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A B S T R A C T 

Using the ARTEMIS set of 45 high-resolution cosmological simulations, we investigate a range of merger-induced dynamical 
transformations of Milky Way-like galaxies. We first identify populations of accreted stars on highly radial orbits, similar to the 
‘ Gaia Sausage’ in the Milky W ay. W e show that ≈1/3 of the ARTEMIS galaxies contain a similar feature, and confirm that they 

usually comprise stellar debris from the most massive accreted satellite. Selecting 15 galaxies with discs at the present-day, we 
study their changes around the times of the GS-like mergers. Dark matter haloes of many of these exhibit global changes in 

shape and orientation, with almost half becoming significantly more spherical when the mergers occur. Focusing on the galaxies 
themselves, we find that 4/15 have stellar discs which experience large changes in the orientation of their angular momentum 

(AM) axes, at rates of up to ∼60 degrees Gyr −1 . By calculating the orbital angular momentum axes of the satellites before they 

are accreted, we show that there is a tendency for the disc’s AM to become more aligned with this axis after the merger. We 
also investigate the origin of in situ retrograde stars, analogous to the ‘Splash’ in the Milky Way. Tracing them back to earlier 
snapshots, we demonstrate that they were often disrupted on to their extreme orbits by multiple early mergers. We also find that 
the total mass of these stars outside the central regions positively correlates with the total accreted stellar mass. 

Key words: Galaxy: formation – Galaxy: halo – Galaxy: kinematics and dynamics – Galaxy: structure. 
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 I N T RO D U C T I O N  

s with the rest of the Univ erse, the Milk y Way’s most transformative
ears have long passed (Madau & Dickinson 2014 ). Only with the
elp of a stellar archaeological record can we hope to reconstruct 
he sequence of events that unfolded many Gyr ago and gave 
he Galaxy its shape and form. The stellar halo contributes an 
nsignificant mass to the total Galactic budget (e.g. Bell et al. 
008 ; Deason, Belokurov & Sanders 2019 ; Mackereth & Bovy 
020 ) but serves as a reliable repository of historical information. 
osmological hydrodynamical simulations suggest two main stellar 
alo formation channels: accreted and in-situ (see e.g. Cooper 
t al. 2010 , 2015 ; Font et al. 2011 ; Tissera et al. 2014 ; Pillepich,
adau & Mayer 2015 ). The accreted stellar halo component is built

p through disruption and mixing of smaller subgalactic fragments 
see Johnston, Hernquist & Bolte 1996 ; Johnston 1998 ; Helmi &

hite 1999 ; Bullock & Johnston 2005 ), while the main pathway to
he in-situ halo creation is via the heating of the pre-existing disc
e.g. Zolotov et al. 2009 ; McCarthy et al. 2012 ). Note that only
 very small number of relati vely massi ve (10 8 < M ∗ < 10 9 M �)
warf satellites are predicted to contribute the bulk of the accreted 
tellar halo component (e.g. Font et al. 2006 ; De Lucia & Helmi
008 ; Deason et al. 2013 ; D’Souza & Bell 2018 ; Elias et al. 2018 ;
onachesi et al. 2019 ). Over the last three decades, such an ancient
assi ve merger e vent has been repeatedly invoked as the principal

olution to the puzzle of the Galactic thick disc and the observed
-[Fe/H] bi-modality (see e.g. Gilmore, Wyse & Kuijken 1989 ; 
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hiappini, Matteucci & Gratton 1997 ; Villalobos & Helmi 2008 ).
et no clear sign of this long-suspected catastrophic incident had 
een detected, that is until recently. 

Recent observations from the Gaia space telescope (Gaia Collabo- 
ation 2016 ) have significantly improved the accuracy and quantity of

ilky Way astrometric data. These have been combined with various 
pectroscopic observations, with the result that stellar positions and 
elocities are no w kno wn with far greater precision than a decade
go. F or e xample, using data from Gaia DR1, Belokurov et al. ( 2018 )
howed that the local stellar halo of the Milky Way (MW) contains a
arge contribution from stars on highly radial orbits with little angular

omentum, dubbed the ‘ Gaia Sausage’ (GS). The authors concluded 
hat these stars originated in a large satellite galaxy (of total mass
 10 10 M �) which underwent a major merger with the MW 8–10 Gyr

go. The nature of the ancient merger was soon confirmed with the
aia DR2 data (Deason et al. 2018 ; Haywood et al. 2018 ; Helmi

t al. 2018 ; Mackereth et al. 2019 ). The follow-up studies revealed
hat the GS merger not only dictates the structure of the inner stellar
alo (see e.g. Koppelman, Helmi & Veljanoski 2018 ; Myeong et al.
018a , b , 2019 ; Bird et al. 2019 ; Iorio & Belokurov 2019 ; Lancaster
t al. 2019 ; Simion, Belokurov & Koposov 2019 ), but appears to be
ontemporaneous with the demise of the thick disc, the emergence of
he in-situ halo and the formation of the bar (Di Matteo et al. 2019 ;
antin et al. 2019 ; Gallart et al. 2019 ; Belokurov et al. 2020 ; Bonaca
t al. 2020 ; Fragkoudi et al. 2020 ; Grand et al. 2020 ; Sit & Ness 2020 ).

The ancient GS merger played a pivotal role in the transformation
f our Galaxy. Here we study simulated analogues of this event in
he ARTEMIS suite to elucidate the response it triggered in the young

ilk y Way. While sev eral studies hav e already looked into the prop-
rties of the progenitor dwarf galaxy, so far little attention has been
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iven to the multitude of the effects of the interaction on the host. Fat-
ahi et al. ( 2019 ) used 28 galaxies in the Auriga suite (see Grand et al.
017 ) to search for GS-like populations. They found that roughly a
hird of the galaxies contained such a feature which dominated the
tellar halo, and confirmed that these stars were delivered in one or
wo mergers with large dwarf galaxies of stellar mass � 10 8 M �. The
re v alence and the properties of the simulated GS encounter found
y Fattahi et al. ( 2019 ) is in general agreement with other studies
ased on cosmological galaxy formation simulations (e.g. Belokurov
t al. 2018 ; Bignone, Helmi & Tissera 2019 ; Mackereth et al. 2019 ;
lias et al. 2020 ). Note, ho we ver, that se veral of the above studies use

mplicit or explicit constraints on the accretion history of the MW
ook-alik e. In this w ork, we dispense with such a bias, analysing
alaxies that obey solely the MW mass constraint. 

The flooding of the Milky Way with the GS tidal debris is only
 part of the metamorphosis the stellar halo underwent. Gaia DR1
nd DR2 data were used to unco v er a substantial population of stars
ith metallicities typical of the Galactic disc but on highly eccentric
r retrograde orbits (see Bonaca et al. 2017 ; Di Matteo et al. 2019 ;
allart et al. 2019 ; Belokurov et al. 2020 ). The exact origin of this
opulation remains uncertain, but all of the abo v e studies agree that
hese stars were born inside the MW, before or around the time of
he GS accretion. These stars could be, for example, the remnants of
he Galactic ancient disc splashed by the violent interaction between
he MW and the GS progenitor. To this end, Grand et al. ( 2020 ) used
imulated galaxies in Auriga to study analogues of the GS merger and
ts connection to the disc and stellar halo of the host. They showed
hat stars belonging to retrograde ‘Splash’ populations were indeed
ormed in the proto-discs and scattered on to extreme orbits by gas-
ich mergers. Fresh gas supply provided by the infalling massive
warf and the intense nature of the ensuing interaction additionally
ead to a star -b urst in the central MW contributing both to the thick
isc and the Splash components (see Grand et al. 2020 ). Under the
ssumption that the Splash is created out of the Galactic proto-disc
eated up by the GS merger, its stellar mass and kinematics can be
sed to gauge the mass ratio of the in-falling satellite and the host
Belokurov et al. 2020 ; Grand et al. 2020 ). 

The GS merger punctuates one of the busiest epochs in the MW’s
ife, the period expected to witness the transformation of the DM
alo itself. The details of the galactic dark matter distribution,
ncluding the shape of the DM halo and the properties of the
mall-scale substructure such as dwarf satellites, are controlled by
he host halo’s accretion history which is in turn connected to the
haracteristics of the surrounding large-scale structure (see e.g.
renk et al. 1988 ; Cole & Lacey 1996 ; Libeskind et al. 2005 ; Allgood
t al. 2006 ; Hahn et al. 2007 ; Vera-Ciro et al. 2011 ; Codis, Pichon &
ogosyan 2015 ). While the Milky Way is universally considered

o be the best-equipped dark matter ‘laboratory’, the observational
rogress to measure the Galactic DM distribution has been painfully
low. In the Solar neighbourhood, strong constraints exist as to the
M halo shape and the local density normalization (e.g. Piffl et al.
014 ; Nitschai, Cappellari & Neumayer 2020 ), but further from the
un our vision of the DM halo remains blurred. F or e xample, only
 few kpc away, the DM halo has been claimed to have a spherical
e.g. Wegg, Gerhard & Bieth 2019 ), an oblate (e.g. Olling &

errifield 2000 ), and a prolate (e.g. Bo wden, Ev ans & Williams
016 ) shape. The most remarkable claim has been perplexing and
alvanizing the community for the last decade: according to Law &
ajewski ( 2010 ), who used the Sagittarius stellar stream to measure

he large-scale DM halo shape, the MW’s halo is triaxial with its
inor axis in the Galactic disc and the major one aligned with

he orbital plane of the Magellanic Clouds. This measurement is
NRAS 513, 1867–1886 (2022) 
xtraordinary because, while it is true that stellar streams are the
ost robust accelerometers available locally (see e.g. Koposov,
ix & Hogg 2010 ; Bowden, Belokurov & Evans 2015 ; Bonaca &
ogg 2018 ), the DM halo configuration inferred is not dynamically

table (Debattista et al. 2013 ). Note that, as has been recently
ealized, all of the previous Galactic DM shape inference ought to
e re-e v aluated no w to take into account the interaction between the
W and the Large Magellanic Cloud (LMC) (e.g. Erkal et al. 2019 ;
aravito-Camargo et al. 2019 ; Vasiliev, Belokurov & Erkal 2021 ). 
One well-established observation which hints at a very particular

rrangement of the MW’s dark matter is the tendency of its dwarf
atellites to orbit in a relatively tight polar (i.e. set up perpendicular
o the Galactic disc) disc-like pattern (e.g. Lynden-Bell 1976 ;
roupa, Theis & Boily 2005 ). Comparison with cosmological galaxy

ormation simulations suggests that the dwarf satellite motions tend
o align with the outer portions of the host’s DM halo while the
alaxy itself reshapes and re-aligns the inner halo’s DM distribution

Deason et al. 2011 ; Tenneti et al. 2014 ; Shao et al. 2016 ). Note,
o we ver, that satellites also prefer to be coplanar with the host’s
tellar disc, making the MW’s arrangement rather remarkable and
are. A picture therefore emerges in which the main direction of the
alactic DM accretion underwent a dramatic swerve in the last 8–
0 Gyr instigated by a change in the surrounding large-scale structure
see Shao et al. 2021 ). The GS accretion is probably the only major
vent in our Galaxy’s past that occurred at approximately the same
ime. Even more strikingly, it has been recently demonstrated that
he tidal stellar debris cloud it left behind is closely aligned with the
isc of satellites and the orbit of the Magellanic Clouds (Iorio &
elokuro v 2019 ). F attahi et al. ( 2019 ) demonstrated that while
ominating the stellar halo, the GS progenitor was not an important
ontributor to the MW’s dark matter halo (see also Evans, O’Hare &
cCabe 2019 ; Necib, Lisanti & Belokurov 2019 ; Bozorgnia et al.

020 ). Ho we ver, as the largest dwarf galaxies are accreted along
he principal feeding filaments, the GS merger instead was likely a
arbinger of the ensuing switch in the Galactic DM accretion. 
Connected to the global drastic re-arrangement of the baryonic

nd dark matter distribution is the possibility of a significant change
n the direction of the net angular momentum (AM) vector of the
alaxy’s baryons, i.e. its stellar and gaseous discs (Debattista et al.
008 , 2015 ). The AM evolution can be fast and furious (spin flipping)
nd/or slow and slight (spin precession). Previously, work on such
 merger-induced spin re-alignment has often been presented in the
ontext of large-scale filamentary structure. Welker et al. ( 2014 )
howed using cosmological simulations that massive galaxies which
ave undergone major mergers tend to have a spin axis perpendicular
o their nearest filament. They found that this realignment is driven
y the mergers, with higher mass ratio mergers resulting in a greater
memory loss of the post-merger spin direction’. Ho we ver, lo w-mass
alaxies that experience no significant mergers generally have an AM
xis aligned with the filament. Kraljic, Dav ́e & Pichon ( 2020 ) have
imilarly found in simulations that galaxies with a stellar mass below

10 10 M � have spins aligned with nearby filaments, while higher
ass galaxies tend to be orthogonal. Observational evidence for this
ass dependence was found by Welker et al. ( 2020 ). Using data

rom the SAMI Galaxy Surv e y the y show that the stellar transition
ass between these two behaviours is between 10 10.4 and 10 10 . 9 M �.
his is comparable to recent estimates of MW’s stellar mass of
10 10 . 8 M � (e.g. McMillan 2011 ; Licquia & Newman 2015 ). It

s therefore plausible that our Galaxy underwent such a spin flip
aused by the merger with the GS progenitor. Determining whether
his occurred is of great importance for reconstructing the GS merger.
ecent studies such as Naidu et al. ( 2021 ) have used a combination
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f surv e ys and N -body simulations to deduce the likely geometry of
his ancient merger (see also Vasiliev, Belokurov & Evans 2022 ). In
rder to fully understand this, it is necessary to consider whether the
W itself changed orientation during the merger. 
This work uses the ARTEMIS set of 45 zoomed-in, hydrodynamical 

alaxy formation simulations (see Font et al. 2020 ). These are high
esolution simulations, with a baryon particle mass of the order 
f 10 4 M �, similar to that used by the Auriga Project. Ho we ver,
RTEMIS has some advantages o v er Auriga for the purposes of
ur study: the suite is 50 per cent larger (Auriga has 30 MW-type
alaxies); and the selection of host haloes is based only on total
ass, whereas in Auriga an additional constraint was imposed that 

he haloes must be relatively isolated (see Grand et al. 2017 ). By
ncluding systems that experienced recent major mergers, we can 
nvestigate the multitude of pathways in which MW-mass galaxies 
an form, and estimate the pre v alence of GS-like progenitors without
ny assumptions about the host merger histories. 

The aim of the work is to address a variety of dynamical
ransformations which MW analogues can undergo as a result 
f massive mergers. We largely focus on the changes in stellar
inematics and spatial distributions throughout the history of the 
alaxies, particularly around the times of mergers. We aim to address
hether spin flips do occur in the MW analogues, and whether 

hey coincide with these major mergers. Of particular importance 
s whether the stellar discs are destroyed as a result, since this has
mplications for the evolution of the galaxy’s morphology. We also 
nvestigate whether the directions of the flips are connected to the 
erger geometry. Following on from the earlier work (Di Matteo 

t al. 2019 ; Belokurov et al. 2020 ; Grand et al. 2020 ), we probe
he origin of the retrograde ‘Splash’ populations. In particular, we 
xamine whether these stars belonged to a disc prior to any merger
hich may have disrupted them. 
Our surv e y of the variety of host transformations arising as a

esult of its interaction with a massive in-falling satellite is inspired 
y the ancient GS event in our Galaxy as unco v ered recently
ith the use of the Gaia data. Such major mergers often lead to
 rapid satellite radialization (see Vasiliev et al. 2022 ) spraying, 
s a result, the satellite’s debris on to highly eccentric orbits in
he host’s inner halo. Moti v ated by this, we use the presence of
 significant local population with acute radial anisotropy as the 
rincipal marker of such a past major merger. We choose not to add
dditional observational constraints such as the exact epoch of the 
ccretion or the mass of the satellite even though some new pieces
f evidence have been unearthed recently. By not using the GS event
s a rigid template for our study we gain access to a wider variety
f assembly histories and a richer spectrum of host transformations. 
ote, ho we ver, that throughout the analysis we do take care to point
ut a handful of the closest analogues of the MW–GS interaction. 
hile the ARTEMIS suite does present us with an opportunity to 

tudy MW-mass hosts without a morphological type constraint, in 
his work we focus predominantly on the hosts that appear disc-like 
t redshift z = 0. 

The structure of the paper is as follows. Section 2 summarizes 
he ARTEMIS simulations and the main properties of the Milky 

ay-mass hosts. Section 3 investigates the velocity distributions 
f accreted stars in the Solar neighbourhood (Section 3.1 ) and the
rocess of identifying GS-like progenitors of these galaxies in these 
egions using kinematic signatures (Section 3.2 ), discussing also the 
ormation histories of galaxies with GS-like features (Section 3.3 ). 
ection 4 focuses primarily on two main types of galaxy 

ransformations that accompany these massive mergers, namely disc 
ipping and disc splashing. The principal findings and conclusions 
re summarized in Section 5 . A table containing the most important
arameters for the galaxies and mergers studied is also presented in A .

 SI MULATI ONS  

RTEMIS is a suite of 45 zoomed hydrodynamical simulations of 
ilky Way-mass galaxies set in a WMAP-9 � CDM cosmology. The

imulations were carried out with the GADGET-3 code with an updated 
ydro solver, last described in Springel ( 2005 ). The subgrid physical
rescriptions include model metal-dependent radiative cooling in 
he presence of a photo-ionizing UV background, star formation, 
upernov a, and acti ve galactic nuclei feedback, stellar and chemical
volution and formation of black holes. More details about their 
mplementation in the EAGLE simulations are given in Schaye et al.
 2015 ), Crain et al. ( 2015 ), and references therein. The prescriptions
re unchanged in ARTEMIS , with the exception of the stellar feedback
hich was re-calibrated in order to re-gain the good match to the
bserved stellar mass–halo mass relation of galaxies obtained with 
AGLE (Note that the stellar feedback is calibrated, by construction, 
gainst this set of observables. Also, as shown in Schaye et al. ( 2015 ),
henever the mass resolution is increased, the stellar feedback 
eeds to be adjusted to reco v er the good match to the calibration
bservables. This is also needed for ARTEMIS , which achieves a mass
esolution higher by a factor of ∼7 than the highest resolution EAGLE

uns; see Font et al. 2020 for details.). 
The 45 systems were initially selected from a 25 Mpc h −1 periodic

ox collision-less simulation based solely on their total mass (i.e. 
o additional constraints on merger histories). The total masses 
ange between 8 × 10 11 < M 200 /M � < 2 × 10 12 , where M 200 is the
ass enclosing a mean density of 200 times the critical density at

resent time. The particle masses are 1.17 × 10 5 M �h −1 for dark
atter and 2.23 × 10 4 M �h −1 for the initial baryon mass, while the
lummer-equi v alent softening is 125 pc h −1 . Gravitationally bound
aloes and subhaloes are identified using the SUBFIND algorithm of 
olag et al. ( 2009 ). 
The simulations match the stellar mass–halo mass relation of 

alaxies by construction, but they match a series of global and
tructural properties of MW-mass galaxies without further tuning, 
.g. the sizes, stellar masses, luminosities, and average metallicities 
[Fe/H]), as well as the spatial distribution of metals (Font et al.
020 ). Furthermore, a broad series of properties of satellite dwarf
alaxies of MW-mass systems are also well matched, for example, 
he luminosity functions, radial distributions, and quenched fractions 
f dwarf galaxies in the MW, M31 and other MW analogues (Font,
cCarthy & Belokurov 2021 ; Font et al. 2022 ). More details about

he properties of MW-mass hosts and of their present-day satellites 
an be found in the respective studies. 

We also constructed the merger trees for all MW-mass hosts, using
he methods described in McAlpine et al. ( 2016 ). We use these to
dentify the most massive accreted progenitor of each host MW-type 
alaxy, their times of accretion and to follow these progenitors (and
heir hosts) backwards and forwards in time. 

 PREVALENCE  O F  GS-LI KE  FEATURES  

e begin by addressing whether the ARTEMIS galaxies contain 
S-like features, and if so, how frequently occurring they are. In
ection 3.1 we find such features using the velocity space of accreted
tars. We determine their incidence in Section 3.2 and select a
ample of galaxies containing GS analogues for further study. The 
volution of these galaxies is investigated in Section 3.3 , including
heir accretion histories. 
MNRAS 513, 1867–1886 (2022) 
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Figure 1. Velocity distributions of accreted star particles (top row), residuals 
of the Gaussian fits (middle row), and velocity distributions of in situ stars 
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i is the variance of the fitted Gaussian along that direction. The 
red ellipse corresponds to the more radially anisotropic component, and the 
black ellipse to the more isotropic component. The corresponding weights 
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G13 is more isotropic in comparison. The residuals show excesses of star 
particles at high | v r | and low | v θ | compared to the fits. In G23 and G28 the 
high concentrations of in situ stars at v θ ∼ 200 kpc correspond to stellar discs 
(see Section 3.2 ). G37 also contains a similar feature at ne gativ e v θ . 
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.1 Velocity space distributions of accreted stars 

o identify approximately how many ARTEMIS galaxies contain a
eature resembling the GS, we followed a similar method to Fattahi
t al. ( 2019 ). We used a coordinate system centred on the host’s
entre of potential (CoP), with the z-axis aligned with the galaxy’s
ngular momentum v ector. F ollowing F attahi et al. ( 2019 ), this was
hosen to be the total angular momentum of all star particles within
 radius of r = 10 kpc. We selected stars at redshift z = 0 bound to
he most massive (host) halo which satisfied the cuts: 

(i) cylindrical radii R in the range 5 < R / kpc < 15; 
(ii) heights abo v e the galactic plane in the range 0 < | z| / kpc < 9;
(iii) flagged as accreted only. 

The spatial cuts roughly mimic the volume in which Gaia observes
tars in the Solar neighbourhood (see fig. 1 in Belokurov et al. 2018 ).
imilarly to Fattahi et al. ( 2019 ), the purpose of these cuts is not to
ccurately simulate the observations of Gaia , so a more realistic cut
s not required. Star particles flagged as in situ are those born bound
o the host subhalo. This is defined as the most massive subhalo in
he friends-of-friends group. Star particles flagged as accreted are all
hose not bound to this host subhalo at their birth (see Font et al.
020 ). Choosing only accreted particles allows the minimum value
f | z| to be reduced to 0 kpc without the sample being contaminated
y an in situ disc. 
To quantify the presence of GS-like features, we computed the

elocity components of star particles in spherical polar coordinates
 v r , v φ , v θ ). Here r is the spherical galactocentric radius, φ is the
olar angle measured from the positive z-axis, and θ is the az-
muthal angle measured from an arbitrary reference plane. Following
elokurov et al. ( 2018 ), we plotted 2D histograms of v r against
 θ for the star particles in each sample. Using the expectation–
aximization algorithm GAUSSIANMIXTURE from the SCIKIT-LEARN

ibrary (Pedregosa et al. 2011 ), we fitted Gaussians to the 3D velocity
istributions in spherical polars. A two-component fit was used, with
nitializations chosen such that the components represented (i) any
adially anisotropic population present, and (ii) a more isotropic
opulation. In the Milky Way, the radially anisotropic component
s the GS. Similarly to Fattahi et al. ( 2019 ), we characterized this
omponent by two quantities: 

(i) proportional contribution to the accreted population; 

(ii) anisotropy parameter, defined as β = 1 − σ 2 
θ + σ 2 

φ

2 σ 2 
r 

. Here σ i is
he velocity dispersion along the i th direction. For a population of
tars on purely radial orbits, β = 1. If the velocity distribution is
sotropic, β = 0. 

We tested the fitting process by applying it to mock data drawn
rom a combination of two 3D Gaussian distributions, with a variety
f covariance matrices and relative weights. In nearly all cases
he fitting converged on the correct covariances with reasonably
ood accuracy. Ho we ver, the fitted weight values were sometimes
naccurate, with errors of up to ∼0.2. This occurred in cases where
he contribution and β of the more radially anisotropic component
ere both small. Hence the estimates for contribution may be

omewhat inaccurate in some cases, and should only be considered
s approximate guides. 

The quality of the fits w as check ed by plotting and visually
nspecting the corresponding ellipses in v θ / v r and v φ / v r projections
f velocity space, along with the residuals. Examples from four
ifferent galaxies can be seen in Fig. 1 . These were selected to show
 variety of appearances. Galaxies G23, G28, and G37 each have
NRAS 513, 1867–1886 (2022) 
onspicuous radially anisotropic components which dominate the
istributions, while the G13 distribution is more isotropic. 
In a large majority of cases any visible radially anisotropic

eatures are fitted moderately well by the corresponding Gaussian
omponents (red ellipses), such as in G23 and G28. Ho we ver, the
lots of residuals reveal two major discrepancies between the data
nd the fits: 

(i) In cases where a prominent radially anisotropic component is
resent, the fit o v erpredicts at small | v r | and underpredicts at higher
 v r | . This same non-Gaussian nature of the distribution was observed
n the GS by Belokurov et al. ( 2018 ), and is due to an excess of
tars with large apo-centres (Deason et al. 2018 ) that can be linked to
he orbital radialization of the GS progenitor (Vasiliev et al. 2022 ).
s a consequence, the phase-space distribution of the tidal debris is

trongly bi-modal in the radial velocity dimension (see also Iorio &
elokurov 2019 , 2021 ; Lancaster et al. 2019 ; Necib et al. 2019 ). 
(ii) More complex deviations from Gaussian distributions are

een, for instance in G37. F or e xample, there are loops of higher
tellar density at large | v θ | , which are difficult to fit accurately
ith any simple model. In some cases these may further reduce

he reliability of the contribution estimates. 

The first point suggests that a more suitable model for some of
hese velocity distributions would involve additional Gaussians.
hese would be offset from zero, representing the excesses of stars
t high | v r | . Ho we ver, for this work only approximate values for
he parameters are required to gain an estimate of the pre v alence of
S-like features. Hence this simple model is deemed adequate for

hese purposes. 
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Figure 2. Anisotropy parameter β and contribution to the accreted popula- 
tion of the more radially anisotropic fitted components. The region enclosed 
by the red dotted lines is considered Milky Way-like, whereas the grey 
dashed lines mark the region from which an initial 23 galaxies were selected 
(Sample GS/all). A large proportion of ARTEMIS galaxies have a strongly 
radial component, with about 2/3 having β > 0.8. Only in some of these does 
this component dominate; in total ∼1/3 of the galaxies have both β > 0.8 and 
a contribution of > 50 per cent , similar to the Milky Way. 
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Figure 3. Selected region of Fig. 2 containing galaxies with GS-like features 
(Sample GS/all). The present-day co-rotation parameters κco are given by the 
colours of the points. Fifteen of the 23 galaxies shown have κco > 0.4 and 
are thus considered to be discs. 

t  

v  

k  

s  

c
i
(
t  

t
s  

a
 

κ  

t  

t  

t  

o
 

o  

A  

a  

g  

w
 

G  

s  

m
S
t  

b  

S
m  

b  

p  

s  

o  

s  

1 Note ho we ver that κco is not a perfect indicator of the morphology of the 
galaxy (see e.g. Thob et al. 2019 ) and can slightly underestimate the fraction 
of discs, depending on the threshold chosen. 
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.2 Selection of galaxies containing GS-like features 

he procedure outlined abo v e was used to find estimates of β and
ontribution for the components with highest β in all 45 galaxies. 
hese are plotted in Fig. 2 . 
The corresponding values for the GS in the Milky Way are β � 0.8

nd a contribution of greater than 50 per cent (Belokurov et al. 2018 ;
attahi et al. 2019 ). Fig. 2 shows that ∼30 of the 45 ARTEMIS galaxies
ave features with estimated values of β > 0.8. Fifteen of these also
ave an estimated contribution of > 50 per cent , which is 1/3 of the
RTEMIS galaxies. This is in agreement with the proportion of Auriga 
alaxies with a similar feature found by Fattahi et al. ( 2019 ), albeit
sing different selection cuts on the star particles. 
From this distribution we selected a sample of galaxies containing 

 feature comparable to the GS. Let this be denoted Sample GS/all.
e chose the requirement for Sample GS/all to be β > 0.8 

nd contribution > 40 per cent . The constraint on contribution was 
elaxed from > 50 per cent due to the uncertainties in these values, 
nd to increase the sample size. Twenty three galaxies survived this
ut. Again, we inspected the velocity distributions to visually confirm 

hat each of the selected galaxies contained a strongly anisotropic 
eature which dominated the distribution. 

Since some ARTEMIS galaxies are not discs, we imposed a further
ut to remo v e these from the selection. This was based on the co-
otation parameter (see Correa et al. 2017 ), which we define as 

co = 

1 

K 30 kpc 

r< 30 kpc ∑ 

i 
v θ > 0 

1 

2 
m i v 

2 
θ,i . (1) 

This is the fraction of stellar kinetic energy associated with ordered 
otion about the same axis and in the same sense as the galaxy’s

otation. Here m i and v θ , i are the mass and azimuthal velocity of
he i th star particle, and the sum is o v er all star particles with
 θ > 0 and galactocentric radius r < 30 kpc. K 30 kpc is the total
inetic energy of star particles within r = 30 kpc. This is a physical
cale often used in simulations (see e.g. Schaye et al. 2015 ), as it
losely mimics Petrosian magnitude-based estimates implemented 
n standard pipelines for estimating the galaxy stellar mass function 
e.g. SDSS). For MW-mass galaxies, it also encompasses most of 
he stellar mass of the system (see also fig. 1 in Font et al. 2020 for
he match to the observed galaxy size–stellar mass relation, where 
tellar masses were computed within the 30 kpc aperture). Note that
ll distances quoted throughout this paper are physical, not comoving. 

The selected region of Fig. 2 is shown in Fig. 3 colourcoded by
co . Following Correa et al. ( 2017 ) we required that κco > 0.4 at

he present-day for a galaxy to be considered a disc, 1 although this
hreshold is somewhat arbitrary (see e.g. Font et al. 2020 ). Fifteen of
he 23 galaxies in Sample GS/all survived this further cut. This set
f fifteen galaxies is denoted Sample GS/discs. 
The co-rotation parameter can also be used to find what fraction

f the disc galaxies have a GS-like feature. Overall, 27 of the 45
RTEMIS galaxies have κco > 0.4. Nine of these have both β > 0.8
nd a contribution of greater than 50 per cent . Hence 1/3 of the disc
alaxies have a GS-like feature, the same fraction that was found
ithout considering κco . 
Belokurov et al. ( 2018 ) and Fattahi et al. ( 2019 ) concluded that the

S-like features usually originate in a single merger with a massive
atellite. To check this in the ARTEMIS galaxies we identified the
ost massive accreted progenitors (MMAPs) in each galaxy in 
ample GS/discs, by stellar mass. This was done by computing 

he peak stellar mass of any subhalo to which a star particle was
ound before it was accreted on to the host. For two-thirds of the
ample GS/discs galaxies, these MMAPs also had the highest dark 
atter (DM) and total masses of all accreted progenitors. It should

e noted that due to stripping of the satellite prior to the merger, the
eak stellar mass is reached before the final accretion. Hence some
tar particles are born after the peak and will not be registered as
riginating in the same satellite. Ho we ver, since a large majority of
tars are born before the peak in stellar mass, this is only a small
MNRAS 513, 1867–1886 (2022) 
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Figure 4. Spherical polar velocity distributions of all accreted stars (top 
row), stars from the MMAP (middle row) and accreted stars not from the 
MMAP (bottom row), for four different Sample GS/discs galaxies. For each 
galaxy (down each column) the greyscale normalization is the same for each 
set of stars. Apart from in G30, the stars from the MMAPs visibly form 

the radially anisotropic components, with stars at higher | v θ | remo v ed. In 
G03 and G23 the stars from lower mass progenitors form more isotropic 
distributions, indicating that the GS-like feature is dominated by stars from 

the MMAP. In G28 a radially anisotropic feature is also visible in the lower 
plot, suggesting that the GS-like population is accreted in multiple mergers. 

Figure 5. Co-rotation parameters κco of the Sample GS/discs galaxies across 
time. The grey dashed line marking κco = 0.4 is the threshold abo v e which a 
galaxy is considered to be a disc. As expected, κco usually increases towards 
the present day as stars are born in the disc. The different galaxies span a wide 
range of behaviours: for example G19 and G44 were already discs almost 
12 Gyr ago, while G30 only reached κco = 0.4 in the last 3 Gyr. 
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Figure 6. Total mass of accreted star particles within r = 30 kpc, normalized 
by the present-day values. This effectively shows the galaxies’ stellar 
accretion histories. The median for the galaxies not in Sample GS/discs 
is plotted in black for comparison, with the interquartile range shown in grey. 
Ten of the fifteen Sample GS/discs galaxies have already reached more than 
90 per cent of their present-day accreted mass by 5 Gyr ago. These have 
undergone no significant mergers in the last few billion years, similar to the 
Milky Way. By contrast, the non-Sample GS/discs galaxies on average gain 
most of their mass later and more steadily. 
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raction of the total number. The properties of these mergers will be
ummarized in Section 3.3 . 

The velocity distributions of stars from the MMAPs are shown in
ig. 4 for four different galaxies in Sample GS/discs. For comparison,
lso shown are the distributions for all accreted stars, and for all
ccreted stars from other (lower mass) progenitors. The coordinate
ystem and spatial cuts are the same as in Fig. 1 . 

In G03 and G23, separating accreted stars according to whether
hey came from the MMAP ef fecti vely decomposes the velocity
istribution into its constituent components. In both cases the stars
rom the MMAP form a highly radial feature with very few of the
tars at high | v θ | . The distribution of other stars does not show
uch a feature clearly. This is in agreement with the conclusions
f Belokurov et al. ( 2018 ) and Fattahi et al. ( 2019 ). Most of the
NRAS 513, 1867–1886 (2022) 
istributions of the Sample GS/discs galaxies have a similar form. In
28 the radial feature visible in the top row has contributions from

tars originating in both the MMAP and lower mass progenitors.
ence there are cases where the GS-like features are not formed

olely by the MMAP mergers. These are different to the Milky Way,
n which the GS is almost certainly the result of a single dominant
ccretion event (Belokurov et al. 2018 ). 

In G30 the MMAP stars form a more isotropic distribution, with
he stars at high | v r | coming mostly from lower mass progenitors.
his is only the case in two of the Sample GS/discs galaxies, the
ther being G42. This may be related to the fact that the mass ratios
f the MMAP mergers in these are the largest of all the selected
alaxies (see Fig. 7 in Section 3.3 ). 

.3 Formation histories of the hosts 

he galaxies in Sample GS/discs are all discs at the present-day, with
co > 0.4. To quantify how the discs change across cosmic time, we
alculated the values of κco (see equation 1 ) at earlier times for each
alaxy, using higher redshift snapshots of the simulations. The axis
f rotation ( z-axis) was recalculated for each snapshot to account for
ny changes in orientation, again using the total angular momentum
f star particles within r = 10 kpc. The results are shown for all
fteen galaxies in Fig. 5 , from a look-back time of t L = 12 Gyr up

o the present-day. 
In order to illustrate the galaxies’ accretion histories, we calculated

he total mass of accreted star particles within r = 30 kpc as a function
f time. These are shown in Fig. 6 . To allow comparison between the
alaxies, the masses are all normalized to unity at the present-day.
he median and interquartile range for the non-Sample GS/discs
alaxies are also plotted for comparison. 

Figs 5 and 6 demonstrate that the galaxies in Sample GS/discs
ollow a broad range of evolutionary paths (this is expected in the
osmological context for disc galaxies, see e.g. Font et al. 2017 ).
he times at which the galaxies cross κco = 0.4 vary from more

han 11 Gyr ago (G19 and G44) to less than 2 Gyr ago (G30 and
43). Similarly, the galaxies reach close to their present-day accreted
asses at a range of times. G42 accreted very few stars in the last

0 Gyr, while as recently as 4 Gyr ago G27 had gained less than half
f its accreted stellar mass. 
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Figur e 7. Mer ger times and mass ratios of the most massive merger events in 
Sample GS/discs galaxies, with stellar masses colour-coded. The mass ratio 
is the peak total mass of the MMAP subhalo as a fraction of the total mass 
of the host at the same time. The grey dashed lines mark the approximate GS 
merger time of 8 Gyr ago, and a mass ratio of 0.4. This is the value estimated 
by Naidu et al. ( 2021 ) for the GS-Milky Way mer ger. The mer gers span a 
wide range of times between 2 and 12 Gyr ago, although the majority are 
between 6 and 10 Gyr ago. There is also a wide range of mass ratios, between 
∼0.05 and ∼0.6. The mergers with mass ratios greater than 0.4 all occur more 
than 8 Gyr before the present-day. In nearly all galaxies the peak stellar mass 
is of the order of 10 9 M �. 
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Ho we ver, all but two had gained at least ∼ 60 per cent of their
ccreted stellar mass by t L = 5 Gyr. This is in contrast to typical non-
ample GS/discs galaxies, which tend to accrete their mass more 
teadily and more recently. The Sample GS/discs galaxies which 
ccrete most of their mass early are comparable to the Milky Way.
aidu et al. ( 2020 ) showed that the stellar halo within r = 25 kpc

s dominated by the GS debris accreted o v er 6 Gyr ago. This is
onsistent with Deason et al. ( 2013 ), who found that the broken
adial density profile of the Milky Way’s stellar halo is likely due to
n early massive accretion event. Iorio & Belokurov ( 2019 ) studied
he shape of the Milky Way’s stellar halo in more detail, and agreed
hat the majority of halo stars were deposited in such a merger event.
s the figure shows the formation of the entire stellar halo one needs

o take into account other important accretion events in the MW’s
ife. F or e xample, there is also the Sagittarius Dwarf Galaxy (Sgr)
urrently undergoing disruption (Ibata, Gilmore & Irwin 1994 ). This 
s estimated by Gibbons, Belokurov & Evans ( 2017 ) to have had
n initial dark halo mass of � 6 × 10 10 M �. Ho we ver, a significant
raction of its stellar mass remains bound to the Sgr dwarf (see e.g.
aw & Majewski 2010 ; Vasiliev & Belokurov 2020 ), and Naidu et al.
 2020 ) showed that the accreted Sgr stars only dominate the stellar
alo beyond r = 25 kpc. 
It is perhaps more instructive to focus on the merger time and the
ass of the MMAP. In Fig. 7 the accretion mass ratios and merger

imes of the MMAPs are plotted, colour-coded by peak stellar mass
f the MMAP. We calculated the merger times from the 5th and 95th
ercentiles of redshifts at which stars were unbound from the MMAP
nd accreted on to the host. The plotted times are interpolations 
etween these two values. The accretion redshift values are correct 
nly to the nearest snapshot, which are separated by ∼1 Gyr or less;
ence the accretion times are correct to within ∼1 Gyr. On the y -axis
s the ratio of peak total mass of the MMAP subhalo to the total mass
f the host subhalo (measured at the same time). This may be of
ore rele v ance to this work than the stellar mass ratio alone, since

ny dynamical transformations of the host are likely to be affected 
y the total mass. 
As expected from the accretion histories in Fig. 6 , there is a

ide range of MMAP merger times. More than half of these are
n the range 6–10 Gyr ago, broadly similar to the GS (see Belokurov
t al. 2018 , 2020 ; Helmi et al. 2018 ; Di Matteo et al. 2019 ; Gallart
t al. 2019 ; Bonaca et al. 2020 ). The mass ratios span an order
f magnitude between ∼0.05 and ∼0.6. This range contains the 
stimate of 2.5:1 (grey dashed line) by Naidu et al. ( 2021 ) for the
orresponding mass ratio of the GS-Milky Way merger. Ho we ver, 
e emphasize that the total mass ratio of the GS-Milky Way merger

emains poorly constrained. This is because the total mass budget 
ncludes the dark matter and gas content of the dwarf, neither of
hich is observationally accessible. We therefore treat the total mass 

atio as one of the least well constrained parameters of the interaction
nd do not wish to o v erinterpret it. Hence we do not limit our sample
sing this quantity. Mass ratios abo v e 0.4 correspond to relatively
arly mergers (more than 8 Gyr ago). The only two cases with mass
atios greater than 0.5 (G30 and G42) are those whose MMAP stars
ppear to form more isotropic distributions at the present-day (see 
ig. 4 ). While these mergers are somewhat different from the GS-
ilky Way merger, we retain them in Sample GS/discs since many

f the resultant host transformations may be similar. 
Almost all of the MMAPs have peak stellar masses of the order

f 10 9 M �, with the only significant deviations being G19 (stellar
ass M ∗ ≈ 2 × 10 8 M �) and G43 ( M ∗ ≈ 9 × 10 9 M �). The others

re all within the range (5 − 50) × 10 8 M � estimated by Myeong
t al. ( 2019 ) for the GS. Other estimates for the stellar mass of
he GS are similar, including (5 − 10) × 10 8 M � (Deason et al.
019 ), (7 − 70) × 10 8 M � (Feuillet et al. 2020 ), and ∼ 3 × 10 8 M �
Mackereth & Bovy 2020 ). 

Most of the galaxies in Sample GS/discs are therefore comparable 
o the Milky Way, with accreted satellites whose properties are 
roadly consistent with our knowledge of the GS progenitor. We 
rgue ho we ver that e ven the galaxies with later or earlier mergers
an give insight into the processes which may have occurred in the
ilky Way. 

 H O S T  T R A N S F O R M AT I O N S  

s described in Section 1 , previous studies hav e rev ealed a range
f possible effects that mergers may have on the host galaxies. In
his section, we investigate two such transformations in ARTEMIS , 
amely disc flipping and disc splashing. But first we look at a larger
cale effect: changes to the masses and shapes of the DM haloes
urrounding the galaxies. For these purposes we use the fifteen 
alaxies in Sample GS/discs described in Section 3.3 . 

.1 Dark matter halo evolution 

efore studying the details of the evolution of the DM halo shapes,
t is worth pointing out that DM haloes behave very differently in the
bsence (DM-only simulations) and in the presence of baryons. In 
articular, the DM radial density profiles can be modified when gas
iles up at the bottom of the potential well or is rapidly remo v ed from
he galaxy’s centre due to feedback processes (e.g. Blumenthal et al.
986 ; Gnedin et al. 2004 ; Mashchenko, Couchman & Wadsley 2006 ;
ontzen & Go v ernato 2012 ; Di Cintio et al. 2014 ). F ormation of a
ense baryonic disc in the centre of the halo forces the DM to adjust
y reshaping and aligning. As a result, the inner portions of DM
aloes that host a disc are much more spherical than those that do not
see e.g. Dubinski 1994 ; Abadi et al. 2010 ). The sculpting of the DM
hape is a complex process: the DM halo can retain some memory
f the initial collapse set by the surrounding large-scale structure 
see Vera-Ciro et al. 2011 ), its central regions can be molded by the
MNRAS 513, 1867–1886 (2022) 
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Figure 8. Top row: total masses of DM between radii of 0 and 30 kpc (blue) and between 30 and 100 kpc (orange), against look-back time, in four different 
galaxies in Sample GS/discs. In each case large masses of dark matter are gained in the outer regions, especially prior to the MMAP merger (black dashed line). 
The mass inside 30 kpc increases by a much smaller amount. Bottom ro w: e volution of sphericities s of the DM haloes, measured using the positions of particles 
within radii of 30 kpc (blue) and 100 kpc (orange). In both cases s increases across time in each galaxy, indicating that the haloes become more spherical. In 
some galaxies the MMAP mergers roughly coincide with rapid increases in s (e.g. in G23 and G30). 
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aryons that settle there, while its outskirts reflect the most recent
ccretion events (see e.g. Shao et al. 2021 ). 

To quantify the accretion histories of the DM haloes, we calculated
he total masses of DM within the radial ranges r < 30 kpc and
0 kpc < r < 100 kpc. This is analogous to the calculations of stellar
ass used for Fig. 6 . 
A simple commonly used measure of the shape of a DM halo is its

phericity s , calculated as follows. Using essentially the same method
s Springel, White & Hernquist ( 2004 ), we found the principal axes
f the halo. Consider the tensor 

 jk = 

r< 30 kpc ∑ 

DM 

particles 

x j x k , (2) 

here x j are the Cartesian coordinate components of DM particles in
he frame centred on the host’s CoP. The sum is o v er all DM particles
ithin a radius of r = 30 kpc. The minor axis of the halo within this

adius is given by the eigenvector corresponding to the smallest
igenvalue, and the major axis by the eigenvector corresponding to
he largest eigenvalue. Let the (positive) eigenvalues of I jk be a 2 , b 2 ,
nd c 2 , with a 2 ≥ b 2 ≥ c 2 . The values a , b , and c are then proportional
o the root mean square distances of these particles from the origin,
long each of the principal axes. We define the sphericity as s = c / a ,
uch that s = 1 if the halo is spherical, and s = 0 if it is razor-thin.
his was calculated for all fifteen galaxies in Sample GS/discs across
any snapshots. It was also repeated for all DM particles within a

adius of r = 100 kpc. These masses and sphericity parameters are
lotted for four different Sample GS/discs galaxies across time in
ig. 8 . 
NRAS 513, 1867–1886 (2022) 
In each of the four galaxies shown, more than 10 11 M � of DM
s added to the region between radii 30 and 100 kpc in the few
illion years prior to the MMAP merger, after which far less mass
s gained. Ho we ver, the mass within r = 30 kpc remains roughly
onstant throughout this accretion of matter to the outer halo. Most
f the Sample GS/discs galaxies show similar behaviour. The merger
ith the MMAP galaxy is therefore a rough marker of the end of DM

ccretion to the halo, at least within a radius of 100 kpc. The bottom
ow of Fig. 8 demonstrates that the shapes of the haloes also evolve.
n each of the four galaxies, and in virtually all of the galaxies in
ample GS/discs, the sphericity increases with time. The most rapid

ncreases in s for particles within 100 kpc often coincide with the
eriods of fastest accretion to the outer parts of the halo (e.g. in G19,
23, and G30). The value of s remains more stable when little DM

s being accreted, for example in the last 6 Gyr in G23. It therefore
ppears that accretion of DM to the halo is associated with the shape
f the halo becoming more spherical. 
To quantify the number of Sample GS/discs galaxies which

ndergo a large sphericity change within r < 100 kpc, we proceeded
s follows. We linearly interpolated s as a function of look-back
ime between each snapshot, and found the changes in s o v er all
 Gyr long periods. Seven of these galaxies experience increases in
 of greater than 0.2 during a 2 Gyr period which includes the time
f the MMAP merger. These include G19, G23, and G30, but not
27. By comparison, the mean change in s across all 2 Gyr periods

ince t L = 12 Gyr is less than 0.1 in all 15 galaxies. Hence by this
efinition, almost half of the Sample GS/discs galaxies experience
arge increases of halo sphericity coincident with MMAP mergers. 

Changes in orientation of the DM halo principal axes are discussed
n relation to disc flipping in Section 4.2 . 
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Figure 9. Top row: angles of in situ AM axes and DM minor axes, all measured from the present-day in situ axis. The ‘old in situ stars’ are born before t L = 

10 Gyr. In G19 and G23 the orange and blue traces are very close, so are difficult to distinguish. In these two galaxies the AM direction changes by more than 
∼50 ◦ in a period of less than ∼2 Gyr around the MMAP merger. The DM minor axes are reasonably well-aligned with the disc after this flip, particularly for r 
< 30 kpc. In G30 the AM of old in situ stars does experience a rapid change at the time of the merger, but it is not as closely coupled to the o v erall AM. Bottom 

row: κco measured for all stars within 30 kpc (blue) and those born before the beginning of stellar accretion from the MMAP (orange). In G19 and G23 κco for 
all stars remains abo v e 0.4 during the flip, implying that the stellar disc survives the flip. In G30 κco is smaller than 0.4 at the time of the merger, so the AM 

change is not classed as a disc flip. 
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.2 Disc flipping 

here is reason to believe (e.g. Bett & Frenk 2012 ; Welker et al.
014 ; Dekel et al. 2020 ) that the angular momentum (AM) axes of
M, stellar, and gaseous components of Milky Way-like galaxies 

xperience rapid orientation changes (flips) caused by mergers. To 
how whether this is the case in the ARTEMIS galaxies, we calculated
he net AM orientations across time of (i) all in situ star particles
ithin r = 30 kpc, and (ii) only those born before t L = 10 Gyr. Here
e choose to exclude accreted stars from the calculation to ensure 

hat any changes in orientation are not only due to the AM of newly
ccreted stars. We later found that this choice of definition did not
ffect our conclusions. 

Using the method described in Section 4.1 , we found the principal
xes of the DM halo. In the Milky Way there is reason to believe
hat the DM halo minor axis direction changes between inner and 
uter radii (e.g. see Deason et al. 2011 ; Shao et al. 2021 ). Moti v ated
y this, as in Section 4.1 we calculated the tensor I jk twice, for DM
articles within r = 30 kpc and r = 100 kpc. 
The angles of the AM axes and the DM minor axes are plotted in

ig. 9 , for some of the galaxies which do experience AM orientation
hanges. All angles are measured relative to the same direction, 
amely that of the in situ AM at the present-day. 
For a spin flip to also be a disc flip, the galaxy must be a disc at

he time of flipping. For this reason, it is instructive to also plot the
 fl  
o-rotation parameter κco (see equation 1 ). This is calculated for two
ets of stars: (i) all stars within r = 30 kpc, and (ii) stars within r =
0 kpc born before the start of MMAP accretion. This will show (i)
hether a disc can survive a flip, and (ii) whether stars born before

he flip remain in a disc configuration themselves. In both cases,
s al w ays, the z-axis of the coordinate system used to define κco is
ligned with the total angular momentum of stars within r = 10 kpc.
hese results are also plotted in Fig. 9 . 

The most striking features of the top row of Fig. 9 are rapid changes
n the orientations of the disc AM at around the MMAP merger times.
n G19 and G23 the AM axis of in situ stars changes orientation by
ore than ∼50 ◦ in less than 2 Gyr. In G23 the flip is more than 90 ◦.
he dashed orange traces show that this is not merely the result of
ew stars being born in a new disc with a different orientation: these
re all stars born before the AM flip. The AM direction of these stars
s almost indistinguishable from that of the whole in situ population.

e have checked that these results are largely unchanged when the
xis of the disc is defined differently (e.g. including accreted stars,
alculating AM within different radii, or using the minor axis of an
nertia tensor). 

Furthermore, the bottom row of plots shows that the discs of
19 and G23 remain discs throughout their flips. κco calculated for 

ll stars remains comfortably abo v e 0.4 during the time of fastest
ipping. This remains true when κco is calculated for only stars born
MNRAS 513, 1867–1886 (2022) 
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efore the merger. This shows that old stars are remaining in a disc
onfiguration even when the axis of that disc is changing by large
ngles. The decreases in κco seen in each case are likely related to
he phenomenon of splashing (see Section 4.3 ). 

Ho we ver, the changes in AM orientation are not limited to the
ime of the merger. In many cases, the AM axis undergoes slower
recession even when the galaxy is not accreting stars at a significant
ate. In Fig. 9 this is seen most clearly in G19, where the axis direction
teadily changes by almost 50 ◦ in 6 Gyr. It can be seen from Fig. 6 that
his galaxy does not accrete any significant mass of stars in this time.
 similar effect in other simulations was described by McCarthy

t al. ( 2012 ), who found that star-forming discs are torqued across
osmic time. They showed that this is so severe that there is almost
o correlation between the disc orientations at redshift z = 2 ( t L ∼
0 Gyr) and the present-day. The modern disc orientation is therefore
he result of these two apparently different effects: rapid disc flipping
nd slow disc precession. 

G30 exhibits contrasting behaviour. While the AM of old in situ
tars rapidly changes orientation at the time of the MMAP merger,
ts direction is not coupled strongly the AM of all in situ stars, which
recesses at a dif ferent rate. Furthermore, the v alue of κco is less than
.3 at the merger time. For the stars born before this time, the value
ecreases to below 0.2 until the present-day. Hence even though the
M changes orientation, we do not consider G30 to have undergone
 disc flip. While there also appears to be a large flip at 12 Gyr ago,
e note that the number of star particles in the halo at this time is very

mall. Hence this change does not represent a major transformation
o the galaxy. 

In G19 and G23, the DM minor axis within r = 30 kpc (green
ash-dot curve) appears well-aligned with the axis of the disc (solid
lue curve) from soon after the rapid flip onwards. This is indeed
he case: the angle between them is almost al w ays less than 10 ◦ in
hese time periods. There is similarly close alignment in G30 with
he old in situ stars. This is consistent with the inferences of Shao
t al. ( 2021 ) that the minor axis of the Milky Way’s inner DM halo
s perpendicular to its disc. Other work on simulations (e.g. Hahn,
eyssier & Carollo 2010 ) also shows that the minor axes of inner
M haloes tend to be well-aligned with stellar and gas discs (see

lso Debattista et al. 2008 , 2015 ). 
It is notable that in both G23 and G30 the stellar AM flip is

receded by a flip in the DM 30 kpc minor axis ∼1 Gyr earlier, which
s in turn preceded by a flip in the DM 100 kpc minor axis. This hints
hat the rapid re-orientation might first take place at large radii, with
hells of the DM halo at smaller radii flipping later, followed finally
y the disc. Ho we ver, this is not seen as clearly in G19. 
Note that while the fastest flips coincide roughly with the MMAP
ergers, this does not necessarily imply that these mergers are

irectly responsible for the flips. For example, large masses of DM
ot bound to the MMAP may be accreted at a similar time; e.g.
enel et al. ( 2010 ) found in simulations that around 40 per cent
f DM halo mass originates from smooth accretion of previously
nbound DM. If the mass of this matter is significant, it may well be
artially responsible for causing the angular momentum of the host
o change. 

G30 is one of the four galaxies which experienced early, high
ass ratio mergers. The other three all show similar κco evolution,

ut in G29 and G34 the AM of the two sets of in situ stars are
ore closely coupled. Both G29 and G42 exhibit rapid changes

n their stellar AM orientation, at the same times as their MMAP
ergers. Hence rapid AM flips occur in galaxies both with and
ithout discs, and in cases with both small and large merger mass 

atios. 
NRAS 513, 1867–1886 (2022) 
.2.1 Number of disc flips 

o find the number of galaxies in Sample GS/discs which experience
 disc flip, we proceeded as follows. In order to estimate the
ngular momentum orientations as continuous functions of time, we
nterpolated the AM unit vectors between the snapshots, using the
pproximation that the vectors rotated in fixed planes with constant
ngular speed between consecutive snapshots. 

The definition of a disc flip is highly arbitrary, made more so by the
act that the AM orientations precess slo wly e ven when not flipping
apidly. We adopt the definition that a disc flip is a change of in situ
M orientation by more than 60 ◦ in any period of 2 Gyr, during
hich κco > 0.4 throughout. The period of 2 Gyr is chosen because

t roughly corresponds to the duration of the large AM swing clearly
een in G23. With this definition, the number of galaxies which
ave undergone disc flips is four: namely G19, G23, G24, and G27.
his result is unchanged if we instead require angle changes of 45 ◦

n 2 Gyr, or changes of 30 ◦ in 1 Gyr. Note that G30 is excluded
ecause κco < 0.4 during its large AM changes. In all four of these
alaxies, the flips coincide with the MMAP mergers, supporting the
ypothesis that these events are linked. There are no galaxies which
xperience two or more disc flips, according to these definitions. This
ay simply be because disc flipping events are sufficiently rare that
e do not see any repeats in our sample. If only 4/15 of the galaxies

n the sample experience a single disc flip, then it is reasonable that
one of these experience a second one. 

.2.2 Maximum rates of flipping 

n addition to finding the presence of disc flips, we also calculated the
aximum rates of change of the disc axis directions. Since most discs

ppear to undergo precession at all times, even when not accreting,
his is less arbitrary than an absolute change in orientation. Let ˆ ω i 

e the unit vector aligned with the AM vector of all in situ stars
ithin r = 30 kpc, in the simulation snapshot i . Then the change

n AM orientation 
δi between snapshots i and i + 1 is given by
os 
δi = 

ˆ ω i · ˆ ω i+ 1 . Also let 
 t i = t i + 1 − t i be the time interval
etween these snapshots, where t i is the cosmic time at snapshot i ( t i 
ncreases towards the present-day). The mean rate of change of the
M orientation between these two snapshots is then 

i = 


δi 


t i 
, (3) 

n units of radians Gyr −1 . We repeated this calculation for all
napshots in the range i start − 1 ≤ i ≤ i end + 1, where i start is the
napshot at the approximate beginning of stellar accretion of the

MAP, and i end is at the end of accretion. This corresponds to a
ew Gyr around the time of the merger. To obtain an estimate of the
aximum precession rate associated with the merger, we calculated

he maximum value of �i across these intervals. Due to the discrete
ature of the snapshots this is not an instantaneous maximum rate, but
 maximum averaged rate over periods of ∼1 Gyr. Note that this may
e somewhat sensitive to the temporal resolution of the snapshots. In
articular, if the flips happen in time intervals shorter than the gaps
etween snapshots, the maximum rates would be underestimated.
o we ver, it can be seen in Fig. 9 that the large changes happen
 v er 3–4 snapshots. This is usually the case in the other galaxies.
his method is therefore adequate for providing estimates of the
aximum rates. 
The maximum rates max( �i ) are plotted in Fig. 10 against the total
ass ratio, defined as in Fig. 7 . The points are colour-coded by the

o-rotation parameter κco , measured at the snapshot corresponding
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Figure 10. Maximum rates of AM flipping associated with mergers against 
total mass ratio for Sample GS/discs galaxies. The mass ratio is the same as 
that in Fig. 7 . The co-rotation parameter κco is colour-coded. Extremely fast 
rates (more than 100 degrees Gyr −1 ) are only seen where the mass ratio is 
large (greater than 0.4), and κco is small. In cases where there is a disc ( κco � 

0.4), the fastest rates do not exceed ∼60 degrees Gyr −1 . Below a mass ratio of 
0.4 there is no apparent correlation between mass ratio and peak flipping rate. 
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o max( �i ). This shows whether the stars do indeed form a disc (i.e.
co > 0.4) when the AM is flipping at its fastest rate. If κco is small

he flipping rate has less meaning, since less of the stellar motion is
ssociated with the net AM. 

In galaxies where κco > 0.4, Fig. 10 shows that max( �i ) takes
alues between 10 and 60 degrees Gyr −1 . Note that the four galaxies
hich experience a disc flip according to our definition (G19, G23, 
24, and G27) exhibit the fastest rates of all the galaxies with κco >

.4. The rate only exceeds 60 degrees Gyr −1 in G29 and G42, where
co < 0.3. It can be seen from Fig. 7 that the MMAP mergers in both
f these galaxies occur early ( t L > 10 Gyr), with a high mass ratio.
ig. 5 also shows that κco is small for these galaxies before their
espective mergers, as well as during and immediately after. Since a 
ollection of stars with small κco is not experiencing coherent rotation 
o the same degree as a disc, rapid changes of angular momentum
irection are less significant events. 
Therefore, we conclude that the highest observed disc flipping 

ates coincident with mergers do not exceed 60 degrees Gyr −1 . For
 particle with an orbital period of 500 Myr (a realistic value for
 Milky Way-like galaxy), this corresponds to a rate of 30 degrees
er orbit. This is consistent with Dekel et al. ( 2020 ), who predict
sing simulations that gas discs undergo and survive flips (defined 
s changes of more than 45 ◦) in less than an orbital period. 

There is no obvious correlation between total mass ratio of the 
erger and maximum flipping rate. The disc of G19 flips at a
aximum rate of ∼60 degrees Gyr −1 despite a small total mass ratio

f ∼0.05. There are many reasons why this could be the case, such
s merger geometry. It must also be remembered that the total mass
atio only takes account of particles bound to the MMAP’s subhalo, 
ot any associated satellites or companions. In reality, the actual 
ass being accreted around the time of the merger may be much

reater than merely that of the MMAP. While Fig. 9 pro v es that the
isc flips are contemporaneous with the MMAP events, the lack of
orrelation shown in Fig. 10 could be viewed as a demonstration 
hat the flipping is not caused by the MMAP itself. Note that in some
ases it is also possible that the flipping is due to causes other than the
ergers. Bett & Frenk ( 2012 ) found in simulations of Milky Way-
ass haloes that large spin flips of inner DM haloes frequently occur

n the absence of mergers. F or e xample, these could be caused by
idal interactions during flybys of passing objects. The spin flipping 
istories of galaxies are therefore complex and v aried. Ho we ver,
ince a significant merger did occur in the Milky Way’s past, it
s entirely possible that it caused the Milky Way to experience a
ignificant flip. 

.2.3 Connection to merger geometry 

t might be expected that the change in AM direction of the host
s related to the orbital angular momentum (OAM) of the satellite’s
rbit about the host prior to accretion. To test this, we used the
erger trees to find the centre-of-mass (CoM) positions and peculiar 

elocities of the host and MMAP before the merger. We transformed
rom comoving to physical coordinates and into the reference frame 
entred on the host at each snapshot. This allowed the OAM direction
f the satellite’s orbit to be calculated (i.e. the normal to its orbital
lane with respect to the host). Let r i be the position vector of the
atellite’s CoM relative to the host’s CoM in the i th snapshot and v i 
ts relative peculiar velocity. The unit normal vector to the orbital
lane is then 

ˆ J i = 

r i × v i 

| r i × v i | . (4) 

Also let a be the index of the final snapshot in which the MMAP
s present before accretion. To find the orbital plane we calculated 
ˆ J a−2 (i.e. three snapshots before final accretion). This was chosen 
ecause the merger is more likely to be already underway in later
napshots. We also calculated the host’s stellar AM directions ˆ ω i in 
he same snapshot, in the snapshot a + 3 (three snapshots after

MAP accretion), and at the present-day snapshot p . We later
hecked that the results were not sensitive to the exact snapshots
hosen. To quantify the alignment between the orbital plane and the
n situ AM before and after the merger, define the angles αbefore , αafter 

nd αtoday by 

os αbefore = 

ˆ J a−2 · ˆ ω a−2 , (5) 

os αafter = 

ˆ J a−2 · ˆ ω a+ 3 , (6) 

os αtoday = 

ˆ J a−2 · ˆ ω p . (7) 

hese are the angles of the AM axis three snapshots before and after
he merger and at the present-day, all measured relative to the OAM
xis of the MMAP before the merger. If cos αafter > cos αbefore , the
M of the host is more aligned with the satellite’s (pre-merger) OAM

fter the merger than it was before. To show whether this is the case,
os αafter is plotted against cos αbefore in the left-hand panel of Fig. 11
or the fifteen galaxies. This is repeated with cos αtoday instead of
os αafter in the right-hand panel. 

Before the merger, Fig. 11 shows no clear preferred orientation 
f the host’s AM with respect to the satellite’s orbital plane. The
lignment cos αbefore takes a wide range of values, and has a median
lose to zero (as expected for two uncorrelated directions). Ho we ver,
2/15 of the galaxies have cos αafter > 0. Hence in 80 per cent of
ases the host’s post-merger AM lies within 90 ◦ of the MMAP’s pre-
erger OAM. More importantly, 12/15 of the points lie abo v e the

rey dashed line cos αafter = cos αbefore . Points abo v e this line have
os αafter > cos αbefore , meaning that the host AM is more closely
ligned with the satellite’s OAM after the merger than before. An
ven stronger pattern can be seen in the right-hand panel of Fig. 11 .
here is a clear preference for the present-day disc AM to be at least
artially aligned with the satellite’s OAM, with only one case (G29)
here the directions differ by more than 90 ◦. In addition to G29 there
MNRAS 513, 1867–1886 (2022) 
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M

Figure 11. Left-hand panel: cosines of the angles between the MMAP OAM and the host AM three snapshots before ( αbefore ) and after ( αafter ) the merger, for 
all Sample GS/discs galaxies. Right-hand panel: the same, but the host AM angle after the merger is measured at the present-day ( αtoday ). The MMAP OAM is 
measured three snapshots before the merger in all cases. The points are colour-coded by the change in angle of the host AM vector between the two rele v ant 
snapshots. For G29 this value (160 ◦) is outside the range of the colourbar, so is given separately. Points on the grey dashed lines represent no change in relative 
alignment with the satellite’s OAM. Unsurprisingly, points closest to these lines also correspond to galaxies whose AM vectors change by the smallest angles 
(i.e. shaded purple). Those further a way from these lines e xperience a greater change in both angle and relativ e alignment with the satellite’s OAM. In both 
panels most of the points lie abo v e the grey dashed lines, corresponding to galaxies whose alignment with the pre-merger orbital plane increases. At the present 
day all but one of the galaxies have disc axes aligned within 90 ◦ of the OAM. Note that in the right-hand panel G29 and G42 have experienced some of the most 
extreme changes. These are the galaxies with small κco which experience the most rapid angular momentum flips. 
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re only three other cases where the alignment was closer before the
erger than at the present-day. 
This indicates that there is a relation between the orbit of the

atellite before the merger and the AM flipping. On average the
ipping acts to increase the alignment between the AM of the galaxy
nd the MMAP’s pre-merger OAM. In particular, the preference for
os αafter and cos αtoday to be positive suggests that the sign of the
AM along its axis is important, not merely the orbital plane itself. 
This does not necessarily imply that the MMAP merger itself is

esponsible for the realignment. Other accreted matter approaching
rom the same direction may share the same orbital plane, also
ausing realignment. Ho we ver, pre vious work gi ves reason to belie ve
hat these major mergers are the most important. Welker et al. ( 2014 )
ound in simulations that steady accretion along a filament with no
ergers results in the galaxy’s spin being aligned with the filament

i.e. perpendicular to any OAM of the infalling mass). They found that
t is the mergers along these filaments which cause realignment of the
pin perpendicular to this direction. That is consistent with what is
een in ARTEMIS . If a satellite is approaching the host along a filament,
ts OAM will necessarily be perpendicular to that filament. Fig. 11
herefore suggests a preference for realignment of the host’s AM
erpendicular to this filament. Note ho we ver that in most cases the
lignment remains poor after the merger. In more than half of galaxies
os αafter < 0.5, so the angle between the axes is greater than 60 ◦. The
lignment is only increased after the merger, but far from perfect. 

Note also that those galaxies with closer alignment before the
er ger (i.e. lar ger cos αbefore ) tend to experience a smaller change
NRAS 513, 1867–1886 (2022) 
n angle of their AM vectors during and after their mergers. This
an be seen in Fig. 11 ; points on the right-hand sides of each panel
cos αbefore > 0) mostly have small angle changes of � 50 ◦ (with
he ob vious e xception of G29). Those on the left undergo much
arger changes of orientation, especially where the angular momenta
re highly misaligned (cos αbefore � −0.5). This suggests that the
mount of flipping experienced is related to the initial configuration
f the system. The host may be more likely to be significantly flipped
f the satellite’s orbital inclination with respect to the disc is large. 

The right-hand panel of Fig. 11 may suggest a possible method of
onstraining the orbital plane of the GS progenitor before its merger
ith the Milky Way. Based on this evidence, it appears unlikely that

he present-day disc AM axis is significantly misaligned (by more
han 90 ◦) from the former orbital angular momentum axis of the GS
rogenitor. 
It is worth considering whether the OAM of a satellite could

ignificantly affect the AM of a disc on an order-of-magnitude basis.
he magnitudes of the satellite OAM and disc AM are of order,

espectively, 

 orb , sat ∼ M sat r sat v sat , (8) 

 disc ∼ M disc R disc v circ , (9) 

here M sat and M disc are the total masses of the satellite and disc, r sat 

s the distance between the satellite and the host, R disc is a disc scale
ength, v sat is the tangential orbital velocity of the satellite, and v circ 
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Figure 12. Density of ‘Splash’ star particles in G23 across several snapshots. The top row shows projections along the AM axis of the disc (re-calculated in 
each snapshot), while the bottom row shows edge-on views. The MMAP merger occurs around the snapshot at t L = 7.86 Gyr. In the bottom row, it can be seen 
that the distribution of these stars becomes less flattened along the axis of the disc after this snapshot, at least for r > 5 kpc. This is emphasized by the white 
contours, which mark a fixed projected density in the x − z plane. This is consistent with the idea that the merger disrupts disc stars on to more extreme orbits. 
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s the circular velocity in the disc. Typical values of these quantities
rior to a merger are: 

(i) M sat ∼ 10 11 M �, M disc ∼ 10 10 M �, 
(ii) r sat ∼ 100 kpc, R disc ∼ 5 kpc, 
(iii) v sat ∼ 100 kms −1 , v circ ∼ 200 kms −1 , 

using values from the merger trees and Font et al. ( 2020 ). The ratio
f angular momenta is then 

J orb , sat 

J disc 
∼ M sat 

M disc 

r sat 

R disc 

v sat 

v circ 
∼ 100 . (10) 

he satellite’s OAM is therefore roughly two orders of magnitude 
arger than the disc AM, and is more than capable (in principle)
f causing a spin flip. In reality, much of the OAM will likely be
ransferred to the host’s DM halo instead of the disc. Ho we ver, this
alculation demonstrates that it is not unreasonable that the OAM 

ight play an important role in the process of AM flipping. 

.3 Disc splashing 

he ‘Splash’ is a population of metal-rich stars in the Milky Way
n extreme orbits, with little angular momentum (Belokurov et al. 
020 ). These stars are believed to be on their present-day orbits due to
he GS merger. In this section, we discuss analogues of the Splash in
he Sample GS/discs ARTEMIS galaxies, and investigate their origins. 

Belokurov et al. ( 2020 ) found that the cleanest selection cut for
plash stars in the Milky Way is v θ < 0 and [Fe/H] > −0.7, where

he lower limit on [Fe/H] is due to the GS being dominant at lower
etallicities. Inspired by this, in each galaxy we selected samples 

f in situ star particles with v θ < 0. These samples contain stars
hich were born bound to the host subhalo (at any radius), and are
n retrograde orbits at the present-day. Any particles born bound 
o lower mass subhaloes (i.e. accreted star particles) are therefore 
xcluded. We dispensed with the [Fe/H] cut due to the availability 
f in situ / accreted information. This also remo v es an y bias caused
y differences in metallicity distributions between different galaxies. 
he purpose of these samples is to provide analogues of the Splash
ample in the Milky Way. Henceforward these will be referred to 
s ‘Splash’ samples. Note ho we ver that they will likely contain
ignificant numbers of retrograde stars belonging to a bulge at small
adii. 

As an example, the stellar density of the Splash sample in G23
s plotted across several snapshots in Fig. 12 . The two projections
re face-on and edge-on to the disc, with the disc orientation re-
alculated in each snapshot to take disc flipping into account. The
ost obvious changes occur in the period between look-back times 

f 8.77 and 7.26 Gyr, which corresponds to the time of the MMAP
erger. At radii beyond r ∼ 5 kpc the distribution becomes more

pherical, less flattened along the z-axis. In addition, the stellar 
ensity at small radii increases significantly o v er the same time
eriod. This rapid burst of star formation can be seen more clearly
n the top panel of Fig. 13 , which plots the present-day radii of the
etrograde in situ stars against their age. These stars are mostly born
n two distinct periods. Those formed before ∼10 Gyr are spread o v er
 wide range of radii today, extending to around 10 kpc. By contrast,
he younger population of stars with ages between 6.5 and 8.5 Gyr
argely occupies the inner regions of the galaxy at the present-day,
ithin a radius of ∼2 kpc. The birth of this younger population

oincides with the MMAP merger. The lower panel shows that these
tars typically have a lower metallicity than those born a Gyr earlier.
his is therefore likely to be a merger-induced starburst, with stars
orn partially from the MMAP’s metal-poor gas. 

.3.1 Origin of the splash populations 

o determine the origin of the retrograde stars we traced them back
o earlier snapshots. We divided each sample into two, by whether
resent-day radii are greater than or less than 5 kpc. The subsample
ith radii r > 5 kpc is of more interest, since it roughly corresponds

o the Splash population in the solar neighbourhood studied by 
elokurov et al. ( 2020 ). It also e xcludes an y stars belonging to a
 ulge, and starb urst populations at small radii as in G23. We found
he age distributions of both subsamples, and measured the direction 
f the net AM vector of the r > 5 kpc subsample as a function of
ime. 
MNRAS 513, 1867–1886 (2022) 
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Figure 13. Top panel: Present-day radii and ages of Splash stars in G23, with 
the approximate MMAP merger time marked. There are two major episodes 
of formation of these stars; the later one at 8 Gyr ago coincides with the merger 
and produces stars mostly with radii r < 2 kpc at the present-day. Stars born in 
the earlier star formation period are much less centrally concentrated. Bottom 

panel: Metallicity [Fe/H] of the same sample of stars, again plotted against 
age. As expected, younger stars are generally more metal-rich. Ho we ver, the 
burst of star formation at 8 Gyr is accompanied by a decrease in the average 
metallicity of new stars. 

 

W  

I  

o  

o  

A  

a  

c  

t  

s  

a  

c  

i  

t  

s  

a  

t  

r
 

t  

t  

t  

a  

d  

S  

c  

b  

s  

r
 

i  

s  

a  

w  

s  

t  

t  

d
 

d  

m  

H  

m
a  

f  

a  

a

 

e
 

w  

m

 

d  

p  

c  

t  

p  

n
 

u  

e  

T  

m  

t  

p  

t  

a  

t  

w  

h  

5  

t  

a  

v  

κ

 

a  

b  

r  

t  

t  

G  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/513/2/1867/6568563 by Liverpool John M
oores U

niversity user on 09 M
ay 2022
Belokurov et al. ( 2020 ) argued that Splash stars in the Milky
ay were largely members of a protodisc prior to the GS merger.

f this is the case in the ARTEMIS galaxies, the net AM direction
f the Splash analogue samples should be closely aligned with that
f the in situ stars as a whole. Let 
θ splash be the angle between
M vector directions of (i) all in situ stars within r = 30 kpc,

nd (ii) all stars in the Splash subsample with r > 5 kpc. Then
os 
θ splash = 1 for parallel spins, and −1 for antiparallel spins. Note
hat by construction, cos 
θ splash will be ne gativ e at the present-day,
ince the Splash stars are all retrograde. Belokurov et al. ( 2020 )
lso predict that the end of Splash star formation should be roughly
oincident with the time of the merger. This information is shown
n Fig. 14 , which plots cos 
θ splash as a function of time, along with
he Splash age distributions. The age distributions of the r < 5 kpc
ubsamples are also plotted for comparison. Six different galaxies
re shown, which have a range of MMAP mass ratios and merger
imes. The lower four panels show the galaxies with early, high mass
atio mergers. 

In all six cases the spin axes are closely aligned at some point in
he past, with cos 
θ splash ≈ 1. The bulk of Splash star formation
akes place while this is the case. The relative AM directions are
hen reversed in time intervals of ∼2 Gyr, and remain almost
ntiparallel until the present-day. The Splash star formation rate
ecreases markedly at the same time, with only a small fraction of
NRAS 513, 1867–1886 (2022) 
plash stars born after the reversal. In some cases the star formation
ontinues for ∼1 Gyr after the end of accretion. In Fig. 14 this can
e seen clearly in G30 and G42. In all six galaxies shown there are
ignificant peaks in star formation coincident with the reversals of
elative AM. 

In some cases (e.g. G30), the star formation histories for stars
nside and outside r = 5 kpc are similar. In others there are
ignificant differences, which vary between different galaxies. As
lready discussed, in G23 there is a peak in star formation coincident
ith the MMAP merger and relative AM reversal which produces

tars mainly at small radii. Ho we ver, the re verse is true in G28; while
here is again a peak in star formation at the time of the reversal, in
his cases it is dominated by stars at r > 5 kpc. There is therefore great
iversity in the star formation histories of retrograde populations. 
In G23, G29, G30, G34, and G42 the reversals in relative AM

irection and star formation peaks are within 1 Gyr of the MMAP
ergers, while in G28 the merger pre-dates the reversal by 4 Gyr.
o we ver, checking the merger tree for G28 reveals that another
erger took place with a satellite of peak stellar mass ∼ 5 × 10 10 M �

t t L ∼ 2 Gyr, coincident with the reversal. Hence in each of these
our cases there is a merger with a massive satellite taking place
t the same time as the reversal of relative AM directions (and an
ssociated starburst). 

Of the fifteen Sample GS/discs galaxies: 

(i) 11 show similar reversals within ∼1 Gyr of the MMAP merger
vent, 

(ii) 3 (G03, G28, and G43) show reversals at other times, all of
hich coincide with the accretion of other massive satellites (stellar
asses � 5 × 10 8 M �), 
(iii) G44 does not show such a reversal. 

The four high mass ratio cases do not here show any notable
ifference in behaviour compared with the other galaxies. These
lots indicate that the MMAP (or other) mergers are important in
reating these retrograde populations. Only a small proportion of
hese stars are born after the reversal. This suggests that there is no
rocess happening at later times which is able to place significant
umbers of stars on to retrograde orbits. 
Ho we ver, this is not sufficient to show that the retrograde pop-

lations are due to a single merger ev ent. F or e xample, stars born
arlier could be scattered on to retrograde orbits by earlier mergers.
his would not be evident in the net AM direction if the angular
omentum was dominated by prograde stars at a given time. To

est whether the Splash stars were part of a disc (or proto-disc)
rior to the MMAP merger, we calculated κco as a function of
ime for the Splash samples (see equation 1 ). The net stellar AM
xis of each galaxy was recalculated in each snapshot and used as
he reference axis. Again, we included only Splash star particles
ith r > 5 kpc at the present-day to exclude bulge stars. Note
o we ver that this does not necessarily exclude Splash stars with r <
 kpc at earlier times. Examples are plotted in Fig. 15 including
he same galaxies as abo v e, with the corresponding traces for
ll stars for comparison. Note that due to the selection cuts, the
alues at the present-day are forced to be κco = 0 (Splash) and
co > 0.4 (all). 
In all nine galaxies shown in Fig. 15 the values of κco for the Splash

nd o v erall populations are approximately equal at early times,
efore they diverge. This suggests that the Splash stars are initially
epresentative members of the stellar population as a whole, in that
heir rotational properties are very similar (Fig. 14 also demonstrates
hat the AM axis is aligned with that of in situ stars). In G28, G29,
30, G34, and G42 the times at which the traces diverge correspond

art/stac1038_f13.eps
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Figure 14. Alignment between AM axes of in situ and Splash star particles at r > 5 kpc at the present day (blue traces), for six different Sample GS/discs 
galaxies. Age distributions are plotted for these stars (orange histograms) and also for the Splash stars at r < 5 kpc at the present-day (green histograms). For 
each galaxy the two histograms share the same normalization. The black dashed lines mark the approximate times at which the MMAPs were finally accreted. 
Initially the axes are well-aligned, with cos 
θ splash ≈ 1. Reversals in the relative axis directions are then seen in all six cases, after which few new stars are 
born. Apart from in G28, these reversals approximately coincide with the MMAP mergers. The age distributions take different forms in each case. There is often 
a peak in the distributions coincident with the MMAP mergers, which may be due to a merger-induced starburst. 
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losely to the times of the MMAP mergers. It is notable that the
atter four of these are the galaxies which experienced the early high

ass ratio mergers. These plots suggest that the mergers do perturb 
he kinematics of the in situ stars of these galaxies, and contribute
o their Splash populations. Note that G29 and G42 both exhibit 
xtremely rapid swings of angular momentum in Fig. 10 . Such large
hanges in the o v erall kinematics of the in situ populations are likely
inked to the perturbation of some of these stars on to retrograde
rbits. The traces in G23 also mo v e apart significantly when the
erger happens. In each of these cases, the MMAP mergers appear 

o be the first events which significantly altered Splash kinematics 
ompared to the other stars. This is unsurprising, given that most of
hese mergers happened relatively early . Interestingly , G28 is a case
here the total AM direction does not undergo a reversal at the time
f the MMAP merger, as discussed in relation to Fig. 14 . Despite
his, the MMAP clearly has a significant effect on the rotation of the
plash population. 
In the other galaxies the values of κco for each population are
lready different by the time of the MMAP merger. This is the case
n most of the fifteen Sample GS/discs galaxies. In G27 the values
iverge sharply at t L = 8 Gyr ago, which corresponds to the merger
ime of a satellite of peak total mass 5 × 10 10 M �. This suggests that
t least some of the present-day retrograde stars were ‘splashed’ on
o more extreme orbits by this earlier merger, not just that of the

MAP. Similar conclusions also apply to the other galaxies. The 
ge distributions show that a significant proportion of Splash stars 
ave already been born before the MMAP merger, so the different
alues of κco are not an artefact of measuring a small number of
tars. We have also checked that the fractions of stars in the Splash
opulations are small, so the similar values of κco at early times are
ot the results of measuring the same population twice. 
In the majority of the galaxies shown, the values of κco decrease

t the MMAP merger times, for both populations. This is also seen
n G28 at the later merger time of t L = 2 Gyr. For the full stellar
MNRAS 513, 1867–1886 (2022) 
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Figure 15. Co-rotation parameters κco for Splash stars (blue) and all stars (orange) within r = 30 kpc, for nine Sample GS/discs galaxies. The value of κco is 
generally lower for the Splash stars because these are all retrograde at the present day. In G28 and the four high mass ratio cases (G29, G30, G34, and G42), the 
values of κco for each population are approximately equal prior to the MMAP merger. In the other galaxies, the values diverge at an earlier time. In some cases 
κco decreases for both populations at around the time of the merger. 
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opulations the decreases last for less than ∼1 Gyr, before κco either
ncreases again (e.g. in G27) or remains stable (e.g. G23). This is
ikely due to disc gro wth: ne wly born stars in a disc will tend to
ave high κco (by definition of a disc). For the Splash population,
co continues to slowly decrease to zero at the present-day. This
ight be explained by the changing orientation of the disc. If the

rientations of the Splash and disc are not tightly coupled, κco could
ecrease as a result of the disc slowly precessing relative to the 
plash. 
In summary, Figs 14 and 15 lend support to the conclusion of

elokurov et al. ( 2020 ) that the present-day retrograde stars are
n their extreme orbits due to mergers. In almost all cases their
et AM direction with respect to the galaxy is reversed at times
orresponding to significant mergers. The co-rotation parameters
co of the Splash populations also decrease compared to the rest of

he stars. The Splash populations therefore become less disc-like and
ore retrograde. Ho we ver, it is clear that in many of these galaxies

he MMAP is not solely responsible for the Splash populations, with
arlier events frequently causing disruption. 
NRAS 513, 1867–1886 (2022) 
.3.2 Connection to accreted stellar mass 

elokurov et al. ( 2020 ) used the youngest age of Splash stars in the
ilky Way to calculate the epoch of the GS merger. This is supported

y Fig. 14 , which shows sharp decreases in the Splash star formation
ates at the same times as the mergers (see discussion abo v e). The
uthors also proposed using the Splash to calculate properties of
he GS progenitor, such as mass and merger geometry. This has
lready been explored in the Auriga simulations by Grand et al.
 2020 ), who showed that the fraction of in situ stars on retrograde
rbits (within certain metallicity cuts) positively correlates with the
tellar mass ratio of the GS merger. Since the Splash analogues in
ur selection of ARTEMIS galaxies are likely created by multiple
ergers, a better correlation may exist between the Splash fraction

nd the total accreted stellar mass. Fig. 16 plots the mass of retrograde
n situ stars against the total mass of accreted stars within 30 kpc,
or all fifteen Sample GS/discs galaxies. All values are measured
t the present-day and plotted as fractions of the total stellar mass
ithin 30 kpc. The retrograde mass is measured within three different
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Figure 16. Mass of retrograde in situ stars against accreted stellar mass, in all Sample GS/discs galaxies. The points highlighted in red correspond to G29, G30, 
G34, and G42. The accreted stellar mass is measured within r = 30 kpc, and both quantities are plotted as fractions of the total stellar mass within r = 30 kpc 
(colour-coded). The retrograde mass is measured in the radial intervals 0 < r /kpc < 30 (left-hand panel), 2 < r /kpc < 30 (middle panel) and 5 < r /kpc < 30 
(right-hand panel). In the former two cases a significant proportion of the star particles are likely to belong to the bulge rather than an analogue of the Milky 
Way’s Splash. The vertical shift in the points between the panels is due to the extra mass of retrograde stars at small radii. In all three plots a weak correlation 
between accreted stellar mass and retrograde in situ mass is discernible. This is confirmed by the Pearson correlation coefficients ρ, which are shown in each 
panel. The correlation becomes weaker as the inner radial cut is relaxed. 
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pertures: 0 < r /kpc < 30, 2 < r /kpc < 30, and 5 < r /kpc < 30. The
urpose of the radial cuts is to focus on the ‘solar neighbourhood’
nd exclude stars at small radii whose presence may result from
ifferent processes (e.g. starbursts). All other masses are measured 
n the aperture 0 < r /kpc < 30. The points are colour-coded by
otal stellar mass of the host within 30 kpc (at the present-day).
his is to demonstrate that the distribution of points is not merely a

esult of scaling by this quantity: there is no apparent correlation 
etween this and the positions of the points. Since correlations 
n these plots could also result from different galaxies having 
ifferent scale lengths, we also checked that there was no correlation 
etween the galaxies’ half-mass radii and any of the plotted 
uantities. 
In all three plots, there is a visible correlation between accreted 

tellar mass fraction and retrograde in situ mass fraction, confirmed 
y the reasonably high Pearson correlation coefficients ρ. This is 
xpected, since the greater the accreted mass, the greater the mass of
tars which can scattered on to retrograde orbits. This confirms the 
ndings of Grand et al. ( 2020 ). Ho we ver, the correlation becomes
eaker ( ρ decreases) in the middle and left-hand panels as the 

nner limit on r is reduced. As suggested by Figs 13 and 14 , this
ay be partly due to the presence of stars at small radii formed in
erger -induced starb ursts (as seen in G23) which are not scattered

n to their orbits by merging satellites. The considerable scatter in 
he data points could also be due to many factors not considered
ere; for example Grand et al. ( 2020 ) reported correlations with
he orbital eccentricity of the merger. Ho we ver, these correlations 
o suggest that measuring the mass of the Milky Way’s Splash 
ould be a possible route to constraining the mass of the GS 

rogenitor. 

 C O N C L U S I O N S  

his work uses the ARTEMIS set of high-resolution zoomed-in galaxy 
ormation simulations to study the merger histories of Milky-Way 
ike galaxies. Moti v ated by the disco v ery of the Gaia Sausage (GS)
erger in the Milky Way, we have focused on the transformations
xperienced by the host galaxies caused by similar accretion events. 
his follows on from previous studies (e.g. Bignone et al. 2019 ;
attahi et al. 2019 ; Mackereth et al. 2019 ; Belokurov et al. 2020 ;
lias et al. 2020 ; Grand et al. 2020 ; Renaud et al. 2021 ) which have
sed other cosmological simulations to explore the effects of such 
ergers, including the formation of a Splash. Ho we v er, we hav e also

ddressed some phenomena (e.g. disc flipping) which have not been 
 xtensiv ely studied specifically in the context of the GS-Milky Way
nteraction. Our principal findings are summarized below. 

(i) Prevalence of GS-like features in Milky Way-mass galaxies. 
y plotting the velocity distributions of accreted star particles in 

pherical polar coordinates, we found radially anisotropic features 
esembling the GS. Using a Gaussian mixture model to fit these
istributions, we characterized the GS-like components by their 
nisotropy β and their contribution, following Fattahi et al. ( 2019 ).
his shows that GS analogues are very common; ≈1/3 or more of

he ARTEMIS galaxies contain a similarly anisotropic and dominant 
eature, depending on the selection cut used. This fraction is un-
hanged when only disc galaxies are considered. In a selection of
fteen disc galaxies containing GS analogues (Sample GS/discs), we 

raced the star particles from the accreted satellite with highest stellar
ass (MMAP). The total MMAP stellar masses are on the order of

0 9 M � in nearly all cases. Plotting the velocity distributions shows
hat the GS-like components are either fully or partially made up of
hese stars, in a large majority of the Sample GS/discs galaxies. This
s consistent with the conclusion of a number of previous studies
e.g. Deason et al. 2013 ; Belokurov et al. 2018 ; Helmi et al. 2018 )
hat the GS in the Milky Way is the debris from a merger with a
ingle massive satellite. 

ii) Mass ratios and times of most massi v e mer ger ev ents. The
otal mass ratios of the MMAP mergers span an order of magnitude,
etween ∼0.05 and ∼0.6. For a total host mass of order 10 12 M �,
he lo wer v alue corresponds to a satellite with total mass greater
han 10 10 M �. This is consistent with the mass estimates available
n the literature (Belokurov et al. 2018 ; Helmi et al. 2018 ; Fattahi
MNRAS 513, 1867–1886 (2022) 

art/stac1038_f16.eps


1884 A. M. Dillamore et al. 

M

e  

r  

i  

1  

a  

w  

h  

e  

e  

g  

H  

e  

2
 

a  

e  

f  

c  

s  

t  

H  

p
 

o  

a  

p  

i  

o  

κ  

t  

s  

s  

c
>  

e  

i
 

a  

≈  

d  

m  

m  

w  

s  

r  

c  

s
 

(  

t  

c  

O  

fl  

n  

r  

w  

s  

M  

n  

T  

t  

a  

a  

s
 

t  

p  

w  

a  

a  

p  

p  

O  

fl  

O  

t
 

i  

s  

t  

t  

h  

a  

t  

t  

w  

B  

e  

b  

(  

d  

c
 

e  

v  

T  

o  

t  

b  

t  

a  

t  

r  

h  

G  

i  

 

(  

s  

t  

m  

w  

e  

b  

e  

t
 

a  

k  

M  

a  

e  

t  

s  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/513/2/1867/6568563 by Liverpool John M
oores U

niversity user on 09 M
ay 2022
t al. 2019 ; Myeong et al. 2019 ). The merger times also span a wide
ange, between look-back times of 2 and 12 Gyr. Ho we ver, there
s a preference for these mergers to be earlier, with only 3 of the
5 occurring in the 5 Gyr before the present-day. 10 of the 15 have
ccumulated more than 90 per cent of their accreted stellar mass
ithin r = 30 kpc before a look-back time of 5 Gyr, while only two
ave gained less than 60 per cent . Note that GS-like major merger
vents, e.g. those with mass ratios above 0.4, corresponding to the
stimate found by Naidu et al. ( 2021 ), are limited to look-back times
reater than 8 Gyr (in line with the age dating of the merger by e.g.
elmi et al. 2018 ; Di Matteo et al. 2019 ; Gallart et al. 2019 ; Vincenzo

t al. 2019 ; Belokurov et al. 2020 ; Bonaca et al. 2020 ; Chaplin et al.
020 ; Das, Hawkins & Jofr ́e 2020 ; Montalb ́an et al. 2021 ). 
iii) Disc angular momentum evolution. We found the stellar

ngular momentum (AM) axis directions of the host galaxies in
ach simulation snapshot. These directions are highly variable as a
unction of time, and many of the galaxies hav e e xperienced large
hanges in orientation since the time of the MMAP merger. This
uggests that attempts to reconstruct details of the GS merger in
he Milky Way (e.g. Villalobos & Helmi 2008 ; Koppelman, Bos &
elmi 2020 ; Naidu et al. 2021 ; Vasiliev et al. 2022 ) should take these
ossible changes into account. 
There are two apparently distinct regimes of AM axis variation

bserved: (i) rapid flips of up to ∼90 ◦ on time-scales comparable to
n orbital period, coincident with massive mergers; and (ii) slower
recession at rates on the order of 10 degrees Gyr −1 , even when there
s no significant ongoing accretion of stars. There are multiple cases
f rapid flips (e.g. G19 and G23) where the co-rotation parameter
co remains large enough for the host galaxy to be considered a disc

hroughout the flip. These conclusions are unchanged when only
tars born before the flip are considered. This is strong evidence that
tellar discs can survive rapid AM flips. Defining a disc flip to be a
hange of 60 ◦ or more in a period of 2 Gyr (throughout which κco 

 0.4), we found that four of the fifteen Sample GS/discs galaxies
xperience such a flip, all of which coincide with the MMAP mergers
n these galaxies. 

We calculated the maximum rates of AM flipping in intervals of
 few Gyr around the times of the MMAP mergers. Rates of up to
60 degrees Gyr −1 are measured for the galaxies whose stars form a

isc at that time. These rates appear to be uncorrelated with the total
ass ratio of the merger, and significant flips occur even when the
ass ratio is only ∼0.05 (e.g. in G19). It remains to be determined
hether the Milky Way itself experienced such a flip. For this purpose

ome signature of flipping observable in the present-day galaxy is
equired, such as in the phase space of old stars. Therefore, a natural
ontinuation of this w ork w ould be to search for such a signature in
imulated galaxies. 

i v) DM halo metamor phosis. The minor axes of the dark matter
DM) haloes measured out to different radii are similarly variable
hrough time. In some cases (e.g. G23) they also undergo rapid
hanges of orientation around the times when MMAP mergers occur.
ften, e.g. in G23, this change occurs before the corresponding disc
ip, suggesting that the DM halo torques the inner galaxy into its
ew configuration. We also find that DM haloes can be significantly
e-shaped by events involving the accretion of GS-like satellites,
ith 7/15 of the Sample GS/discs galaxies experiencing a change in

phericity of more than 0.2 Gyr within a 2 Gyr period around the
MAP merger time. It is likely that this DM halo metamorphosis is

ot caused by the GS merger itself but is contemporaneous with it.
he GS progenitor is simply the largest block of matter accreted on

o the MW at the time, with plenty more material, both smooth (DM
nd gas) and lumpy (smaller dwarf galaxies and DM sub-haloes),
NRAS 513, 1867–1886 (2022) 
rriving from the same direction. We show that most of this matter
ettles in the outer galaxy, beyond 30 kpc from its centre. 

v) Host orientation at z = 0. Using merger trees, we determined
he orbital angular momentum (OAM) of the MMAP about the host
rior to the merger. We found the alignment of the host’s AM axis
ith this direction (1) before the merger, (2) soon after the merger,

nd (3) at the present-day. This shows that on average the host AM
xis becomes more aligned with the OAM after the merger. By the
resent-day the alignment has increased further in most cases; the
resent-day disc AM vector points within 90 ◦ of the MMAP’s former
AM in all but one case. This implies a relation between the AM
ips and the merger geometry. Since the magnitude of the satellite’s
AM is typically two orders of magnitude larger than the disc’s AM,

his connection is unsurprising. 
vi) Disc splashing. We investigated the histories of samples of

n situ stars which are on retrograde orbits at the present-day (‘Splash’
amples). In the vast majority of galaxies the net AM direction of
hese stars is aligned with that of the full in situ population at early
imes. Then in the space of a few Gyr these AM vectors become
ighly misaligned, with the times of these reversals coincident with
ccretion of massive satellites. These mergers are often those with
he MMAPs. This supports the conclusion of Belokurov et al. ( 2020 )
hat the Splash population in the Milky Way consists of in situ stars
hose orbits were highly altered by a massive merger event (see also
onaca et al. 2017 ; Di Matteo et al. 2019 ; Gallart et al. 2019 ; Bonaca
t al. 2020 ). In most cases only a small proportion of these stars are
orn after this reversal. This adds to the evidence of Di Matteo et al.
 2019 ), Grand et al. ( 2020 ), and Belokurov et al. ( 2020 ) that the age
istributions of counterrotating in situ populations can be used to
onstrain the merger times. 

We measured the co-rotation parameter κco (see equation 1 ) of
ach Splash sample, and show that at early times it matches the
alue for the full stellar population in a large majority of cases.
his is again consistent with the notion that Splash stars were
riginally on more typical orbits. Ho we ver, in most cases κco of
he Splash sample decreases below the o v erall value earlier than
oth the MMAP merger and the relati ve AM re versal. This implies
hat the Splash population becomes less ‘discy’ than the host galaxy
s a whole before this merger. Hence the MMAP mergers are not
he only events responsible for altering the orbits of the present-day
etrograde stars. This suggests that the Splash in the Milky Way could
ave been created by mergers with multiple satellites, not just the
S progenitor. This should be taken into account when attempting to

nfer information about the GS merger from properties of the Splash.
We also show that there is a loose correlation between total mass

ratio) of in situ retrograde stars and total mass (ratio) of accreted
tars. This is similar to the relation found by Grand et al. ( 2020 ) in
he Auriga simulations, between retrograde mass fraction and stellar

ass of a massive accreted satellite. This correlation is best revealed
hen retrograde stars in the central regions are excluded. We see

vidence that these are partially stellar populations formed in star-
ursts triggered by the MMAP accretion (in agreement with Grand
t al. 2020 ). We demonstrate that poorly enriched gas supplied during
he mergers is used in these induced star-formation events. 

We have demonstrated that the transformation of our Galaxy due to
nd during the ancient massive merger is not limited to the previously
nown phenomena such as heating, scrambling, and splashing of the
W disc. We see that GS-like events are coincident with disc flipping

nd triggering of star formation. To quantify the exact conditions for
ach of these and to reconstruct the exact sequence of the changes
hat produced the MW as we know it, a larger and more sophisticated
et of numerical simulations of galaxy formation is needed. We look
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orward to comparing the future galaxy models with the chemical 
nd chronological constraints from the new wide-area spectroscopic 
urv e ys such as DES, WEAVE, and 4MOST as well as the future
ata releases of Gaia . 
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PPENDI X  A :  TA BLE  O F  PA R A M E T E R S  

able A1 presents some of the most important quantities used in this
tudy, for the fifteen haloes in Sample GS/discs. 

able A1. The most used parameters for the Sample GS/discs galaxies.
here are a few small differences in some of the values of κco compared to
ont et al. ( 2020 ), due to a slightly different definition of κco used in this
tudy. 

MMAP merger MMAP peak MMAP merger 
alo Present-day total stellar look-back 

κco mass ratio mass / 10 9 M � time / Gyr 

01 0.61 0.2 1.97 8 
03 0.44 0.11 4.25 4.1 
17 0.7 0.16 1.9 8.8 
19 0.68 0.07 0.23 9.9 
23 0.56 0.25 1.48 7.9 
24 0.53 0.06 0.72 6.9 
27 0.56 0.26 3.63 4.6 
28 0.49 0.28 1.74 6.9 
29 0.62 0.46 0.98 11.6 
30 0.42 0.56 3.75 8.8 
34 0.77 0.43 0.66 11.6 
40 0.65 0.36 1.29 5.9 
42 0.6 0.6 2.03 10.5 
43 0.45 0.31 8.72 2.7 
44 0.63 0.1 1.87 8.8 
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