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A B S T R A C T 

We investigate the impact of a galaxy’s merger history on its system of satellites using the new VINTERGATAN-GM suite of 
zoom-in hydrodynamical simulations of Milky Way-mass systems. The suite simulates five realizations of the same halo with 

targeted ‘genetic modifications’ of a z ≈ 2 merger, but resulting in the same halo mass at z = 0. We find that differences in the 
satellite stellar mass functions last for 2.25 −4.25 Gyr after the z ≈ 2 merger; specifically, the haloes that have undergone smaller 
mergers host up to 60 per cent more satellites than those of the larger merger scenarios. Ho we ver, by z = 0 these differences in 

the satellite stellar mass functions have been erased. The differences in satellite numbers seen soon after the mergers are driven 

by several factors, including the timings of significant mergers (with M 200c mass ratios > 1:30 and bringing in M ∗ ≥ 10 

8 M � at 
infall), the masses and satellite populations of the central and merging systems, and the subsequent extended history of smaller 
mergers. The results persist when measured at fixed central stellar mass rather than fixed time, implying that a host’s recent 
merger history can be a significant source of scatter when reconstructing its dynamical properties from its satellite population. 

Key w ords: galaxies: dw arf – galaxies: evolution – galaxies: formation – galaxies: interactions. 
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 I N T RO D U C T I O N  

he Lambda cold dark matter ( � CDM) cosmological model predicts
hat structure formation in the Universe is hierarchical – smaller
ark matter (DM) haloes are formed at earlier times and eventually
oalesce to form larger structures, subsequently resulting in the
erging of the galaxies formed within such haloes (White & Rees

978 ; Peebles 1980 ; Lacey & Cole 1993 ). The merger history of a
alaxy plays a vital role in determining several of its properties such
s its star formation history, stellar composition, and morphology.
t follows that the large diversity of galaxy properties found in the
niverse is at least partly driven by the vast range of merger histories
alaxies undergo. 

The majority of galaxies in the Universe are found in dense
nvironments, either as part of groups and clusters of similar or more
assive galaxies, or surrounded by their own system of lower mass

i.e. dwarf) galaxies (Eke et al. 2004 ). The number and properties of
uch satellite galaxies within a system are expected to be intrinsically
ied to the precise assembly history of the o v erall DM halo it is
mbedded in (e.g. see Bose et al. 2020 ; Smercina et al. 2022 , and
eferences therein), as well as the interactions between the satellite
alaxies and their environment. While environmental processes play
 E-mail: g.joshi@ucl.ac.uk 

e  

u  

Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
 crucial role in determining satellite properties such as colour, star-
orming status, and morphology (e.g. Dressler 1980 ; Balogh et al.
004 ; Hogg et al. 2004 ; Kauffmann et al. 2004 ; Blanton et al. 2005 ;
etzel, Tinker & Conroy 2012 ; Alpaslan et al. 2015 ), the o v erall

ensus of the satellite population in a system and the kinematics of
he satellite ensemble is primarily dependent on the mass of the host
alo and its assembly and merger history (e.g see Giocoli et al. 2010 ).
Dwarf galaxies in particular are an interesting mass regime in

hich to test models of galaxy formation. Their low masses and
hallow potentials make them more responsive to both internal
volutionary processes as well as environmental factors, although
heir faintness presents significant challenges to their observations.
ev ertheless, o v er the last few decades the list of observed dwarfs
as grown from those around the Milky Way (MW) and Andromeda
M31) and more broadly within the Local Group (LG; e.g. Mc-
onnachie 2012 ; Martin et al. 2016 ; McConnachie et al. 2018 ) to
ther nearby galaxies (Martin et al. 2013 ; M ̈uller, Jerjen & Binggeli
015 ; Carlin et al. 2016 ; Smercina et al. 2018 ; Crnojevi ́c et al. 2019 ;
ennet et al. 2020 ), as well as broader surv e ys such as SAGA (Satel-

ites Around Galactic Analogs; Geha et al. 2017 ; Mao et al. 2021 )
nd ELVES (Exploration of Local VolumE Satellites; Carlsten et al.
022 ).These observations have shown that while MW-mass hosts
xhibit a large diversity in satellite populations, the MW satellite pop-
lations are broadly consistent with those of other similar-mass hosts.
© 2024 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, 

provided the original work is properly cited. 
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Satellite abundances around MW-mass hosts can provide an 
mportant benchmark for models of structure formation as well as 
alaxy formation. In the past decades, se veral observ ational studies
ave aimed at understanding the expected satellite abundances and 
heir diversity in such hosts. Within the SAGA surv e y (Stage II), the
6 MW-mass hosts have a wide range in richness and luminosity 
unctions (LFs) and the MW satellite LF is shown to be consistent
ithin this range (Mao et al. 2021 ). Additionally, they find that the

otal number of satellites (with M r ,0 < −12.3) appears to be positively
orrelated with the K -band luminosity of the central galaxy, as well as
he r -band luminosity of the most massive satellite in the system. The
ormer correlation likely reflects the increased number of satellites 
n more massive systems, while the latter may hint towards more 
atellites being found in hosts which have had more recent merger 
istories, under the assumption that due to dynamical friction, more 
assive satellites coalesce with the central galaxy faster than less 
assive ones, resulting in larger magnitude gaps at longer time 

ntervals after a merger event. The Carlsten et al. ( 2021 ) study of
0 MW-like hosts in the ELVES surv e y finds a similar correlation
etween satellite abundance and the host’s K -band luminosity, and 
anieli et al. ( 2023 ) show a wide diversity in satellite mass functions

MFs) with the same data set. 
The merger history of a central galaxy will inevitably influence its

atellite accretion history, which in turn may affect the present-day 
roperties of the satellite populations around such systems. Precisely 
ow the merger histories affect the satellites however remains to be 
nderstood. Smercina et al. ( 2022 ) investigated the impact of merger
istories on the satellites of MW-mass systems with a compilation of
bservations of satellites around the MW, M31, and six other MW- 
ass galaxies. They also find a surprisingly tight positive correlation 

etween the number of satellites in a system (with M V < −9) and
he stellar mass of the most dominant merger experienced by the 
alaxy, which they define as the larger of the total accreted stellar
ass or the mass of the most massive satellite within the system.
ith extended data from the SAGA surv e y (xSAGA), Wu et al.

 2022 ) show that the number of satellites in a system increases with
ecreasing r -band magnitude gap between the central galaxy and its
ost luminous satellite, implying that hosts with earlier accretion 

istories have fewer satellites at present day, again due to similar
rguments as abo v e for the correlation with the luminosity of the
rightest satellite. 
One of the key challenges to obtaining such results from obser-

ations is the uncertainty in reconstructing the merger and accretion 
istories of the hosts. Simulations on the other hand allow us direct
ccess to this information and can provide important insights into 
he process of satellite accretion. There have been several efforts to 
tudy dwarf satellites around MW-like systems in simulations that 
ave broadly been able to reproduce the satellite MFs consistent 
ith that of the MW, with the exception of the most massive
W satellites that are not al w ays reco v ered. These include zoom-

n hydrodynamical simulations of MW-, M31-, and LG-like hosts 
.g. using the FIRE galaxy model (Hopkins et al. 2014 ; Hopkins
017 ; Garrison-Kimmel et al. 2019 ), the Latte simulation (Wetzel 
t al. 2016 ), the APOSTLE suite (A Project of Simulating the
ocal Environment; Sawala et al. 2016 ), the NIHAO simulations 

Numerical Investigation of a Hundred Astrophysical Objects; Wang 
t al. 2015 ; Buck et al. 2019 ), the ARTEMIS simulations (Assembly
f high-ResoluTion Eagle-simulations of MIlky Way-type galaxieS; 
ont et al. 2020 ; Font, McCarthy & Belokurov 2021 ), and the DC
ustice League simulations (Applebaum et al. 2021 ), along with 
arge-volume simulations e.g. IllustrisTNG50 (Nelson et al. 2019 ; 
illepich et al. 2019 ; Engler et al. 2021 ) and Romulus25 (Tremmel
t al. 2017 ; Van Nest et al. 2023 ), as well as using semi-analytical
odels (e.g. Li, De Lucia & Helmi 2010 ; Macci ̀o et al. 2010 ; Font
t al. 2011 ; Starkenburg et al. 2013 ; Jiang et al. 2021 ). Furthermore,
tarkenburg et al. ( 2013 ), Garrison-Kimmel et al. ( 2019 ), Engler et al.
 2021 ), Font, McCarthy & Belokurov ( 2021 ), and Van Nest et al.
 2023 ) all find positive correlations (to varying degrees) between the
umber of satellites and one or more host properties including halo
ass, central stellar mass, or central K -band luminosity that are at

east qualitatively consistent with observational results. On the other 
and, D’Souza & Bell ( 2021 ) analysed the ELVIS suite of DM-only
DMO) zoom-in simulations of MW-mass haloes and showed that 
ergers involving massive progenitors, i.e. massive accretions, do 

ot lead to an increase in the total number of satellite subhaloes
ccreted by a host halo, but rather that they serve to cluster the
atellites by their infall times. Such results indicate that satellite 
opulations may contain signatures of the host’s formation and 
erger histories, although it is still unclear which satellite properties 

est encode these signatures. It should be noted that although 
’Souza & Bell ( 2021 ) considered DM subhaloes with peak total
ass M peak > 10 9 M � which are assumed to host dwarf galaxies, it

emains to be seen whether luminous satellites would show similar 
ehaviour, and whether there are other, baryonic, properties that may 
ho w dif ferent correlations with merger histories. 

Exploring the impact of merger histories on the satellite popu- 
ations of galaxies would typically require either a cosmological 
imulation of a large enough volume to encompass a sample of
erger histories representative of the Universe, or a suite of zoom-in

imulations co v ering a range of merger histories. Furthermore, the
imulations must have high-enough resolution to accurately model 
he dwarf population while simultaneously modelling the more mas- 
ive host system. All of these factors incur significant computational 
osts. Additionally, in either method, it is not possible to control for
ther factors that would affect the satellite population along with 
he merger history itself. The VINTERGATAN-GM suite of simulations 
Rey & Starkenburg 2022 ; Rey et al. 2023 ) attempts to circumvent
he latter of these limitations by using the GENETIC algorithm (Roth,
ontzen & Peiris 2016 ; Rey & Pontzen 2018 ; Stopyra et al. 2021 ) to
erform targeted modifications to the initial conditions (ICs) evolved 
y the simulation. The modifications change the mass ratio of a
pecified merger, while preserving the z = 0 halo mass of the system
nd, to the greatest extent possible, the cosmological environment 
nd surrounding structures. This allows us to isolate the impact of
 single merger, while controlling for most other factors that would
ffect the evolution of the central galaxy and its satellites. As shown
n Rey et al. ( 2023 ), the modifications drastically alter the properties
f the central galaxy, but its surrounding outer stellar halo is largely
naffected except in the case where the modifications result in a
ulge-dominated central galaxy. 

In this work, we focus on the satellite populations around the
entral galaxy at various times to understand their response to 
he central’s merger history. We present a brief description of the
imulations and methods in Section 2 and our results in Section 3 .
n Section 4 , we discuss the physical mechanisms by which the
erger histories affect the satellite populations and what this implies 

or techniques that make use of satellites to infer properties such
s the host mass as well as its merger history. Our conclusions are
ummarized in Section 5 . 

 M E T H O D S  

.1 Simulations 

his paper analyses the VINTERGATAN-GM suite of simulations, which 
s comprised of five zoom-in cosmological hydrodynamical simula- 
MNRAS 528, 2346–2357 (2024) 
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ions, performed with the code RAMSES (Teyssier 2002 ). The fiducial
imulation of the suite focuses on an MW-mass system, whereas the
ther four simulations are variations where the ICs were genetically
odified (GM) to alter the mass ratio of an important merger that

ccurs at z ≈ 2, while maintaining the z = 0 halo mass of the system,
hrough the use of the GENETIC code (Roth, Pontzen & Peiris 2016 ;
ey & Pontzen 2018 ; Stopyra et al. 2021 ). This suite of GM ICs
as first introduced in Rey & Starkenburg ( 2022 ), where the authors
erformed multiple DMO zoom-in simulations of two MW-mass
osts. The target halo for the fiducial VINTERGATAN-GM simulation
as selected from these DMO zooms, themselves based on an

nitial uniform resolution DMO simulation of a (50 Mpc) 3 volume
esolved by 512 3 particles, with a DM particle mass resolution of
.2 × 10 8 M �. The halo was chosen to be in the MW-mass range of
 200c ≈ 10 12 M �, with no other massive neighbours within 5 r 200c , host .
dditionally, the halo was selected to have a significant merger at z ∼
 and a relatively quiet merger history at later times, to approximate
he inferred merger history of the MW. Here and throughout the
aper, a significant merger is defined as one with (i) a mass ratio in
 200c more significant than 1:30 and (ii) bringing in at least M ∗ ≥

0 8 M � at infall. These criteria identify any important mergers while
xcluding mergers at very early epochs which may have high mass
atios but are of relatively low importance in terms of mass content.

e reserve the term ‘major’ merger for only those with DM halo
ass ratios > 1:3 as is common practice in the literature. The z ∼ 2
erger (rather than the most massive or most recent major merger)
as targeted for the GMs to focus on the formation of the Gaia–
nceladus Sausage, which is thought to have been accreted through
uch a merger (see Rey & Starkenburg 2022 ; Rey et al. 2023 , for
ore details). The GM simulations alter the mass ratio of the target
erger by altering the o v erdensity field at the position of the halo

o 90, 95, 110, and 120 per cent of the fiducial value. Throughout
he paper, we use the terms smaller/lar ger mer ger scenarios to refer
o this decrease/increase in the z ≈ 2 merger mass ratio and the
abels Smallest/Smaller/Lar ger/Lar gest Mer ger B to refer to the
orresponding simulations (the label ‘Merger B’ is explained below
n Section 3 ). 

Each of the simulations have a mass resolution of m DM 

=
.0 × 10 5 M � and an initial minimum gas cell mass of m gas =
.6 × 10 4 M �. The precise set-up used for the simulations is described
n detail in Rey et al. ( 2023 ); we provide a brief description here.
AMSES is an Adaptive Mesh Refinement (AMR) based code which
ses a particle-mesh algorithm to solve Poisson’s equation and
n HLLC (Harten-Lax-van Leer-Contact) Riemann solver for fluid
ynamics assuming an ideal gas equation of state with γ = 5/3.
he AMR strategy allows us to reach spatial resolutions of 20 pc

hroughout the interstellar medium. We employ the galaxy formation
odel of the VINTERGATAN simulations (Agertz et al. 2021 ), which

ncludes prescriptions for star formation, feedback from SNeIa and
NeII, and stellar winds from O, B, and AGB stars. Stars are formed
rom cold dense gas ( ρ > 100 cm 

3 , T < 100 K) generating stellar
articles with an initial mass of 10 4 M �, modelled with a Chabrier
 2003 ) initial mass function. Feedback is injected in the form of
hermal energy when the cooling radius is resolved by at least six
as cells, and in the form of momentum otherwise (Kim & Ostriker
015 ; Martizzi, Faucher-Gigu ̀ere & Quataert 2015 ; Agertz et al.
021 ). All simulations assume a flat � CDM cosmology with h =
.6727, �m,0 = 0.3139, �b,0 = 0.04916, σ 8 = 0.8440, and n s =
.9645 (Planck Collaboration XIII 2016 ) and linearly span cosmic
ime between z = 99 and z = 0. 
NRAS 528, 2346–2357 (2024) 

o  

o  
.2 Halo finding and satellite selection 

aloes and subhaloes are identified within the simulation using the
HF halo finder (Gill, Knebe & Gibson 2004 ; Knollmann & Knebe
009 ), and only (sub)haloes consisting of at least 100 particles
of any type) are retained. Merger trees are constructed using the
YNBODY (Pontzen et al. 2013 ) and TANGOS (Pontzen & Tremmel
018 ) packages. Unless otherwise specified, (sub)halo properties
re measured using all particles within the ‘halo radius’, r halo . AHF

etermines an initial r halo which is defined as either r 200c , host (in the
ase of haloes) or the subhalo-centric distance to the local minimum
n the density field. It then iteratively removes unbound particles and
efines a new radius enclosing the bound particles at each iteration,
esulting in the final r halo provided in the halo catalogues. 

From the halo catalogues, we select satellites around the central
alaxy with the following criteria: 

(i) The stellar mass must satisfy M ∗ > 10 6 M � (i.e. resolved by
ore than ∼100 stellar particles), unless otherwise specified. 
(ii) The satellite should be found at a distance of d/r 200c , host >

 . 15 and d/r 200c , host < 1 unless specified otherwise. The central
egion is a v oided to remo v e an y unph ysical clumps of stellar/g as
atter belonging to the central galaxy from the final list of satellites.
(iii) The satellite should have a baryon fraction f bar = ( M ∗ +
 gas )/ M halo < 0.8. This further remo v es an y unphysical haloes
ith little or no DM, while still allowing for satellites that may
av e e xperienced significant tidal mass-loss, which is likely to
referentially remo v e DM from the outer re gions of the galaxy. 
(iv) We ignore subsubhaloes i.e. only retain haloes and their

ubhaloes. This ensures that we do not include small stellar/gas
lumps within galaxies. 

 RESULTS  

he genetic modifications applied to the ICs were designed to alter
he mass ratio of the z ≈ 2 merger experienced by the central galaxy
n the fiducial simulation. Panel (a) of Fig. 1 shows the resultant
volution of the central galaxies’ halo (solid curves) and stellar
dashed curves) masses over cosmic time for each of the five GM
imulations. Additionally, Table 1 provides some key properties of
he central galaxies at z = 0. As seen from Fig. 1 (a) and Table 1 ,
y design, the final halo mass only varies by a maximum of 6
er cent, and the virial radius by at most 2 per cent, compared to the
ducial simulation. The stellar mass can vary by up to 14 per cent,
howing that modifications to early merger histories result in only
 small amount of scatter in the stellar mass–halo mass relation.
ue to the correlations implicit in a � CDM cosmology, genetic
odifications by construction alter not only the mass ratio of the z
2 merger (hereafter referred to as merger B) but also its timing,

s well as the properties of two other significant mergers, one each
efore and after the target merger (hereafter referred to as mergers
 and C, respectively; see Rey et al. 2023 , for complete details).
he three mergers were identified in the fiducial simulation based
n the criteria for significant mergers described in Section 2 , i.e.
ass ratio > 1:30 and M ∗ ,at infall ≥ 10 8 M �. The merging systems

re then cross-matched in the GM simulations. The start and end
imes of each of the three mergers are provided in Table 1 along
ith the corresponding merger mass ratios based on both total halo
ass and stellar mass. The start time is defined as the final time

hat the merging galaxy is outside the virial radius of the primary
alaxy, i.e. its infall time, whereas the end is defined as the time
f coalescence. The merger mass ratios were measured at the time
f infall of the merging galaxy as detailed in Rey et al. ( 2023 ).
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Figure 1. Evolution of the (a) host halo mass and central stellar mass, and 
(b) the number of satellites within the virial radius as a function of cosmic 
time. The number of satellites are a rolling average over nine consecutive 
snapshots to smooth noisy data. The darker (red) shaded region indicates 
when the target merger (merger B) occurs, while the lighter (orange) shaded 
region indicates the earlier major merger A. Note that the precise start and 
end times for each merger are different between the five simulations (see 
Table 1 ). The central galaxies have similar halo masses (by design), stellar 
masses, and numbers of satellites at z = 0. Ho we ver, v arying the mass ratio 
of merger B results in significantly different numbers of satellites at early 
times, particularly ∼2 −5 Gyr after the end of merger B. 
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verall, our results reflect the combined impact of (i) modifying the 
ar get mer ger, (ii) the necessary compensations in other mergers to
each the final halo mass within a � CDM cosmology, and (iii) the
on-linear interactions between these resulting from gravitational 
nd baryonic evolution. Such interactions and cosmology-induced 
orrelations are to be expected across all populations of observed or
imulated galaxies, and must be taken into account when interpreting 
bservational constraints on merger histories (Rey et al. 2023 ). 

.1 Satellite mass functions at z = 0 

e first compare the satellite MFs around each of the central galaxies
t z = 0 in Fig. 2 . Solid lines show the satellites within r 200c , host and
ashed lines within 3 r 200c , host . We include the latter since the effects
f the merger may extend beyond the virial radius itself. The host
erger history does not have a significant correlation with either 

he shape or the normalization of the satellite MFs within either 
patial e xtent. Sev eral previous studies hav e e xamined the correlation
etween satellite abundances and host halo ages/assembly times and 
ave found that hosts that formed at later times on average contained
ore satellites (e.g. Gao et al. 2004 ; Mao, Williamson & Wechsler

015 ; Artale et al. 2018 ; Zehavi et al. 2018 ; Bose et al. 2019 ), suggest-
ng that in earlier forming haloes, satellites had more time to merge
ith the centrals. Although our results seem at odd with those results,
ote that these previous studies considered satellites that are signifi- 
antly more massive than those in our sample ( M ∗ � 10 9 M �) and do
ot consider the number of satellites per halo, but rather average satel-
ite populations at a given halo mass. Furthermore, as we show in later
ections, we do find similar results when considering the MFs at ear-
ier times. On the other hand, studies such as Bose et al. ( 2020 ) have
ound the opposite trend i.e. later forming haloes had fewer ultrafaint
atellites ( M ∗ � 10 5 M �), when including orphaned galaxies (i.e. DM
aloes that have been disrupted below the detection limit in DMO
imulations, but that are tracked beyond this point based on their or-
ital properties). These results highlight that the connection between 
alo assembly and satellite abundance is not fully established and 
hat satellite masses are key when making such comparisons. 

While comparisons between simulations may be performed in this 
ay, comparisons to observations such as from the SAGA surv e y
ill require careful consideration of a number of different factors 

ncluding: (i) surface brightness limits affecting both the sample 
election and the measured masses/luminosities, (ii) the precise 
election criteria used to define satellites, which may be different in
imulations and observations, and (iii) the impact of cosmic variance, 
.e. variations from galaxy to galaxy based on their local environment
nd aspects of their history beyond those systematically varied in our
tudy. This variance will be especially important at the high-mass 
nd, where numbers are small. 

We will tackle a comparison to observations in future work, but
reliminary analyses indicate that a significant fraction of the low- 
ass satellites included in our current sample have surface brightness 
 alues too lo w for them to be detected in observations and would
herefore not be included in observed samples. The results are also
ependent on the precise aperture and filter used to measure mock
uminosities. As such, we defer conclusions about direct comparisons 
etween our simulations and observations to a future paper. 

.2 The evolution of satellite populations 

e next turn our attention to the time evolution of the satellite MFs.
ig. 1 (b) shows the evolution of the total number of satellites around

he central galaxy as a function of cosmic time. Note that the raw data
re noisy, partly due to some subhaloes not being detected by AHF

specially during mergers or in very high-density regions, and have 
herefore been smoothed with a rolling average. While the number 
f satellites is similar at z = 0 for each of the GM simulations, this
s not the case at earlier times. At the beginning of merger A (orange
haded region), each of the GM simulations have approximately the 
ame numbers of satellites. The start time of this merger varies by
t most ∼100 Myr across the GM simulations (see Table 1 ). The
tart time of merger B is more v ariable, v arying by up to 130 Myr
cross four simulations and in one exceptional case, the Largest 
erger B simulation, occurring 350 Myr earlier than in the fiducial

ase. Although it appears that the end of merger A o v erlaps with the
eginning of merger B in Fig. 1 , this is merely the result of combining
he start and end times of all five simulations and in fact, within each
imulation, there is a time interval of ∼200 −500 Myr between the
wo events. 

The combined impact of these differences in the merger timing and
ass ratios is evident in Fig. 1 (a), where the lar gest mer ger scenario

xhibits an earlier build up of halo and stellar mass at z ∼ 2 compared
o the other simulations, and in Fig. 1 (b), where the evolution of the
umber of satellites is markedly different, especially at z � 1.5. 
To show the effects of merger B more clearly, in Fig. 3 , we show

he same evolution of number of satellites, but now as a function of
MNRAS 528, 2346–2357 (2024) 
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Table 1. Properties of the central MW-analogue galaxies in each of the GM simulations at z = 0, start and end times ( t start , t end ), and merger mass ratios ( R halo 

based on total halo mass, R stellar based on stellar mass) for all three significant mergers experienced by the central galaxy. All times are provided as cosmic age 
in Gyr. Merger B is the one targeted by the GMs, while mergers A and C are the preceding and following mergers. The start time is defined as the last time 
that the merging galaxy is outside the virial radius of the primary galaxy, whereas the end is defined as the time at which the merging galaxy coalesces with the 
primary. The merger mass ratios are measured using the host and secondary mass at the time of infall i.e. at t start for each merger. 

Simulation M 200c R 200c M ∗ Merger A Merger B Merger C 

(10 10 M �) (kpc) (10 10 M �) t start t end R halo R stellar t start t end R halo R stellar t start t end R halo R stellar 

halo685x09 82.4 198.5 1.78 2.07 3.03 1:0.7 1:1.8 3.39 4.54 1:10.0 1:24.0 3.39 12.62 1:15.0 1:31.0 
halo685x095 81.3 197.7 1.55 2.02 2.86 1:0.9 1:2.1 3.24 4.41 1:9.8 1:15.0 3.53 13.28 1:14.0 1:20.0 
halo685 86.5 201.8 1.82 1.90 2.81 1:1.3 1:2.4 3.30 4.23 1:6.0 1:8.1 3.77 11.65 1:18.0 1:29.0 
halo685x11 84.4 200.2 1.61 1.90 2.81 1:1.4 1:1.8 3.30 4.36 1:2.9 1:4.3 3.83 11.10 1:19.0 1:26.0 
halo685x12 87.5 202.6 1.84 1.81 2.76 1:1.9 1:2.4 2.94 3.94 1:2.1 1:2.1 4.00 11.32 1:22.0 1:50.0 

Figure 2. Stellar MFs of satellites around the central galaxies for each of 
the GM simulations at z = 0. Solid lines show satellites within r 200c , host , 
dashed lines within 3 r 200c , host . Note that these satellite numbers have not 
been corrected for observational biases or completeness effects. At z = 0, 
there is no significant impact of the central’s merger history on its satellite 
MF. 

Figure 3. Evolution of the number of satellites around the central galaxy, as 
with Fig. 1 (b), but as a function of time relative to the end of merger B. Open 
and filled circle markers indicate the start and end of merger A, respectively, 
while diamond markers indicate the start of merger B. The first half of merger 
A is characterized by a rapid increase in satellite numbers; the second half of 
merger A shows a steady decline in satellite numbers until the beginning of 
merger B, except in the case of the Largest Merger B simulation, where no 
such decline is seen. 
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NRAS 528, 2346–2357 (2024) 
ime relative to the end of merger B (i.e. the time of coalescence of
he merging system). The start and end of merger A are indicated as
pen and filled circle markers, respectively, and the start of merger
 as diamond markers. During merger A, the central halo rapidly
ccumulates several satellites. Despite some differences in timing,
ll five simulations have similar numbers of satellites by the end of
erger A ( � N ( t end,mergerA ) ∼ 2). 
In all cases except for the Lar gest Mer ger B simulation, the number

f satellites then shows a sharp decline, starting shortly before the
nd of merger A and continuing until the beginning of merger B.
uring merger B, the hosts further accumulate additional satellites,

uch that by the end of merger B, they again have similar numbers
f satellites ( � N ( t end,mergerB ) ∼ 7). Roughly 2 −3 Gyr later ho we ver,
here is a stark difference in the number of satellites ( � N ( t end,mergerB )

11 −12), with the smaller merger scenarios resulting in a higher
umber of satellites. In fact, while the smaller merger scenarios
ontinue to accumulate satellites, the number of satellites is seen
o decrease in the case of the fiducial simulation and larger merger
cenarios. We discuss the likely causes for these trends in Section
.1 . 
In order to determine to what extent the previous results are due

o differences in the mass of the central at a given time, in Fig. 4 ,
e show the evolution of the number of satellites as a function of

he central stellar mass. Diamond markers indicate the mass and
umber of satellites at z ∼ 1 for comparison. The figure shows that
ven after controlling for the mass of the central, there are significant
ifferences in the numbers of satellites, with the smallest merger
cenario having ∼10 more satellites than the largest merger scenario,
lthough this trend is not monotonic with the mass ratio of merger B.
e have confirmed that the results are similar when considering the

osts’ halo masses instead of stellar mass. The trends are somewhat
eaker when considering satellites out to 3 r 200c , host , but qualitatively

imilar, indicating that the scatter is not due to satellites simply
rav elling be yond the virial radius. Hence, the differences in numbers
f satellites soon after the merger persist even when controlling for
he central mass, which implies that the central merger history may
e a significant source of uncertainty when reco v ering the properties
f a group/cluster, e.g. host mass, from its satellite populations. 
These results are broadly consistent with recent observational

esults from Wu et al. ( 2022 ). While that work found a strong
ependence of number of satellites on host stellar mass, their
esults span a large range of central galaxy stellar masses compared
o our sample and averages over several host–satellite systems.
rom Fig. 4 , we can approximate the maximum scatter in N sat at
 given host stellar mass to be ∼35 −40 per cent for masses of
 central , ∗ ∼ (1 –1 . 75) × 10 10 M �, whereas Wu et al. ( 2022 ) find a

catter of ∼20 −25 per cent for satellites within 200–300 kpc from
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Figure 4. Evolution of the number of satellites within the virial radius around 
the central galaxy, as a function of the central stellar mass. The diamond 
markers indicate the location of the central galaxies on this plane at z ≈ 1. 
Note that the raw data are noisy and have therefore been smoothed using a 
running av erage o v er nine consecutiv e snapshots. The number of satellites 
can vary by as much as 10–15 at a fixed stellar mass, indicating that the 
difference in satellite numbers seen in previous figures are not simply due to 
different mass growth histories of the central galaxies. 
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he host for host central stellar masses of 10 10 −10.25 M � (see fig. 5 in
heir paper). Note that the observed satellites are significantly more 

assive ( M r < −15.0) compared to the satellites under consideration 
ere, which likely accounts for the lower scatter in the observational 
esults. 

Smercina et al. ( 2022 ) observationally infer the mass of mergers
sing stellar haloes, and find a strong correlation between satellite 
ichness and mass of the most dominant merger secondary. Ho we ver,
hey must infer the mass of the merger indirectly from the stellar halo,
nd furthermore have a sample which covers a wide range of central
asses, unlike our controlled simulations. Our result that mergers 

ave a modest long-term effect on the satellite population are thus
ot in direct tension with the strong correlation reported by Smercina 
t al. ( 2022 ), and further future work would be required to provide a
irect point of comparison. Our results are also broadly in agreement 
ith those of D’Souza & Bell ( 2021 ), exhibiting a similar rise in
umber of DM subhaloes during massive accretions, but soon after 
ollowed by a rapid decrease in satellite numbers. The luminous 
atellites in our simulations also show a similar rise and a rapid drop
n satellite numbers (Figs 1 c and 3 ). 

.3 Variation of satellite MFs o v er time 

ig. 3 shows that there are significant differences in the number of
atellites that persist for several Gyr. We now examine the satellite 

Fs o v er this time period to understand the mass dependence of the
revious results. Fig. 5 shows the stellar MFs of satellites within 
 200c , host at and 1–5 Gyr after the end of merger B. The MFs
emain similar for the first Gyr in all cases except the Largest

erger B simulation, which shows a noticeable loss of low- and 
ntermediate-mass ( M ∗ � 10 7.5 M �) satellites. By 2 Gyr after the
erger ho we ver, we find significant dif ferences between the smaller

nd larger merger scenarios, with the former (latter) having gained 
lost) se veral lo w-mass satellites. These dif ferences are seen to persist
or approximately 3 Gyr; by ∼5 Gyr after the end of merger B
o we ver, the satellite MFs in all the GM simulations are once again
ndistinguishable from one another. Thus, the differences in satellite 
umbers found in previous results are largely driven by the loss/gain
f low-mass satellites, while the number of more massive satellites 
emain approximately constant, changing by at most a few o v er a
4 −5 Gyr interval after the end of a significant merger. To quantify
ore concretely the time-scale o v er which the impact of the merger

s noticeable, we compare the satellite cumulative MFs (cMFs) in 
.25 Gyr increments after the end of merger B and record the
aximum difference between the fiducial simulation and each of 

he other simulations in any mass bin, normalized by the 
√ 

cMF of
he fiducial simulation. The merger impact time-scale can then be 

easured as the time o v er which this maximum difference remains
reater than 2 

√ 

cMF , which ranges from 2.25 −4.25 Gyr across the
ve simulations. This can be compared to the dynamical time of

he system at the virial radius at the end of merger B, which is
.17 −1.33 Gyr across the five simulations; thus, the satellite MFs
espond to the target merger o v er ∼2 −4 dynamical times as expected.

While increasing numbers of low-mass satellites can easily be tied 
o accretion of associated subhaloes, the mechanisms for declining 
umbers is harder to pinpoint and can include (a) travelling beyond
he virial radius of the host i.e. becoming backsplash galaxies (Gill,
nebe & Gibson 2005 ), (b) merging with the central, or (c) being
isrupted below the detection limits of the halo finder or losing
nough mass due to tidal stripping to fall below the stellar mass limit
e have imposed. The first of these suggests that the splashback

adius is a more physically moti v ated definition of the host halo
oundary rather than the virial radius when determining satellite 
embership, as has been proposed by several previous studies (e.g. 
dhikari, Dalal & Chamberlain 2014 ; More, Diemer & Kravtsov 
015 ; Diemer et al. 2017 ). Ho we v er, we hav e conducted the same
nalysis including satellites out to 2 and 3 r 200c , host and while there are
ndeed differences in the numbers of satellites, especially between 

ergers A and B, neither choice changes the broad conclusions of
his paper. 

Ideally one would quantify the contribution of these different 
ffects to shaping the satellite population by identifying the fate 
f each individual subhalo. However, the currently available merger 
rees are not robust enough to be able to track individual subhaloes
hrough the mergers in order to determine precisely which of these
athways they follow. While AHF can detect most subhaloes around 
he central halo, during close pericentric passages, we find that 
ubhaloes are often identified as merging into the central galaxy, 
artly due to physical processes but partly due to misidentification 
f subhalo particles. This is especially true during mergers, when 
here are two (and sometimes more) central galaxies, making it 
hallenging to automatically track the satellite galaxies through the 
ergers to determine which of these pathways are most important. 

nstead, in Section 4.1 , we use a combination of manually inspection
nd tracing individual stellar particles to understand how the merger 
istory shapes the satellite population. 

 DI SCUSSI ON  

.1 Satellite accretion histories 

he results described abo v e show that altering the mass ratio of a
erger experienced by an MW-mass galaxy also changes how it 

ccretes its satellite population. The genetic modification approach 
ighlights the non-linearities implicit in galaxy formation physics 
nd the correlations required by a � CDM cosmology, implying 
hat any single merger (whether observed or simulated) cannot be 
MNRAS 528, 2346–2357 (2024) 
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Figure 5. Satellite MFs at the end of the GM target merger (merger B) and up to 5 Gyr after the end of merger B for each of the GM simulations. Starting with 
similar MFs of satellites at the end of merger B, the smaller merger scenarios result in an increase of low-mass ( M ∗ � 10 7.5 M �) satellites. The impact of the 
merger remains visible for ∼2 −5 Gyr after the end of the merger, with the MFs becoming indistinguishable from one another after 5 Gyr. 
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nterpreted in isolation from other accretion events. While the target
or modification is merger B, in order to achieve the same halo
ass at z = 0, the modifications must indirectly affect several other
er gers, notably the mer ger that occurs immediately before (merger
). An increase/decrease in the mass ratio of merger B is partially

ompensated for by a decrease/increase in the mass ratio of merger
 (for details, see Rey et al. 2023 ). As mentioned in Section 3.2 ,

he limitations of the halo finder and the merger trees prevent us
rom reliably tracking individual satellites to quantify the role of
if ferent physical ef fects, especially when considering ho w satellites
re eventually destroyed. Here, we discuss the various ways in which
he genetic modifications affect the merging systems, which can
ualitatively shed light on this issue. 
We first look at the commonalities between the merger histories

f the five simulations and then highlight the differences between
hem. Some of the key features of the merger histories are illustrated
n Fig. 6 , which shows the projected distribution of stellar particles
ithin 200 kpc from the central halo for each of the GM simulations

columns) at the beginning and end of mergers A (rows 1 and 2) and
 (rows 3 and 4). The main halo’s virial radius is shown by the blue

olid circle, while the merging systems A, B, and C are shown in
ashed brown circles (lightest to darkest). 
In general, the merger histories are composed of the following

equence of events: 

(i) Prior to merger A (the first ∼2 Gyr of the simulation), the
alaxy’s main progenitor and the secondary merging system both
xperience a chaotic fast accretion period undergoing several close
nteractions, often involving multiple simultaneously interacting
NRAS 528, 2346–2357 (2024) 
alaxies. Some, if not most, of these interacting galaxies do not
ave enough time to merge with the corresponding central galaxy,
nstead becoming part of the satellite populations of the two merging
entral galaxies. 

(ii) Merger A proceeds, beginning with the secondary central
alaxy crossing the virial radius of the primary system, followed
y a first pericentric and then first apocentric passage. Eventually,
he secondary central galaxy coalesces with the primary central after
 few orbits, while the two satellite systems become mixed. Between
he beginning of merger A and the first pericentre, the number of
atellites increases, resulting in the first peak in satellite numbers at
 ∼ 2.5 in Fig. 1 (b). 

(iii) Following the first pericentric passage and before the begin-
ing of merger B, while some satellites remain in the system, of
he ones that do not, the satellites can follow one of three different
athways: (a) some have velocities large enough to travel beyond
he virial radius of the merged system, i.e. become backsplash
alaxies, (b) some are temporarily discounted since they are within
 . 15 r 200c , host (or indeed are not detected by the halo finder at all
ithin the high-density central region), or (c) some merge with the

entral galaxy. All three of these together result in a decrease in
he number of satellites at z ∼ 1.9 (this is discussed in more detail
elow.) Note that we find that satellites can have a wide range of
erger time-scales, with some satellites (usually low mass and/or

n radial trajectories) merging within < 1 Gyr, while some satellites
usually more massive and/or on circular trajectories) can remain for
everal Gyrs. This confirms that satellite merging cannot account for
he entire decrease in satellite numbers at z ∼ 1.9. 
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Figure 6. Projected stellar mass distribution at the beginning and end of mergers A (rows 1 and 2) and B (rows 3 and 4) in each of the GM simulations. The 
blue solid circle marks the virial radius of the main host, while the brown dashed circles (lightest to darkest) indicate the merging systems in mergers A, B, and 
C, respectively. Each image has a depth of ±200 kpc relative to the centre of the main halo; while each image is of size 300 kpc × 300 kpc, the images in the 
upper three rows are not centred on the main halo to show the other merging systems. Row 1 shows the impact of the GMs on the merging system A, which 
becomes progressively smaller and contains fewer satellites as merger B becomes more important. Furthermore, there are several small galaxies present in the 
region between the merging systems A and B, increasing in number from the Smallest Merger B to Largest Merger B scenarios, which contribute to the increase 
in satellite numbers seen at the end of merger A in Figs 1 (c) and 3 . 
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(iv) Between mergers A and B, the system can also interact with 
everal smaller infalling galaxies, which do not necessarily merge 
mmediately, but instead add to the satellite population. 

(v) Merger B proceeds, with the secondary system bringing in 
ome satellites of its own, leading to an increase in the number of
atellites beginning at z ∼ 1.9. The satellites brought in by this second
erger also follow multiple pathways as mentioned abo v e for merger
, and discussed in more detail below. 
(vi) The post-merger-B phase begins, consisting of the third 

ignificant merger C, and several other smaller mergers. 

Given this sequence of events which is in common between all 
imulations, we can now discuss in detail where the merger histories
if fer, and ho w this gi ves rise to dif ferences in the satellite population.
(i) The secondary system involved in merger A assembles during 
tep (i) abo v e, and is most responsible for compensating for the
ncreased/decreased mass budget of merger B in the GM simulations. 
hus, it brings in more satellites in the Smallest Merger B simulation

12 with M ∗ > 10 6 M �) and fewer in the Largest Merger B simulation
5), which goes to explain the relative sizes of the peaks seen at z

2.5 in Fig. 1 (b). This is also evident in Fig. 6 (top row), where
he size of the merging system A gets progressively smaller as the
mportance of merger B increases (left to right). This reinforces how
ven the observed effect of a significant merger within a � CDM
osmology will not be fully separable from the events leading up
o that merger; an observed set of galaxies with different ongoing or
ecent mergers, even if controlled for fixed central galaxy mass, will
xhibit both direct and indirect consequences of the ongoing merger. 
MNRAS 528, 2346–2357 (2024) 
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(ii) During step (iii), as the satellites brought in with merger A
ettle on to new orbits, two key factors differ between the scenarios:

(a) The numbers of satellites that are trav elling be yond the
virial radius decrease from the Smallest Merger B to fiducial
to Lar gest Mer ger B simulations, due to the increased kinetic
energy of A and therefore its satellite system in the former cases.

(b) The interval between the first pericentric passage during
merger A and the beginning of merger B, is shorter for the
Lar gest Mer ger B scenario and longer for the Smallest Mer ger
B one. In fact, merger B begins 400 −450 Myr earlier for the
Lar gest Mer ger B simulation than for the other four simulations.

(iii) Between mergers A and B, the system further accretes smaller
alaxies: 3 in the Smallest Merger B simulation, 10 in the fiducial
imulation (very shortly after merger A itself), and 8 in the Largest
erger B simulation (approximately evenly spread out between
ergers A and B). These can also be seen in the top row of Fig. 6 ,

s several smaller galaxies spanning the region between systems A
nd B, with the fewest seen in the Smallest Merger B simulation and
ost in the Largest Merger B simulation. These are then directly

esponsible for the increase in satellite numbers seen shortly after
he end of merger A, and in fact, in the case of the Largest Merger B
imulation, for completely erasing the decrease expected after merger
. In effect, the satellites delivered with merger A in the Smallest
erger B simulation are instead delivered more gradually between
ergers A and B in the Largest Merger B case. 
(iv) The secondary system in merger B contains at most 2 satellites

ith M ∗ > 10 6 M � in the three smaller merger B simulations, but 5
nd 11 in the two larger merger B simulations. From the Smallest
erger B scenario to the Largest Merger B one, the central mass

f B grows significantly (by construction), and the number of small
alaxies in its vicinity also grows as is evident from Fig. 6 (rows
 and 3). Ho we ver, these small accreted systems are not formally
onsidered satellites of B, and so can be seen as an extension of the
nhanced satellite capture rate already described between the two
ergers. 
(v) Finally, after merger B, the system continues to accrete smaller

alaxies. The number of such events is mildly smaller in the Largest
erger B scenario than in the Smallest Merger B one and they occur

t slightly later times; more importantly, the galaxies are noticeably
ower mass, on average, in the former case than the latter. 

To explore the fate of the secondary accreted satellites, in Figs 7
nd 8 , we track satellites brought in by the two mergers A and B,
espectively, for the Smallest Merger B, fiducial, and Largest Merger
 simulations through their stellar particles (the two intermediate

uns are omitted for brevity). Satellites are selected with the criteria
escribed in Section 2.2 , but now with respect to the merging system
nstead of the main progenitor. For clarity, we only track particles
hat are initially within 0.25 × R halo of the satellite as defined by the
alo finder. Particles are coloured by the stellar mass rank (rather
han stellar mass itself) of the satellite they originate from. In both
gures, we show snapshots at the beginning and end of the respective
erger (along with the beginning and end of merger B in Fig. 7 ) and
 and 2 Gyr after the end of merger B. The main host halo is shown
y the black dashed circle in each panel, while the grey dashed circle
ndicates the rele v ant merging system. 

Fig. 7 shows that the majority of the satellites brought in by merger
 have been disrupted by the beginning of merger B and very few

f any merger A satellites survive during merger B. This accounts
or the rapid drop in number of satellites seen towards the end of
erger A in Fig. 3 . The fact that mergers A and B occur in quick

uccession may also be a factor in the disruption of satellites from
NRAS 528, 2346–2357 (2024) 
he former. The occurrence of multiple mergers occurring within
 short time span is common at early epochs due to the nature of
 CDM; in fact, the particular set of merger histories explored in our

imulations were shown to be consistent with predicted merger rates
n a � CDM universe (see Rey et al. 2023 ). The haloes have relatively
uiet merger histories after merger B by design. Hence, Fig. 8 shows
hat the smaller number of satellites brought in by merger B have a
igher probability of survi v al on 1–2 Gyr time-scales. Exploring the
mpact of a concentrated merger history versus a more spread out
ne on our results is beyond the scope of these simulations, but is a
opic that could be explored in the future through additional genetic

odification of the merger timings. 
The o v erall picture that emerges from e xamining these merger

istories in detail is that the mass ratio of any merger cannot be
ully separated from the o v erall environment that the system is
mbedded in. Note that the genetic modification algorithm constructs
he closest possible sets of � CDM ICs subject to the desired
hange, and so give us a lower bound on how environmental factors
ecome intertwined with merger constraints; the interrelationships
ill become even harder to separate in volume simulations or
bservations. Furthermore, while there are noticeable impacts of
ncreasing/decreasing the mass ratio of the target merger as described
ere, the trends are not al w ays monotonic w.r.t. to the GMs applied.
his is evident in the initial increase of satellite numbers during
erger A in Figs 1 (b) and 3 , where the Lar ger Mer ger B simulation

as more satellites than the fiducial one, or in the satellite MFs in
ig. 5 (c–e), where the Smaller Merger B (Larger Merger B) scenario
ay have more (fewer) satellites than the Smallest Merger B (Largest
erger B) one. 

.2 Summary of obser v ational effects 

ur results show that the impact of varying the mass ratios of an
arly merger (i.e. several Gyrs ago) at a fixed z = 0 halo mass is
nlikely to be detectable on the satellite MFs at z = 0. In future work,
e will consider whether the satellite population retains a stronger
emory of its merger history through additional factors such as

he star formation histories, quenched fractions, and metallicities of
he satellites. Ho we ver, the merger histories do af fect the satellite
emographics in the system o v er time-scales of up to ∼5 Gyr, which
mplies that the recent merger histories of host systems may be an
mportant source of scatter in the total number of satellites and their

Fs. In our simulations, the time-scale o v er which this effect is
mportant is ∼5 Gyr. 

The results of Fig. 4 also indicate that the differences in numbers
f satellites are not simply the result of different central masses
t a given cosmic time or time interval after a significant merger.
onsidering the reverse proposition, the recent merger histories may
lso be a significant source of uncertainty when using the (dynamical)
roperties of the satellites in reconstructing the properties of the
entral galaxy (e.g. see Gifford, Miller & Kern 2013 ; Armitage
t al. 2019 ; Li et al. 2019 , for techniques to constrain galaxy
luster masses). As previously mentioned, direct comparisons with
bservational quantities require careful consideration of selection
ffects and measurement biases, so we leave an investigation into the
mpact of our results on such techniques to a future paper. 

 C O N C L U S I O N S  

e hav e e xplored the impact of a galaxy’s merger history on its
opulation of dwarf satellites with the VINTERGATAN-GM suite of
imulations. VINTERGATAN-GM is a set of five zoom-in simulations
f an MW-mass system consisting of a fiducial simulation exhibiting
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Figure 7. Projected map of stellar particles from satellites brought in by the secondary system in merger A for the fiducial run (row 2) and the smallest and 
lar gest mer ger scenarios (rows 1 and 3). Satellites are identified at the beginning of merger A (shown in column 1) and tracked in subsequent snapshots showing 
the end of merger A, beginning and end of merger B, and 1 and 2 Gyr after the end of merger B (columns 2–6). Particles are coloured by the stellar mass rank 
of the satellites they originate from in the first snapshot (rather than stellar mass itself, to maximize contrast between satellites). For clarity, we select particles 
within 0.25 × R halo for each satellite in the first snapshot. The black dashed circle shows the extent of the main halo, while the grey dashed circle shows the 
location of the merging system. Additionally, in the ‘pre-merger B’ panels (column 3), we indicate the position of the merger B secondary progenitor with a 
grey star; at earlier times (columns 1 and 2), this system is beyond the range of positions plotted. The majority of satellites brought in during merger A have 
been disrupted by the beginning of merger B. 
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 significant merger at z ≈ 2, and four variations in which the ICs
ave been modified with the GENETIC algorithm to vary the mass
atio of this z ≈ 2 merger, while attaining the same halo mass at z =
. This targeted modification allows us to isolate, to the maximum 

xtent possible, the impact of varying the merger history of the host
ystem on its satellite abundance and MF. We summarize our main 
onclusions here. 

(i) The number and MFs of satellites around the central galaxy at 
arly times are significantly impacted by the hosts’ merger history; 
he smaller (larger) merger scenarios result in more (fewer) satellites 
eing present after the end of the target merger. Ho we ver, these
ifferences are then compensated for at later times. 
(ii) The MFs of the satellites are noticeably impacted by the target 
erger for ∼2.25 −4.25 Gyr after it ends (which corresponds to 
2 −4 dynamical times for the system at the end of the targeted
erger), with the smaller merger scenarios resulting in more low- 
ass ( M ∗ ∼ 10 6 −7.5 M �) satellites compared to the larger merger

cenarios. 
(iii) Modifying the early merger history of the central galaxy has 

ittle impact on the total number of satellites surrounding it and 
heir MFs at z = 0. This indicates that the satellite MFs may not
etain the memory of mergers occurring at early times to present day,
ven though the mergers can significantly alter the properties of the 
entral galaxy itself. Additional observables such as metallicities and 
uenched fractions will be examined in future work. 

Our results indicate that the merger history of a galaxy can have
oticeable impacts on its satellite population, but that any such 
mpact on the stellar MF is retained only for ∼2.25 −4.25 Gyr after
 significant merger when considered at fixed eventual halo mass. 
evertheless, this is a cosmologically significant time window and 

herefore it may indeed be possible to link the recent merger activity
f a galaxy to its satellite stellar MF observationally. As previously
mphasized by Rey et al. ( 2023 ), the GM technique highlights that
inking any particular observations directly to the consequences of 
 purported merger is risky in � CDM, due to its highly correlated
tructure. Our results further underscore this point, showing that 
ffects on the satellite population arise for a number of reasons both
irectly and indirectly linked to a merger. A combination of GM
imulations and large-volume simulations is probably required to 
nderstand how to disentangle these effects for future observations. 
lthough our results are produced for MW-mass systems, logically 

uch trends are likely to be seen at all mass regimes. Finally, as
entioned earlier, while these results consider the impact of the 
ergers on the satellite MFs, it is possible that the impact on

ther satellite properties such as quenched fractions and metallicity 
istributions may be more pronounced and long lived. Our future 
ork will focus on understanding the response to these properties 

long with incorporating observational selection effects in order to 
ake robust comparisons between our simulations and observed MW 

warfs. 
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M

Figure 8. Same as Fig. 7 (columns 3–6), but no w sho wing satellites brought in through merger B with the merging system indicated by the grey dashed circle. 
Merger B introduces fewer new satellites to the system, but these satellites are longer li ved. Ho we ver, some can be seen to travel beyond the virial radius and 
also be partially disrupted, leading to a loss of stellar mass and thus making them less massive than required by our selection criteria. 
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