  

 

a  

a  

t  

c  

s  

i  

s  

n  

s  

S
 

i  

b  

T  

r  

p  

p  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/539/2/776/8101536 by guest on 26 January 2026
 10 10 M �, as shown by the shaded regions representing the standard
eviation. 
Fig. 15 presents the stellar disc size-stellar mass relation for disc-

ominated galaxies ( M � , disc /M � > 0 . 5) at different cosmic times
ompared to observational data. Similarly, solid lines represent
edian values, while the shaded areas indicate the scatter. The bottom

anels display the ratio between both median values. The corrected
redictions reveal that the most massive discs (above ≈ 10 9 M �) are
o w relati vely smaller because the fixes eliminate non-physical size
umps caused by mass-swapping events. This improvement holds
cross all redshifts and results in a better match with the observations
rom der Wel et al. ( 2014 ). Furthermore, the scatter is significantly
educed across the entire mass range, resulting in a decrease in the
tochasticity of the predictions and enhancing the ability to constrain
alaxy properties. 

To sum up, the variations produced by the artefacts exceed a factor
f 3 at the high-mass end – a discrepancy larger than the offsets in
alaxy properties caused by different DM merger trees (G ́omez et al.
022 ) or variations in the implemented physics of galaxy formation
odels (Knebe et al. 2015 ). The paper aims to produce robust

redictions, thus our primary concern is not how well the observables
re reproduced. The key point is that, regardless of the simulation’s
esolution, the statistical predictions for observables in the most
assive systems (galaxies whose DM-counterparts contain at least

0 3 particles) will inevitably inherit the numerical artefacts discussed
n this paper. Therefore, addressing these numerical issues is essential
o obtain reliable predictions from SAMs, especially at the high-mass
nd, irrespective of the specific mass range involved. Achieving this
evel of reliability is crucial for making robust interpretations from
 computational perspective. This is particularly rele v ant gi ven the
rowing focus on massive galaxies following recent observations
ith the JWST , e.g. the detection of massive galaxies at z > 7 (Labb ́e

t al. 2023 ) and massive-quenched galaxies at z > 3 (Carnall et al.
023 ; Glazebrook et al. 2024 ), which seem to be in tension with the
 CDM model, as these objects likely formed at z > 10 (Boylan-
olchin 2023 ). 
NRAS 539, 776–807 (2025) 
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 C O N C L U S I O N S  

n this paper, we conduct a detailed analysis of the numerical
ssues that affect merger tree data, which arise from the difficulties
aced by post-processing tools that convert simulation raw data into
roducts that allow comparison with observations. Specifically, we
 xamine sev eral merger tree catalogues generated using different
ombinations of these post-processing codes that detect bound
tructures ( ‘halo finder’ ) and link them across the various snapshots
f a simulation ( ‘tree builder’ ). We demonstrate that inaccuracies
n the merger trees propagate into predictions made by semi-
nalytic galaxy formation and evolution models, particularly those
hose baryonic treatment relies on subhalo information and that

ack specific strategies to address these inaccuracies. In our case,
e propose possible implementations to mitigate these effects and
roduce more reliable results. Below we summarize our key findings:

(i) First, we characterize 2 typical numerical artefacts affecting
ll the catalogues, regardless of the combination of halo finder
nd merger tree builder codes used: ‘mass-swapping’ and ‘massive
ransients’ . Mass-swapping occurs when the hierarchy between a
entral and a satellite subhalo reverses during certain simulation
napshots, causing large mass fluctuations as material on the outskirts
s swapped between them (Fig. 2 ). Massive transients refer to
ubhaloes that emerge late in the simulation with a very high
umber of particles, as they are not correctly linked to the previous
ubstructures. We give physical definitions of these artefacts in
ections 3.1 and 3.2 , respectively. 
(ii) Mass-swapping affects around 10 per cent of main branches

n configuration- and phase-space finder codes, as well as tree-
uilder codes that rely on adjacent snapshot information (Table 3 ).
he impact is particularly severe in the intermediate-to-high-mass

ange ( > 10 3 particles), where almost all subhaloes are affected (left
anel of Fig. 6 ). Ho we ver, catalogues processed by HBT-HERONS
erform significantly better with roughly 2 per cent of impacted
ain branches. 
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(iii) Massive transients are less frequent than the mass-swapping 
 vents (af fecting � 0 . 1 per cent of main branches), though they are
till highly prominent among the most massive subhaloes ( > 10 4 –10 5 

articles), where their occurrence reaches ≈ 10 –20 per cent in 
onfiguration-, phase-space, or adjacent snapshot approaches (mid- 
le panel of Fig. 6 ). Again, the HBT -related catalogues show minimal
mpact from these transients ( ≈ 10 −4 % of main branches). 

(iv) These artefacts arise due to difficulties in assigning particles 
o structures in dense environments, thus being more likely to emerge 
or the more massive systems. All the analysed codes struggle 
ith them, independently of their structure finding (configuration-, 
hase-space-, or history-based) and tree-building approach (adjacent 
napshots, or history-based). Ho we ver, we conclude that the history-
ased method used by the algorithm HBT-HERONS , relying on 
emporal information to track which particles belong to which 
ubhalo, is highly ef fecti ve at mitigating these problems. 

(v) The inaccuracies in the merger trees can lead to non-physical 
ffects in the predictions of SAMs, depending on how the mod- 
lling of galaxies is addressed. This is e x emplified using SHARK

subhalo-based) and GALFORM (host halo-based) in Section 3.3 , and 
pecifically placed in a broader context in Section 3.3.3 . As shown in
igs 7 and 8 , artefacts have significant consequences in subhalo- 
ased models for various galaxy properties (e.g. star formation, 
H information, gas sizes), making the predictions less reliable. 

n contrast, a host-halo approach appears to mitigate the propagation 
f these artefacts, as host halo masses are less affected, assuming
hat satellite subhalo properties are negligible. 

(vi) We introduce fixes to SHARK to alleviate the artefacts at the 
AM level in Section 4.1 . Our results show that these fixes suc-
essfully address the treatment for the affected structures (Fig. 11 ), 
eeping their impact as minimal as possible. In addition, the fixes 
llow us to make more reliable predictions for the high-mass end, 
hich can be highly affected by the artefacts, as shown in Section 4.2 ,

nd they are consistent across different underlying merger tree 
atalogues. 

(vii) HBT-HERONS should be the preferred choice for generating 
ccurate merger tree data since it displays a significantly better 
erformance in terms of numerical ef fects, with fe wer and less
xtreme artefacts. Ho we ver, e ven these catalogues still exhibit some
rtefacts, which need to be addressed when modelling galaxy 
roperties via SAMs. The implementations introduced in this paper 
rovide a solution for this. 

Despite having quantified the numerical artefacts mentioned 
bo v e, some uncertainties remain. These artefacts present a persistent 
hallenge for algorithms at both the halo finder and tree builder levels. 
ttempts to resolve these issues have been carried out – by tweaking 
arameters in various codes and imposing additional conditions 
hen making tree connections – yet they remain unresolved. Both 
alo/subhalo-finding and tree-building processes likely play a role in 
he appearance of these artefacts, but it remains unclear whether one 
ype of post-processing code is predominantly responsible. Ho we ver, 
ombining the subhalo-finding and the tree-building into a single 
rocess a v oids most of these issues as is the case for HBT-HERONS .
hey arise al w ays in dense environments, with bound structures
ontaining abo v e 10 3 particles, as shown in Appendix A . Thus,
arger simulation boxes and/or higher resolution simulations, which 
roduce a larger number of > 10 3 particle haloes and at earlier
pochs, will be more affected by these artefacts. 

In summary, this paper explains that history-based codes seem 

o resolve the underlying issues at the merger tree level. It provides
aluable insight into their frequency across different structure-finding 
nd tree-building approaches, demonstrates how they impact galaxy 
redictions and offers a solution that can be applied to SAMs before
olving for the evolution of galaxies. This awareness is crucial 
hen interpreting observations based on these models. While the 

tudy focuses on SAMs, and more particularly SHARK , similar 
mplementations could be adapted for a range of models of galaxy
ormation and evolution in the future. 
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(i) SUBFIND : the code can be found at http://gitlab.mpcdf.mpg.d 
/ vrs/ gadget4 . 

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

pelahi/VELOCIraptor-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 

/Tr eeFr og/t ree/mast er. 
(v) SHARK : the code can be found at https://github.com/ICRAR/s 
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802 Á. Chandro-G ́omez et al. 

M

B
B
B
B  

B  

B
B
B  

B
C  

C  

C
C
C
C
C
C
C
D  

D  

D  

D
D
D  

D
D
E
E
E  

E  

E  

F
F  

G  

G  

G
G  

G
G
G  

G  

G
G  

H
H  

H  

H
H
J
K
K
K
K
K
K
K
K
K
L
L
L
L
L  

L
L  

L
L
L
L
M  

M  

M
O
O
P  

P
P  

P
P  

R
R
S
S
S
S
S
S
S
S  

S
S
T  

T
T  

W
W
W  

W  

W
v  

van der Wel A. et al., 2014, ApJ , 788, 28 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/539/2/776/8101536 by guest on 26 January 2026
ellstedt S. et al., 2020, MNRAS , 498, 5581 
enson A. J. , 2010, Phys. Rep. , 495, 33 
enson A. J. , 2012, New A , 17, 175 
enson A. J. , Cole S., Frenk C. S., Baugh C. M., Lacey C. G., 2000, MNRAS ,

311, 793 
ernardi M. , Meert A., Sheth R. K., Vikram V., Huertas-Company M., Mei

S., Shankar F., 2013, MNRAS , 436, 697 
ertone S. , Conselice C. J., 2009, MNRAS , 396, 2345 
litz L. , Rosolowsky E., 2006, ApJ , 650, 933 
ose S. , Eisenstein D. J., Hadzhiyska B., Garrison L. H., Yuan S., 2022,

MNRAS , 512, 837 
oylan-Kolchin M. , 2023, Nat. Astron. , 7, 731 
a ̃ nas R. , Elahi P. J., Welker C., del P Lagos C., Power C., Dubois Y., Pichon

C., 2019, MNRAS , 482, 2039 
a ̃ nas R. , Lagos C. d. P., Elahi P. J., Power C., Welker C., Dubois Y., Pichon

C., 2020, MNRAS , 494, 4314 
arnall A. C. et al., 2023, MNRAS , 520, 3974 
habrier G. , 2003, PASP , 115, 763 
ole S. , Lacey C. G., Baugh C. M., Frenk C. S., 2000, MNRAS , 319, 168 
ole S. et al., 2005, MNRAS , 362, 505 
ora S. A. , 2006, MNRAS , 368, 1540 
roton D. J. et al., 2006, MNRAS , 365, 11 
roton D. J. et al., 2016, ApJS , 222, 22 
e Lucia G. , Kauffmann G., Springel V., White S. D. M., Lanzoni B., Stoehr

F ., T ormen G., Yoshida N., 2004, MNRAS , 348, 333 
e Lucia G. , Tornatore L., Frenk C. S., Helmi A., Navarro J. F., White S. D.

M., 2014, MNRAS , 445, 970 
i Matteo T. , Colberg J., Springel V., Hernquist L., Sijacki D., 2008, ApJ ,

676, 33 
iemer B. , 2021, ApJ , 909, 112 
olag K. , Borgani S., Murante G., Springel V., 2009, MNRAS , 399, 497 
olag K. , B ̈oss L. M., Koribalski B. S., Steinwandel U. P ., V alentini M., 2023,

ApJ , 945, 74 
river S. P. et al., 2022, MNRAS , 513, 439 
ubois Y. et al., 2014, MNRAS , 444, 1453 
lahi P. J. , Thacker R. J., Widrow L. M., 2011, MNRAS , 418, 320 
lahi P. J. et al., 2013, MNRAS , 433, 1537 
lahi P. J. , Welker C., Power C., Lagos C. d. P., Robotham A. S. G., Ca ̃ nas

R., Poulton R., 2018, MNRAS , 475, 5338 
lahi P. J. , Ca ̃ nas R., Poulton R. J. J., Tobar R. J., Willis J. S., Lagos C. d. P.,

Power C., Robotham A. S. G., 2019a, PASA , 36, e021 
lahi P. J. , Poulton R. J. J., Tobar R. J., Ca ̃ nas R., Lagos C. d. P., Power C.,

Robotham A. S. G., 2019b, PASA , 36, e028 
ont A. S. et al., 2008, MNRAS , 389, 1619 
orouhar Moreno V. J. , Helly J., McGibbon R., Schaye J., Schaller M., Han

J., Kugel R., 2025, preprint ( arXiv:2502.06932 ) 
higna S. , Moore B., Go v ernato F., Lake G., Quinn T., Stadel J., 1998,

MNRAS , 300, 146 
ill S. P. D. , Knebe A., Gibson B. K., Dopita M. A., 2004, MNRAS , 351,

410 
lazebrook K. et al., 2024, Nature , 628, 277 
 ́omez J. S. , Padilla N. D., Helly J. C., Lacey C. G., Baugh C. M., Lagos C.

D. P., 2022, MNRAS , 510, 5500 
onzalez-Perez V. et al., 2018, MNRAS , 474, 4024 
onzalez-Perez V. et al., 2020, MNRAS , 498, 1852 
onz ́alez J. E. , Lacey C. G., Baugh C. M., Frenk C. S., Benson A. J., 2009,

MNRAS , 397, 1254 
riffin A. J. , Lacey C. G., Gonzalez-Perez V., Lagos C. d. P., Baugh C. M.,

Fanidakis N., 2019, MNRAS , 487, 198 
uo Q. et al., 2011, MNRAS , 413, 101 
uo Q. , White S., Angulo R. E., Henriques B., Lemson G., Boylan-Kolchin

M., Thomas P., Short C., 2013, MNRAS , 428, 1351 
an J. , Jing Y. P., Wang H., Wang W., 2012, MNRAS , 427, 2437 
an J. , Cole S., Frenk C. S., Benitez-Llambay A., Helly J., 2018, MNRAS ,

474, 604 
enriques B. M. B. , White S. D. M., Thomas P. A., Angulo R., Guo Q.,

Lemson G., Springel V., Overzier R., 2015, MNRAS , 451, 2663 
NRAS 539, 776–807 (2025) 
irschmann M. , De Lucia G., Fontanot F., 2016, MNRAS , 461, 1760 
offmann K. et al., 2014, MNRAS , 442, 1197 

iang L. , Helly J. C., Cole S., Frenk C. S., 2014, MNRAS , 440, 2115 
auffmann G. , Haehnelt M., 2000, MNRAS , 311, 576 
ennicutt Robert C. J. , 1998, ApJ , 498, 541 
nebe A. et al., 2011, MNRAS , 415, 2293 
nebe A. et al., 2013a, MNRAS , 428, 2039 
nebe A. et al., 2013b, MNRAS , 435, 1618 
nebe A. et al., 2015, MNRAS , 451, 4029 
omatsu E. et al., 2011, ApJS , 192, 18 
oribalski B. S. et al., 2020, Ap&SS , 365, 118 
ugel R. et al., 2023, MNRAS , 526, 6103 
abb ́e I. et al., 2023, Nature , 616, 266 
acey C. , Cole S., 1993, MNRAS , 262, 627 
acey C. G. et al., 2016, MNRAS , 462, 3854 
agos C. D. P. , Cora S. A., Padilla N. D., 2008, MNRAS , 388, 587 
agos C. D. P. , Lacey C. G., Baugh C. M., Bower R. G., Benson A. J., 2011,

MNRAS , 416, 1566 
agos C. d. P. , Lacey C. G., Baugh C. M., 2013, MNRAS , 436, 1787 
agos C. d. P. , Tobar R. J., Robotham A. S. G., Obreschkow D., Mitchell P.

D., Power C., Elahi P. J., 2018, MNRAS , 481, 3573 
agos C. d. P. et al., 2024, MNRAS , 531, 3551 
ange R. et al., 2016, MNRAS , 462, 1470 
ee J. et al., 2014, MNRAS , 445, 4197 
i C. , White S. D. M., 2009, MNRAS , 398, 2177 
ansfield P. , Darragh-Ford E., Wang Y., Nadler E. O., Diemer B., Wechsler

R. H., 2024, ApJ , 970, 178 
oster B. P. , Somerville R. S., Maulbetsch C., van den Bosch F. C., Macci ̀o

A. V., Naab T., Oser L., 2010, ApJ , 710, 903 
uldrew S. I. , Pearce F. R., Power C., 2011, MNRAS , 410, 2617 
nions J. et al., 2012, MNRAS , 423, 1200 
nions J. et al., 2013, MNRAS , 429, 2739 
adilla N. D. , Salazar-Albornoz S., Contreras S., Cora S. A., Ruiz A. N.,

2014, MNRAS , 443, 2801 
illepich A. et al., 2018, MNRAS , 473, 4077 
oole G. B. , Mutch S. J., Croton D. J., Wyithe S., 2017, MNRAS , 472, 3659
opesso P. et al., 2023, MNRAS , 519, 1526 
oulton R. J. J. , Power C., Robotham A. S. G., Elahi P. J., Lagos C. D. P.,

2021, MNRAS , 501, 2810 
obotham A. S. G. et al., 2011, MNRAS , 416, 2640 
odriguez-Gomez V. et al., 2015, MNRAS , 449, 49 
challer M. et al., 2024, MNRAS , 530, 2378 
chaye J. et al., 2015, MNRAS , 446, 521 
chaye J. et al., 2023, MNRAS , 526, 4978 
omerville R. S. , Dav ́e R., 2015, ARA&A , 53, 51 
omerville R. S. , Primack J. R., 1999, MNRAS , 310, 1087 
omerville R. S. , Popping G., Trager S. C., 2015, MNRAS , 453, 4337 
pringel V. , 2005, MNRAS , 364, 1105 
pringel V. , White S. D. M., Tormen G., Kauffmann G., 2001, MNRAS , 328,

726 
pringel V. , Di Matteo T., Hernquist L., 2005, MNRAS , 361, 776 
risawat C. et al., 2013, MNRAS , 436, 150 
eklu A. F. , Remus R.-S., Dolag K., Beck A. M., Burkert A., Schmidt A. S.,

Schulze F., Steinborn L. K., 2015, ApJ , 812, 29 
errazas B. A. , Bell E. F., Woo J., Henriques B. M. B., 2017, ApJ , 844, 170 
weed D. , Devriendt J., Blaizot J., Colombi S., Slyz A., 2009, A&A , 506,

647 
ang Y. et al., 2016, MNRAS , 459, 1554 
echsler R. H. , Tinker J. L., 2018, ARA&A , 56, 435 
echsler R. H. , Gross M. A. K., Primack J. R., Blumenthal G. R., Dekel A.,

1998, ApJ , 506, 19 
echsler R. H. , Bullock J. S., Primack J. R., Kravtsov A. V., Dekel A., 2002,

ApJ , 568, 52 
hite S. D. M. , Frenk C. S., 1991, ApJ , 379, 52 

an den Bosch F. C. , Ogiya G., Hahn O., Burkert A., 2018, MNRAS , 474,
3043 

http://dx.doi.org/10.1093/mnras/staa2620
http://dx.doi.org/10.1016/j.physrep.2010.06.001
http://dx.doi.org/10.1016/j.newast.2011.07.004
http://dx.doi.org/10.1046/j.1365-8711.2000.03101.x
http://dx.doi.org/10.1093/mnras/stt1607
http://dx.doi.org/10.1111/j.1365-2966.2009.14916.x
http://dx.doi.org/10.1086/505417
http://dx.doi.org/10.1093/mnras/stac555
http://dx.doi.org/10.1038/s41550-023-01937-7
http://dx.doi.org/10.1093/mnras/sty2725
http://dx.doi.org/10.1093/mnras/staa1027
http://dx.doi.org/10.1093/mnras/stad369
http://dx.doi.org/10.1086/376392
http://dx.doi.org/10.1046/j.1365-8711.2000.03879.x
http://dx.doi.org/10.1111/j.1365-2966.2005.09318.x
http://dx.doi.org/10.1111/j.1365-2966.2006.10271.x
http://dx.doi.org/10.1111/j.1365-2966.2005.09675.x
http://dx.doi.org/10.3847/0067-0049/222/2/22
http://dx.doi.org/10.1111/j.1365-2966.2004.07372.x
http://dx.doi.org/10.1093/mnras/stu1752
http://dx.doi.org/10.1086/524921
http://dx.doi.org/10.3847/1538-4357/abd947
http://dx.doi.org/10.1111/j.1365-2966.2009.15034.x
http://dx.doi.org/10.3847/1538-4357/acb5f5
http://dx.doi.org/10.1093/mnras/stac472
http://dx.doi.org/10.1093/mnras/stu1227
http://dx.doi.org/10.1111/j.1365-2966.2011.19485.x
http://dx.doi.org/10.1093/mnras/stt825
http://dx.doi.org/10.1093/mnras/sty061
http://dx.doi.org/10.1017/pasa.2019.12
http://dx.doi.org/10.1017/pasa.2019.18
http://dx.doi.org/10.1111/j.1365-2966.2008.13698.x
http://arxiv.org/abs/2502.06932
http://dx.doi.org/10.1046/j.1365-8711.1998.01918.x
http://dx.doi.org/10.1111/j.1365-2966.2004.07913.x
http://dx.doi.org/10.1038/s41586-024-07191-9
http://dx.doi.org/10.1093/mnras/stab3661
http://dx.doi.org/10.1093/mnras/stx2807
http://dx.doi.org/10.1093/mnras/staa2504
http://dx.doi.org/10.1111/j.1365-2966.2009.15057.x
http://dx.doi.org/10.1093/mnras/stz1216
http://dx.doi.org/10.1111/j.1365-2966.2010.18114.x
http://dx.doi.org/10.1093/mnras/sts115
http://dx.doi.org/10.1111/j.1365-2966.2012.22111.x
http://dx.doi.org/10.1093/mnras/stx2792
http://dx.doi.org/10.1093/mnras/stv705
http://dx.doi.org/10.1093/mnras/stw1318
http://dx.doi.org/10.1093/mnras/stu933
http://dx.doi.org/10.1093/mnras/stu390
http://dx.doi.org/10.1046/j.1365-8711.2000.03077.x
http://dx.doi.org/10.1086/305588
http://dx.doi.org/10.1111/j.1365-2966.2011.18858.x
http://dx.doi.org/10.1093/mnras/sts173
http://dx.doi.org/10.1093/mnras/stt1403
http://dx.doi.org/10.1093/mnras/stv1149
http://dx.doi.org/10.1088/0067-0049/192/2/18
http://dx.doi.org/10.1007/s10509-020-03831-4
http://dx.doi.org/10.1093/mnras/stad2540
http://dx.doi.org/10.1038/s41586-023-05786-2
http://dx.doi.org/10.1093/mnras/262.3.627
http://dx.doi.org/10.1093/mnras/stw1888
http://dx.doi.org/10.1111/j.1365-2966.2008.13456.x
http://dx.doi.org/10.1111/j.1365-2966.2011.19160.x
http://dx.doi.org/10.1093/mnras/stt1696
http://dx.doi.org/10.1093/mnras/sty2440
http://dx.doi.org/10.1093/mnras/stae1024
http://dx.doi.org/10.1093/mnras/stw1495
http://dx.doi.org/10.1093/mnras/stu2039
http://dx.doi.org/10.1111/j.1365-2966.2009.15268.x
http://dx.doi.org/10.3847/1538-4357/ad4e33
http://dx.doi.org/10.1088/0004-637X/710/2/903
http://dx.doi.org/10.1111/j.1365-2966.2010.17636.x
http://dx.doi.org/10.1111/j.1365-2966.2012.20947.x
http://dx.doi.org/10.1093/mnras/sts549
http://dx.doi.org/10.1093/mnras/stu1321
http://dx.doi.org/10.1093/mnras/stx2656
http://dx.doi.org/10.1093/mnras/stx2233
http://dx.doi.org/10.1093/mnras/stac3214
http://dx.doi.org/10.1093/mnras/staa3247
http://dx.doi.org/10.1111/j.1365-2966.2011.19217.x
http://dx.doi.org/10.1093/mnras/stv264
http://dx.doi.org/10.1093/mnras/stae922
http://dx.doi.org/10.1093/mnras/stu2058
http://dx.doi.org/10.1093/mnras/stad2419
http://dx.doi.org/10.1146/annurev-astro-082812-140951
http://dx.doi.org/10.1046/j.1365-8711.1999.03032.x
http://dx.doi.org/10.1093/mnras/stv1877
http://dx.doi.org/10.1111/j.1365-2966.2005.09655.x
http://dx.doi.org/10.1046/j.1365-8711.2001.04912.x
http://dx.doi.org/10.1111/j.1365-2966.2005.09238.x
http://dx.doi.org/10.1093/mnras/stt1545
http://dx.doi.org/10.1088/0004-637X/812/1/29
http://dx.doi.org/10.3847/1538-4357/aa7d07
http://dx.doi.org/10.1051/0004-6361/200911787
http://dx.doi.org/10.1093/mnras/stw726
http://dx.doi.org/10.1146/annurev-astro-081817-051756
http://dx.doi.org/10.1086/306229
http://dx.doi.org/10.1086/338765
http://dx.doi.org/10.1086/170483
http://dx.doi.org/10.1093/mnras/stx2956
http://dx.doi.org/10.1088/0004-637X/788/1/28


Mer ger tr ee accuracy and consequences 803 

Table A1. Small DM-only cosmological simulations. L : the periodic box 
size in comoving Mpc; N part : the number of DM particles in the volume; 
m part : the particle mass in M �; N out : the number of snapshots; and N 

min 
p , subhalo : 

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 N part m part /M � N out N 

min 
p , subhalo 

L31.25 N128 31.25 128 3 5.75 ×10 8 77 20 
L31.25 N512 31.25 512 3 8.98 ×10 6 77 20 
L62.5 N512 62.5 512 3 7.18 ×10 7 77 20 
L31.25 N512 S 31.25 512 3 8.98 ×10 6 201 20 
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PPEN D IX  A :  SMALL  SIMULATION  BOX  

ESTS  

e run small DM-only cosmological boxes to understand better 
he numerical artefacts we identified – mass-swapping and massive 
ransients. These simulations share the same cosmology as the 
LAMINGO catalogues previously analysed, and they use the same 
ombination of post-processing tools: VELOCIRAPTOR as the halo 
nder and D-TREES + DHALO as the tree builder. As a result,

he merger tree catalogues generated from these simulations are 
qui v alent to the FLAM-DM-VR catalogue, which has been the 
efault catalogue analysed throughout this paper since it shows being 
xtremely affected by the numerical effects. Table A1 details these 
mall simulation boxes. 

These small boxes allow us to investigate various aspects of 
ass-swapping and the massive transients. First, we examine how 

he mass resolution and the number of snapshots affect these 
umerical artefacts, as discussed in Section A1 . Additionally, we use 
hem to explore the environmental and merger history features that 
haracterize the subhaloes affected by these artefacts in Section A2 . 

1 Mass and snapshot number dependency 

s in Sections 3.1 and 3.2 , we apply the definitions of mass-swapping
nd massive transients to the catalogues generated from the small 
osmological runs. Next, we quantify the fraction of main branches 
igure A1. Left panel : fraction of main branches affected at least by 1 mass-swapp
umber along the main branch. Each colour represents a different small box merger 
umber for a structure in each catalogue (usually around 20 particles). Middle pane
aximum subhalo particle number along the main branch. Right panel : fraction of

unction of the maximum subhalo particle number along the main branch. 
ffected 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
rends for each curve closely match those observed in the FLAM-
M-VR catalogue (blue curve) in Fig. 6 since the combination 
f post-processing tools are the same ( VELOCIRAPTOR and D- 
REES + DHALO ) and they are all DM-only runs. The frequency
f subhaloes with a high maximum number of particles (abo v e 10 3 

articles) varies across the boxes, reflected in the different noise 
evels in the curves. Ho we ver, the key tak eaw ay is that, regardless
f mass resolution, the shapes of the curves in each panel resemble
ach other. In other w ords, mass-sw apping primarily impacts main
ranches containing more than 10 3 particles, while massive transients 
ffect those with around 10 4 particles most significantly. When 
nalysed by snapshot number, mass-swapping and massive transients 
end to have a slightly stronger impact on massive branches, though
he fraction of transients decreases at the very high-mass end due to
ow statistics. 

In the right panel, the fraction of main branches affected by both
umerical effects increases slightly when the number of snapshots 
s higher. This is because a greater number of snapshots raises the
ikelihood of these artefacts occurring, which can degrade the quality 
f the merger trees (Wang et al. 2016 ). Nevertheless, the overall
mpact on the fraction of main branches affected by numerical effects
emains similar, regardless of box size, particle number or snapshot 
umber. The issues consistently emerge when halo/subhalo-finding 
nd tree-building codes encounter sufficiently dense environments 
ith at least 10 3 particles. 
The features of the simulation box are irrele v ant: the issues al w ays

rise when systems with 10 3 particles are formed. This demonstrates 
hat our analysis, despite using several merger tree catalogues based 
n cosmological simulations with different features in Table 1 , is not
iased by the simulation box characteristics. As a complementary 
aterial, Fig. A2 presents the same diagnostic results as Fig. 6 ,

ut now as a function of the maximum mass for the subhalo
long the main branch in the x -axis. This allows us to examine the
tructures that inherit numerical artefacts across all the catalogues in 
able 2 . 
MNRAS 539, 776–807 (2025) 

ing event during their lifetime as a function of the maximum subhalo particle 
tree catalogue, as labelled, while the vertical lines mark the minimum particle 
l : fraction of main branches defined as massive transients as a function of the 
 main branches affected either by mass-swapping or massive transients as a 
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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. 

(a) (b) (c)

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 A1 . 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 
( M subhalo = M main progenitor ). 
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2 Environment and merger history analysis 

sing the merger tree catalogue from the L31.25 N512 simulation,
e demonstrate that these issues arise from very dense environments

nd their connection to the merger history. We analyse the 2D
aps used to define the numerical artefacts (both mass-swapping
ith the mass ratio between snapshots in the y -axis, as well as
assive transients using the particle number for an emerged main
NRAS 539, 776–807 (2025) 

m  
ranch) as in Figs 3 and 5 . In this case, the maps are colour-
oded by the average values within each 2D bin, incorporating
ifferent tracers of the environment and past merger history for the
ubhalo. In such a way, we can detect any particular trends arising
n the shaded areas that define numerically incorrect structures. We
ook into several environmental properties (e.g. the distance to the
losest subhalo, the host halo mass, the number/mass/maximum
ass of subhaloes in a particular aperture surrounding the analysed
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(a) (b) (c)

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 A1 . 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 
3 σ ( N 

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

min 
part, subhalo ), whereas 

a dotted line shows 3 σ ( N 

birth 
part, subhalo ) globally. 

Figure A5. 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. 
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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 ). κ balances the BH accretion rate due to 
the hot-halo mode (equation 11 in Lagos et al. ( 2024 )); while 
 thresh sets the 
threshold for the cooling-to-heating specific energy ratio, abo v e which the 
AGN jet-mode feedback is acti v ated (section 3.3.2 in Lagos et al. 2024 ). 

SHARK parameter SHARK .v2 value recalibration value 

AGN feedback and BH growth: 
κ (equation 11) 10.31 0.18957 

 thresh (section 3.3.2) 10 6.03 
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tructure) and past merger-related quantities (e.g. the number of 
rogenitors, the mass ratio between the 2 most massive progenitors, 
he number of major mergers). Ho we ver, we only present the
roperties that yield the most interesting results in the figures 
elow. 
In Fig. A3 , the top ro w sho ws that subhaloes affected by mass-

wapping events tend to be closer to other subhaloes (left panel), 
eside in more massive host haloes (middle panel) and have a higher
umber of progenitors (right panel) as indicated by the bluer or
reener colours in the artefact shaded areas. This confirms the 
ypothesis that these events occur between subhaloes that live in 
eally dense environments, where they are in close proximity to each
ther , in volve a large number of particles, and have more complex
erger histories, making them more susceptible to these numerical 

rtefacts. 
Similarly, Fig. A4 presents the same analysis for the massive 

ransients. Once again, bluer or greener colours dominate the artefact- 
haded areas, indicating that subhaloes that are closer to one another
left panel), have a higher number of progenitors (for the host halo
ince there is no direct progenitor for these transients) (middle panel)
nd exhibit larger mass ratios for those progenitors (right panel) 
re more prone to this second numerical artefact. To summarize, 
e confirm that the numerical artefacts analysed in the main text
rimarily arise in massive systems undergoing major mergers, 
here particle assignment becomes more challenging, increasing the 
MNRAS 539, 776–807 (2025) 
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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 o v er 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. 
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usceptibility of these structures to numerical inaccuracies. This is
videnced by the environmental and merger history features studied.

PPENDIX  B:  N E W  SHARK C A L I B R AT I O N  

e describe the parameters in SHARK that are adjusted from the
efault values in version 2.0, as presented in table 2 in (Lagos
t al. 2024 ), to better fit the z = 0 SMF using the FLAM-DM-HBT
erger tree catalogue (detailed in Table 2 , with HBT-HERONS as

he halo finder and tree builder codes). To run SHARK the catalogue is
rocessed by DHALO . The SMF at z = 0 is shown in Fig. A5 , against
he observational data set used for calibration (Li & White 2009 ) and
dditional observations (Bernardi et al. 2013 ; Driver et al. 2022 ).
his calibration is performed once the implementations introduced

n this paper to address the numerical artefacts in merger tree data
re acti v ated. It helps assess the impact of numerical artefacts on
AM predictions (see Section 3.3 ), e v aluate the impro v ements made
y applying the proposed fixes (Section 4.1 ) and analyse how these
hanges affect the statistical predictions (Section 4.2 ). Table A2 lists
he two parameters related to AGN activity that were tuned via an
utomatic parameter exploration algorithm, which results in a less
fficient hot-halo accretion by the BH and relaxes the threshold for
ts acti v ation. 

PPENDIX  C :  SHARK P R E D I C T I O N S  F O R  T H E  

LAM-DM-HBT C ATA L O G U E  

e present the predictions for the FLAM-DM-HBT catalogue after
rocessing the data through SHARK . As explained previously, the
atalogue is first processed by DHALO to ensure the correct format,
NRAS 539, 776–807 (2025) 
imilar to the MEDI-SURFS catalogue. This step modifies the subhalo
ierarchy and groups subhaloes into different host halo structures,
s discussed in Section 2.2.1 . We verified that the DHALO correc-
ions introduce only minimal variations in the diagnostics plots in
ig. 6 . 
We show the median values and the standard deviations for the

FHs and BHAHs in different stellar mass bins in Fig. B1 comparing
he results after applying the fixes for both the FLAM-DM-VR
atalogue (used throughout the main text of the paper and heavily
f fected by artefacts, sho wn with solid bicoloured lines) and the
LAM-DM-HBT catalogue (minimally affected by artefacts, shown
ith solid lines). The predictions are highly consistent across the
ifferent stellar mass bins at z = 0 for both properties. Similar
esults are observed for the SFR-stellar mass plane and the galaxy
tellar disc size–stellar mass relation. The main conclusion is that,
egardless of the merger tree catalogue employed (which may be
ore or less affected by artefacts), once processed through the new

mplementations introduced in this paper, the predictions remain
onsistent, with a maximum variation of about a factor of 2, typically
ower. This aligns with the findings of G ́omez et al. ( 2022 ), which
howed that the underlying halo/subhalo-finding and tree-building
odes do not impact predictions in GALFORM . We demonstrate
hat the same holds for SHARK , despite its different approach to

odelling galaxy properties. Furthermore, the absolute magnitude
f the differences in this paper appears less significant than the ones
hown in fig. 15 in G ́omez et al. ( 2022 ), but we focus here on median
alues. 

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

PPEN D IX  D :  PSEUDO-CODE  F O R  

U M E R I C A L  A RTEFAC T  FIXES  

his appendix presents the algorithms we implement to correct the 
umerical artefacts (mass-swapping and massive transients) in the 
erger tree data, using pseudo-code. The approach is designed to be 

daptable to any galaxy formation model, particularly subhalo-based 
AMs that lack strategies to mitigate these artefacts. 

1 Mass-swapping 

r ead mer ger tr ee catalogue 
while snapshot from max to min do � Central subhaloes 

for host haloes in snapshot do 
if central subhalo not defined then 

most massive subhalo is central � Central flag 
end if 
central subhalo props using host halo � Defined props 

end for 
while ascendant not defined do 

1. find the main pro g enitor for the subhalo and its host
halo 

if main pro g enitor not defined then 

most massive pro g enitor is the main pro g enitor 
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 � Satellite subhaloes 

for satellite subhaloes in snapshot do 
1. find infall snapshot (when central hierarchy) 
2. satellite subhalo properties at infall � Defined props 
2025 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open
 https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and rep
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 

2 Massi v e transients 

while snapshot from max-1 to min do 
for subhaloes in snapshot do � Compute 3 σ ( N, z)

find main br anc h subhalo at birth & its particle number 
end for 
compute the threshold for transients 
for subhaloes in snapshot do � Transient flags 

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 

his paper has been typeset from a T E 
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A T E 

X file prepared by the author. 
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