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A B S T R A C T 

We study the build-up and survival of angular momentum in the stellar disc using a statistical suite of cosmological simulations 
of Milky Way-mass galaxies. Our results show that stellar kinematics at z = 0 rarely recover the true times of disc spin-up, due to 

the disruptive impact of massive radial merger events. The proto-disc (i.e. Aurora ) and kicked-up disc stars (the Splash ) become 
indistinguishable at low metallicities, and the local fraction of kicked-up disc stars remains < 20 per cent even after major 
mergers. In contrast, observations from Gaia and legacy surveys reveal that Galactic α-rich populations as old as τ = 13 . 5 Gyr 
show significant rotation, with median η > 0 . 75. This places strong constraints on the total merger ratio between the proto- 
Milky Way and its last significant merger (Gaia-Sausage-Enceladus, GSE), favouring minor mergers with mass ratios < 1 : 4. 
We present the age–metallicity relation for the stellar halo and estimate the interaction epoch at τspin- up � τGSE ∼ 11 Gyr . We 
note an abrupt dearth of halo and Splash stars after a lookback time of 10 Gyr , marking the end of the merger interaction. Finally, 
we show that Globular Clusters in the metallicity range −0 . 8 < [Fe / H] < −0 . 3 share a formation time of τstarburst ∼ 11 Gyr , 
which we interpret as a signature of a starburst triggered by the first pericentric interaction of the GSE. This is remarkable 
corroboration between our GSE interaction and starburst times of τGSE = τstarburst ∼ 11 Gyr. 

Key words: methods: numerical – Galaxy: disc – Galaxy: kinematics and dynamics – galaxies: kinematics and dynamics –
Galaxy: evolution – Galaxy: abundances. 
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 I N T RO D U C T I O N  

ur Milky Way Galaxy (MW) can be considered to be a relatively
ypical galaxy, especially among large galaxies in underdense envi- 
onments (J. Kormendy et al. 2010 ). It lies near the characteristic
uminosity L∗ at the peak of the stellar luminosity function (e.g. 
. F. Bell et al. 2003 ) and is a disc galaxy that occupies the green
alley (G. Zasowski, J. Imig & H. Coluccio 2025 , the underpopulated
ransitional region between star-forming blue-cloud galaxies and 
uiescent red-sequence galaxies, see E. F. Bell et al. 2004 ; A. J.
endez et al. 2011 ; S. J. Mutch, D. J. Croton & G. B. Poole 2011 ).

herefore, the MW is an invaluable laboratory for studying galaxy 
ormation in general. 

In the current Lambda cold dark matter ( � CDM) cosmological 
odel (Planck Collaboration XVI 2014 ), galaxies like our own grow 

ierarchically (G. Efstathiou et al. 1985 ) through the condensation of
as at the centre of DM haloes (S. D. M. White & M. J. Rees 1978 ;
. D. M. White & C. S. Frenk 1991 ). This hierarchical growth is
videnced through extragalactic studies of large statistical galaxy 
amples using Hubble Space Telescope and James Webb Space 
elescope ( JWST ), which have helped to describe how disc galaxies
 E-mail: morkney@icc.ub.edu 
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row inside–out from z = 3 to the present day (S. G. Patel et al.
013 ; P. G. van Dokkum et al. 2013 ; V. Y. Y. Tan et al. 2024 ). Whilst
hese studies are predominantly focused on photometry, similar 
pectroscopic efforts have found signatures of rotation in many star- 
orming massive disc galaxies (e.g. N. M. Förster Schreiber et al.
006 ; E. Wisnioski et al. 2019 ). Studies with ALMA detect rotating
isc galaxies out to redshift z ∼ 4 (e.g. F. Rizzo et al. 2020 , and see
lso F. Lelli et al. 2021 ; A. Pope et al. 2023 ; F. Roman-Oliveira, F.
raternali & F. Rizzo 2023 ; L. E. Rowland et al. 2024 ; J. Scholtz et al.
025 ), although those systems have roughly an order of magnitude
igher stellar masses and star formation rates than those expected 
or the infant MW (O. Snaith et al. 2015 ). Fortunately, studies of our
wn Galaxy can still serve as a direct probe to bridge this gap at high
edshift. 

Stellar populations in the MW allow us to examine the structure,
inematics, and chemistry of the Galaxy as a function of time
K. Freeman & J. Bland-Hawthorn 2002 ; J. Bland-Hawthorn & O.
erhard 2016 ), which acts as a probe of the formation of disc galaxies
ore generally. These efforts have revealed several notable stellar 

opulations. For instance, Gaia observations of abundant anisotropic 
alo stars near the Solar neighbourhood has confirmed earlier signs 
hat the MW underwent an important merger event some 10 Gyr ago
e.g. M. Chiba & T. C. Beers 2000 ; K. Freeman & J. Bland-Hawthorn
002 ; C. B. Brook et al. 2004 ; A. Meza et al. 2005 ). This merger event
is is an Open Access article distributed under the terms of the Creative
h permits unrestricted reuse, distribution, and reproduction in any medium,
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s more commonly known as the Gaia-Sausage-Enceladus (GSE),
nd must have had a number of important implications for the later
volution of the MW (V. Belokurov et al. 2018 ; A. Helmi et al. 2018 ).

Another example is the Splash (P. Di Matteo et al. 2019a ; V.
elokurov et al. 2020 ), believed to represent ancient disc stars

hat were kicked-up into the halo due to the impact of the GSE. 1 

his validated earlier predictions that such populations should arise
hrough interactions with satellites (see Á. Villalobos & A. Helmi
008 ; C. W. Purcell, J. S. Bullock & S. Kazantzidis 2010 ; A. Zolotov
t al. 2010 ). One other population is Eos , provisionally identified
hrough Gaussian Mixture Model decomposition of local stars in
. C. Myeong et al. ( 2022 ). This population, with intermediate

hemistry between that expected for in situ and accreted stars, has
een proposed to originate from gas donated by the GSE, among
ther possibilities. 
Then there is Aurora , an in situ , spheroidal and metal-poor

opulation that formed in the most ancient Galaxy. V. Belokurov and
. Kravtsov ( 2022 ) investigated the emergence of ordered circular
otion through the study of tangential velocities in Aurora stars

s a function of metallicity. This showed a rapid rise in the range
1 . 3 < [Fe / H] < −0 . 9 (e.g. V. Belokurov & A. Kravtsov 2022 ),

upporting arguments for a rapid disc formation over a period of
2 Gyr . Subsequent studies have corroborated these findings with a

ew minor variations (V. Chandra et al. 2024 ; A. Viswanathan et al.
025 ). This topic is of special interest, as it relates to the growing
etections of rotating disc galaxies at high redshifts. However, these
orks rely on metallicity as a proxy for stellar age, which is known

o be unreliable because the MW stellar disc and halo (comprised of
ccreted dwarf galaxies) inherently evolve on different enrichment
ime-scales. 

Given the apparently tumultuous history of the early MW accretion
istory, and the emergence of these new classes of stellar populations
ithin the MW, there are many open questions: what are the Splash ,
os, and Aurora stars, what exactly is their relation to the GSE merger
vent, and can they be easily disentangled or separated? 

In this work, we are interested in the build-up of angular momen-
um in the stellar disc, and the subsequent survival of various stellar
opulations. We use insights from fully cosmological simulations of
W–mass galaxies together with the interpretation of observational

ata from the Gaia satellite. We make use of complementary data
ets in the space of metallicity, alpha abundances and stellar ages (J.
i et al. 2024 ; M. Xiang & H.-W. Rix 2022 ) in order to bring new

nsights into the formation history of the MW and the impact of the
ast significant merger on the Galaxy. 

We describe our methods and definitions of emerging stellar
opulations in the simulations in Section 2 . Our results are presented
n Section 3 , including comparison with observational MW data from
ection 3.7 and onwards. We discuss the implications of our results
or the MW in Section 4 , and provide our interpretation for the early
ormation of the stellar disc. We conclude in Section 5 . 

 M E T H O D S  

.1 AURIGA simulation suite 

his work is mostly based upon the AURIGA simulation suite, 2 

or which the fiducial suite includes thirty magnetohydrodynamic
NRAS 548, 1–22 (2026)

 Although, the Splash has other plausible formation channels that do not 
equire a merger interaction (e.g. J. A. S. Amarante et al. 2020b ). 
 We also make use of some re-runs with Monte-Carlo tracer particles from a 
genetically modified’ simulation suite (Orkney et al in prep.) 

p

η

w  

a  

c  
imulations of isolated MW-mass galaxies inside a full cosmological
ontext of 100 cMpc (R. J. J. Grand et al. 2017 , 2024 ). Each galaxy
as selected from the dark matter (DM) only version of the Ref-
100N1504 cosmological volume in the EAGLE project (J. Schaye
t al. 2015 ), under the criteria of being 0 . 5 < M200 / [1012 M�] < 2 at
edshift zero, and then run with the Tree-PM moving-mesh code
REPO (V. Springel 2010 ). This is intended to bracket the most

ikely mass range of the MW, but with no other constraints such
s reproducing the Local Group or Volume (as in E. Wempe et al.
024 ). 
Cosmological parameters are taken from Planck Collaboration

VI ( 2014 ), and are �m 

= 0 . 307, �b = 0 . 04825, �� 

= 0 . 693 with
 Hubble constant of H0 = 100 h km 

−1 Mpc −1 , where h = 0 . 6777.
URIGA is complemented by a rich array of subgrid physics. These

nclude physical models for a spatially uniform photoionizing UV
ackground, primordial and metal line cooling, star formation, stellar
volution and supernovae feedback, supermassive black hole growth
nd feedback, and magnetic fields. A full description of these models,
he generation of initial conditions, and more can be found in R. J. J.
rand et al. ( 2017 , 2024 ). 
We access the AURIGA simulations at the ‘level-4’ resolution. The

ighest resolution level corresponds to DM particle masses of ∼ 3 ×
05 M � and initial baryonic gas cell masses of ∼ 5 × 104 M �, which
s comparable to the resolution of the TNG50 box. All simulations
re run from z = 127 to z = 0, with a total of 128 data snapshots
roduced over that time range. The outputs are initially unevenly
paced to capture rapid evolution at early times, but after z = 3 . 5
hey transition to evenly spaced intervals in scale factor. We use the
ommonly employed nomenclature of Au- i, where i indicates the
URIGA simulation number. 

.2 Post-processing 

.2.1 Property definitions 

e calculate group and subhalo properties with the SUBFIND halo
nder (V. Springel et al. 2001 ). Virial masses and radii are defined
ith a spherical region enclosing a mean density equal to 200 × the

ritical density of the universe at that time ( M200crit and R200crit ).
aloes are tracked between snapshots with the LHALOTREE merger

ree algorithm (V. Springel et al. 2005 ). To calculate properties such
s satellite pericentre times, we improve precision by interpolating
etween snapshots using fitted splines. In the case of 3D orbits,
e use make interp spline from the scipy.interpolate

YTHON package with an order of 3. In the case of other properties, for
hich shape must be preserved, we use the PchipInterpolator

unction. 
We orient our reference frame on the stellar disc of the host

rogenitor galaxy over all snapshots. This is achieved by aligning
n the angular momentum of star particles within 10 per cent of the
irial radius R200crit , including only in situ stars that are at maximum
 Gyr old. These selection criteria ensure a reduced bias from merger
nteractions and/or tilted outer discs. 

Throughout this work, we make use of the orbital circularity
arameter ( η). This is a measure of orbital shape, where η = −1
orresponds to circular and retrograde orbits, η = 0 corresponds
o plunging radial orbits, and η = + 1 corresponds to circular and
rograde orbits. We follow the definition in M. G. Abadi et al. ( 2003 ): 

= Lz /Lcirc , (1) 

here Lz is the angular momentum of the star particle in the z-axis
nd Lcirc is the corresponding angular momentum for a particle on a
ircular orbit at this same energy. In practical terms, we approximate
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circ by computing the maximum Lz for star particles at similar total 
rbital energies. 
We separate stars into distinct ‘disc’ and ‘halo’ populations using 

he parameter η, following the method described in M. D. A. 
rkney et al. ( 2023 , 2026 ). For completeness, we summarize the
rocedure here. We assume that the stellar halo is a non-rotating 
opulation with a symmetric distribution in η, and that its prograde 
nd retrograde components share the same metallicity distribution 
unction (MDF). Based on this assumption, we compute the joint 
robability density function of η and metallicity for the retrograde 
tars, and use this to randomly sample a corresponding set of prograde
tars. The retrograde and sampled prograde stars are classified as 
alo members, whilst the remaining prograde stars are assigned to 
he disc. This approach is essentially the same as that used by R.
. J. Grand et al. ( 2017 ), but with the added inclusion of the stellar
etallicity. 
Where we quote merger mass ratios, these are defined as the 

otal mass ratio between the main satellite and parent haloes in 
UBFIND (excluding the masses of any substructure in each object). 
he ratio is determined at the moment when the merging halo joins

he same SUBFIND group as the parent halo, at which time it will have
xperienced only minor tidal stripping. This definition allows for 
ome edge cases where the merging halo is momentarily of a greater
ass than the parent halo (see examples in our Table 1 ). We stress

hat the merger ratio determinations can vary substantially along the 
erger infall path, and should be viewed as approximate rather than 

xact. 
AURIGA follows the abundances of nine chemical species, which 

re normalized to Solar values using M. Asplund et al. ( 2009 ). Further
orrections are applied to the iron abundances in order to lower the
etallicity ratio ([Fe/H]) by 0.4 dex, in accordance with prior AURIGA 

orks. 

.2.2 Merger selections 

n order to compare with the MW, we target a selection of realizations
ith mergers that have the following key properties: 

(i) An ancient first orbital pericentre in the range 11 < τ/Gyr < 7.
(ii) A highly radial infall trajectory, where the first orbital pericen- 

re is within 30 kpc of the galactic centre and the infall angle θ is less
han 30 degrees (where θ is the angle between the satellite velocity 
ector and the vector pointing directly toward the galactic centre at 
he time of infall). 

(iii) A sharply raised star formation rate that correlates with the 
erger pericentre of approximately twice the pre-merger level or 

igher. 
(iv) The impact can be clearly correlated with this single merger 

vent, rather than some kind of group infall scenario. If more than
ne merger fulfils all criteria, then the selected merger must represent 
 50 per cent of the total mass. We also exclude two realizations
here there is a coincident major merger. 

We place no direct restriction on the merger mass ratio, which is
ntended to allow for examples both lesser and greater than the range
f plausible merger ratios predicted for the GSE (pre-infall mass 
round the current-day mass of the SMC, see for e.g. V. Belokurov
t al. 2018 ; A. Helmi et al. 2018 ; J. T. Mackereth et al. 2019 ; F.
incenzo et al. 2019 ; P. Das, K. Hawkins & P. Jofré 2020 ; D. K.
euillet et al. 2020a ; R. P. Naidu et al. 2020 ; J. M. D. Kruijssen et al.
020 ; J. J. Han et al. 2022 ; J. Lane, J. Bovy & T. Mackereth 2023 ;
. Plevne & F. Akbaba 2025 ; J. M. M. Lane & J. Bovy 2025 ). Using
hese constraints, we identify suitable merger events in 16 out of 30
URIGA simulations, and these are described in Table 1 . The lowest
ass-ratio merger in our sample occurs in Au-22, though this is in

act part of a double merger, where two systems of nearly equal mass
each pericentre at roughly the same time. 

Previous studies have shown that 10 of the AURIGA galaxies 
ndergo ancient mergers that give rise to a substantial fraction of
nisotropic, GSE-like stellar halo debris (A. Fattahi et al. 2019 ; M.
. A. Orkney et al. 2023 , defined as having a velocity anisotropy
arameter of β > 0 . 8 and a contribution fraction to the halo of > 0 . 5).
hilst several of the same simulations are examined in this work, the
ergers we target are not necessarily the same as those responsible

or those GSE-like debris features. 

.2.3 Population selections 

n this work, we will consider four ancient stellar populations: 

(i) The merger-induced starburst. 
(ii) The Splash , which is the population of disc stars that are

cattered on to more halo-like orbits by the merger. 
(iii) The Aurora stars, defined as the pre-disc spheroid. 
(iv) Eos , as first identified for the MW in G. C. Myeong et al.

 2022 ). 

The starburst population is selected using a mass-weighted his- 
ogram of all star particles within the host galaxy at z = 0. The time
eriod of elevated star formation that coincides with the target merger
vent is selected manually. These starbursts are clearly distinct from 

he background star formation rate, so a more elaborate selection 
riterion was deemed unnecessary. The onset of this epoch typically 
egins close to the time of the merger pericentre passage, and has a
uration of a few hundred Myrs. 
The Splash population is identified with a more rigorous scheme 

hat we describe fully in Appendix A , and can include both in situ
nd ex situ member stars. 

Aurora stars are ideally defined as the in situ population that
ormed prior to the disc spin-up. We identify the spin-up as the time
hen stars begin forming with a median orbital circularity of η > 0 . 3,

onsidering only stars within the radial range 3 < RG /kpc < 20.
ircularity is computed in 50 Myr bins and smoothed over seven
in widths to mitigate stochastic fluctuations. However, we also 
etermine an equivalent spin-up using stellar metallicity as a proxy 
or age, allowing for closer comparison with observational methods. 
he Aurora population is then defined as stars with metallicities 
elow this characteristic spin-up metallicity. Throughout this work, 
e adopt Aurora selections based on the spin-up metallicity inferred 

rom z = 0 stellar kinematics, as this provides the most direct
nalogue to observational data. 

One possible formation scenario for Eos is that it formed from a
ocktail of gases from the proto-MW and the infalling GSE dwarf
alaxy, acquiring chemical abundances intermediate between those 
f the in situ proto-MW and the GSE (G. C. Myeong et al. 2022 ).
or the purposes of our investigation, we identify this population 
s the earliest (the first 50 Myr) in situ stars which formed out
f the gas donated by our target mergers. This definition requires
he use of gas tracers which can follow the flow of Lagrangian
as cells through time. The level-4 AURIGA simulations do not 
nclude gas tracers, and so we investigate Eos for just one sample
imulation that we have re-run with gas tracers enabled as part of
ur ‘genetically modified’ simulations campaign (Orkney et al. in 
reparation). 
MNRAS 548, 1–22 (2026)
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 RESULTS  

.1 Disruptive ancient mergers 

e list the AURIGA simulations examined in this work in Table 1 ,
here we have split the selection by whether the disruptive merger is
inor (total mass ratio < 1 : 4) or major ( > 1 : 4). This designation

s an arbitrary one, but is intended to remain broadly consistent with
revious studies (e.g. Y. Qu et al. 2017 ; A. Helmi et al. 2018 ; J.
ane et al. 2023 ). We note, however, that some works adopt lower

hresholds for major mergers (e.g. 1 : 10; J. Wang et al. 2011 ) or
se similar thresholds but for the stellar mass ratios rather than total
ass. 
In the first section of the table, we show some key properties of the
erger event. In the second section, we list the total stellar mass of the

tarburst and Splash populations, as identified using the procedures 
escribed in Section 2.2.3 . We also describe the Splash as a fraction
f the disc stars at that time (i.e. this is the mass fraction of stars that
riginally belonged to the disc selection described in Section 2.2 , 
hich were then ‘splashed’ by the merger following the definition 

n Appendix A ), alongside the pre-splash disc to total stellar mass
atio. Finally, we list the spin-up time as determined based on the
tellar kinematics at z = 0 and at birth-time, and the mass in Aurora
tars. This mass is the sum of all star particles that formed with
etallicities lower than that for which the median orbital circularity 

xceeds η = 0 . 3, i.e. where the spin-up as defined using metallicity
s a proxy for age. Once again, we calculate this value using both
he z = 0 and birth-time circularities. 

In most cases, the splashed fraction is far lower for minor mergers
an average of fsplash = 0 . 41 for minor mergers and fsplash = 0 . 58
or major mergers). There are two exceptions, those being Au-5 
nd Au-22, which have unusually high splashed fractions. In those 
ases, the actual mass in splashed stars is not particularly high, and
he disc itself was only just beginning to form. This can be seen
rom the very low D/T fractions of 0.10 and 0.22. Therefore, the
igh Splash fractions do not necessarily reflect especially disruptive 
erger events, but an increased vulnerability of the host. There are 

rior works which link this to the ability of gas-rich discs to absorb
he kinematic energy of a disruptive merger impact (e.g. P. F. Hopkins
t al. 2009 ; B. P. Moster et al. 2010 ), meaning gas-poor discs would
e more vulnerable. 
The spin-up times are in most cases delayed when based upon the

tellar kinematics at z = 0, and this is a consequence of cumulative
inematic heating and, more importantly, the disruptive impact of 
he merger event itself. The kinematic signature of any pre-merger 
isc population is violently erased, either completely or partially. 
he magnitude of this delay is dependant on many circumstances 

ncluding the merger mass ratio, the pre-merger disc mass, and the 
erger infall trajectory. In some cases, there are later significant 
ergers which delay the spin-up by an even greater amount of time

see Au-5, Au-10, Au-7, and Au-30). If one considers the spin-
p time as determined from the birth kinematics, they range from
ookback times of between 11–12 . 6 Gyr, indicating that AURIGA 

alaxies begin to form rotating discs even earlier than the most likely
nfall time of the GSE in our Galaxy (8–11 Gyr ago, see for e.g. V.
elokurov et al. 2018 ; C. Gallart et al. 2019 ; A. Helmi et al. 2018 ;
. Xiang & H.-W. Rix 2022 ; I. Ciucă et al. 2024 ). 
The one exception is Au-17, for which the spin-up time determined 

sing z = 0 kinematics is earlier than the spin-up time determined
ith birth kinematics. In this case, the orientation of the stellar disc

s highly variable at 13 > τ/Gyr > 12 . 5, and some stars on disc-like
rbits are retrograde when they first form but become prograde after 
ome time. 
.2 The kinematic evolution of chemical sequences 

e investigate the evolution of the stellar orbital circularity dis- 
ribution in Fig. 1 , where we include both in situ and ex situ
tars. With the exception of Au-1, which has a massive ex situ
isc component, the exclusion of ex situ stars makes negligible 
ifference. The upper 2D histograms show the orbital circularities, 
s they appear at z = 0. In the lower 2D histogram panels, we
how the stellar orbital circularities as they appeared during the 
rst simulation snapshot after their birth. This reveals that stars 
t ancient times had higher orbital circularities on average, which 
ave then become more halo-like (closer to a median value of
= 0) following merger interactions or other kinematic heating 

rocesses. 
Each column includes realizations with target mergers of different 
ass ratios, as indicated in the titles. The infalls of these mergers

re represented with a black line in the top row of panels. This
hows that for Au-18, which experiences a minor merger, the orbital
ircularities of stars forming in the Gyr before the merger interaction
ave been reduced by an average of 
 ( η) ≈ 0 . 2. Stars at even more
ncient times undergo a greater change, up to 
 ( η) ≈ 0 . 4, and this is
ue to ongoing interactions with the remnants of even more ancient
ergers. 
Despite this change in the median orbital circularities, these stars 

re moving at nearly the same azimuthal velocities as when they were
orn (an average reduction of just ≈ 10 km s−1 ). This is a behaviour
lso shared by Au-1 and Au-17, but there is a more considerable
rop in azimuthal velocities in all other realizations. In the case of
u-1, the reason is that the pre-merger stars are actually spun-up
uring the interaction with the merging satellite, gaining a greater 
edian azimuthal velocity than when they were born. This is a similar 

orquing effect as explored in I. B. Santistevan et al. ( 2021 ) and F.
cCluskey et al. ( 2024 ). 
In the cases of Au-27 and Au-26, which both experience major
ergers, the reduction in the orbital circularities of stars born 

efore the merger exceeds 
 ( η) ≈ 0 . 5. The median circularities
ave dropped to just η ∼ 0 . 1. The disruption of the disc is so great
hat the cumulative impact of even earlier mergers are no longer
pparent. In both cases, the pre-interaction stars lose in excess of

100 km s−1 from their azimuthal velocities, but still maintain a 
ild net rotation of under ≈ 50 km s−1 . This is only marginally 

reater than the net rotation of their respective ex situ stellar
aloes. 
From these plots, it is clear how massive merger events can impact

he determination of the disc spin-up time. First, the transition from
ow-to-high circularities has shifted to later times. In the case of
he major mergers, it has shifted to after the merger interaction time.
espite the substantial impact to the early disc stars, the disc is rapidly

eformed with a higher median circularity following the coalescence 
f the merging subhalo. 
Secondly, the merger impact has altered the apparent duration 

f the disc spin-up. In Au-18, the disc spins up rapidly over the
ange 12 . 5 > τ/Gyr > 11 . 5. Following the merger interaction, this
harp spin-up transition has been blurred and appears to take from
2 > τ/Gyr > 10 . 5. In Au-27, the disc spins up very gradually
uring its violent assembly from many major mergers. After the 
erger interaction, the spin-up transition appears to occur within 

ust a few hundred Myrs. These effects depend on the mass ratio of
he merger and other properties as well, such as the satellite infall
rajectory (similar to how Splash fractions depend on the merger 
rbital eccentricity in R. J. J. Grand et al. 2020 ) and the resilience of
he disc to perturbation (e.g. P. F. Hopkins et al. 2009 ; B. P. Moster
t al. 2010 ). 
MNRAS 548, 1–22 (2026)
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Figure 1. This figure shows log-weighted 2D mass-density histograms of stellar orbital circularity versus the formation lookback time for three AURIGA 

realizations, with time bins of 50 Myr . We include stars over the radial range 3 < RG /kpc < 20, where the innermost region is excluded to avoid bulge stars. 
We do not exclude ex situ stars, though we note that they have a negligible impact on the overall circularity distributions. There are two rows of 2D histograms, 
where the top row shows the orbital circularities as they appear at z = 0, and the bottom row shows them as they appear in the first simulation snapshot after 
birth ( τbirth ). The solid and dashed black lines indicate the median and ±σ of the distribution, convolved with a uniform filter of 7 bin widths (350 Myr). The 
thin panels along the top of the figure show merger infall trajectories (all mergers above a 1 : 20 merger mass ratio), with the line width indicating the current 
merger mass ratio in the range 1 : 20–1 : 2. The light dashed line describes the evolution of the virial radius ( R200crit ) in the host galaxy. The thin panels along 
the bottom of the figure highlight the change between the z = 0 and τbirth circularity distributions. Equivalent figures for the rest of the simulations in Table 1 
are included online . 
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Finally, we draw attention to the starbursts associated with the first
ericentric passages of each merger, which can be seen as a dark blue
ertical stripe in the histogram data. In all cases, these populations
xtend to both highly prograde and highly retrograde median orbital
ircularities, and occur predominantly within the inner galaxy ( RG <

 kpc). This is particularly evident in Au-18. Whilst the merger
nteraction itself has only a modest impact on pre-existing stellar
rbital circularities, the starburst stars have a mass-weighted average
ircularity of η = 0 . 46 and extend far into the retrograde portion of
he histogram. This signature feature is preserved in the kinematics
t z = 0, though the distribution of circularities has broadened as the
tellar orbits have dynamically relaxed. 

In Fig. 2 , we show the same plot but in terms of the stellar
etallicity. Here, all three simulations show a sharper transition from

ow-to-high η when determined using their z = 0 kinematics. The
pin-up occurs over roughly 0.8 dex for Au-18, 0.2 dex for Au-27,
nd 0.4 dex for Au-26. We will show in Section 3.7 that the stars in
he MW transition over a range of ∼ 0 . 2 dex, in rough agreement
ith prior studies. 
Whilst this may suggest that the GSE was a major merger similar

o that in Au-27, we caution that the metallicity range associated with
he spin-up in these simulations is sensitive to the unique chemical
nrichment history of the host galaxy. The birth circularities in Au-18
how that the spin-up occurs a very broad range of 1.5 dex, whereas
he birth circularities in Au-27 exhibit narrower spin-up ranges of
nly 0.5 dex. This wide metal range for the spin-up in Au-18 is
ncongruent with the rapid and early time range of the spin-up. We
ave also considered Au-24, which has a GSE-like massive merger of
imilar merger mass ratio to that in Au-18, but without such a broad
etallicity range in the spin-up of the birth circularities. There, the

ost-interaction spin-up occurs over a narrow range of ∼ 0 . 2 dex,
ust like in Au-27. 
NRAS 548, 1–22 (2026)
For both Au-18 and Au-27, there is a steep downturn in the
ircularities of the most metal-rich stars. This is an effect of sampling
tars that form in the metal-rich bulge region, which naturally have
ower orbital circularities and easily dominate the fraction of stars at
igh metallicities. This feature can be removed with more stringent
uts on orbital radius. 

A key question is whether the dense and low-circularity starburst
eatures, easily distinguished in terms of stellar age in Fig. 1 , can
lso be seen in terms of stellar metallicity in Fig. 2 . We find that
hilst there are corresponding features, they are smeared over a wide
etallicity range such that they are difficult to perceive, especially
hen viewed in the η( z = 0) histograms. We advise caution when

nterpreting such features, because they can also be produced through
ther mechanisms. For example, in Au-18 there is a population of
tars extending to lower circularities at [Fe / H] ≈ −0 . 8, and this
wes mostly to the starburst population. However, there is another
imilar feature at [Fe / H] ≈ −0 . 6, and this corresponds to stars that
ormed from inflowing CGM gas over a long period of time during
he formation of the low- α thin disc (see M. D. A. Orkney et al. 2026
or more). 

Merger impacts do not only influence orbital circularities and
elocities, but also the distribution of stars above and below the disc
lane. Stars born before the merger interaction are scattered onto
rbits with greater | z| -heights and greater vertical velocities, and
his can give the appearance of a highly dichotomous formation of
hick and thin disc components (see R. J. J. Grand et al. 2020 ). This
ehaviour holds true even for Au-1, for which the pre-interaction
tars gain an increased azimuthal velocity. We do not examine this
henomena further in this work, but remind the reader that many
f our reported results have similar implications for these other
inematic or geometric properties. Furthermore, N. Funakoshi et al.
 2025 ) recently provided observational evidence for this behaviour

https://drive.google.com/drive/folders/1USPpXYwARgmMYBSeetsZRcG74fLjS58F?usp=sharing
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Figure 2. The same as Fig. 1 , but replacing the time axis with metallicity of bin width 0.01 dex. Accordingly, the merger infall panels along the top of the 
figure have been removed. The onset of the spin-up is shifted to higher metallicities when defined based on the z = 0 data. 

Figure 3. The stellar distribution of stars that formed both before and during 
the merger-induced starburst in Au-18. The upper set of eight small panels 
show SPH plots of the stellar distributions at their birth location, binned by 
their orbital circularity. The galaxy is oriented side-on to the stellar disc in 
all cases, and the mass totals include stars from all radii. The coloured panel 
outlines indicate the time epoch and circularity selections from which the 
stars were sampled, corresponding to the rectangular selections in the lower 
panel which we provide as a reference. 
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n the Milky Way, identifying a rapid transition from a thick to a
hin disc geometry among red giant stars in APOGEE DR17 and 
aia DR3. This transition, dated to ∼ 10 Gyr ago, coincides with 

he accretion epoch of the GSE. 
In Fig. 3 , we compare starburst stars at their birth locations with

tars that formed in a stable epoch before the merger (the pre-burst
poch). The pre-burst stars form in a highly symmetric thin disc 
onfiguration with 93 per cent born at orbital circularities initially 
bove η = 0 . 8. In contrast, the starburst stars are forming in a thicker
nd more compact disc configuration, with some stars belonging 
o tendrils that extend to higher radii. This is a sign of the dense
symmetric gas filaments that arose during the merger interaction. 
his asymmetrical gas distribution and raised star formation rate is 
lso a fertile environment for the formation of Globular Clusters 
GCs; H. Li et al. 2017 ; D. A. Forbes et al. 2018 ; K. Bekki 2019 ).

hilst the AURIGA simulations do not resolve cluster formation, 
his is a predictor of a period of rapid GC formation in the MW
alaxy that coincides with the GSE-induced starburst (and see B. C.
hitmore & F. Schweizer 1995 ; S. S. Larsen et al. 2001 ; J. M. D.
ruijssen et al. 2012 ). We will return to this point in Section 3.7 . 

.3 The starburst and the Splash 

n Section 3.2 , we showed that there are features indicative of a
erger-induced starburst, Splash and Aurora populations in Au-18. 

n fact, similar features are seen across the AURIGA suite. 
The starburst and Splash populations are clearly separated by their 

tellar birth ages in Fig. 1 , but uncertainties in stellar age estimates
ay make this more difficult to determine in real observational data

see Appendix B ). Such a task may be more challenging in the
W, because the GSE is expected to have merged even earlier than

he GSE-like merger in Au-18, meaning the two populations would 
hare even closer birth epochs. Analysis in R. J. J. Grand et al. ( 2020 )
howed that starburst populations can have a wide range of azimuthal
otational velocities, potentially blurring their distinction with Splash 
tars. The same can also be said of Aurora stars. Therefore, in this
ection we will investigate properties of these populations in order 
o determine whether they can be effectively disentangled. 

We display the mass budget of starburst, Splash and Aurora 
opulations for one example realization in the left-hand-side of Fig. 4 , 
here we have additionally sub-divided by both the metallicity and 
alacto-centric radius at z = 0. Hereafter, we present Aurora stars
s defined based upon a metallicity cut using stellar kinematics at
 = 0, because this is more comparable to what is achievable in
bservational analysis. This Aurora selection criteria can overlap 
ith stars from our Splash and starburst populations, and so the
urora mass budgets shown here exclude any of these overlapping 
plash and starburst stars. This comparison reveals that the starburst 
opulation is dominant, comprising just over 50 per cent of the
ombined mass. This is a trend that is seen throughout most of
he AURIGA suite, and in all cases the starburst contribution is greater
han the Splash . Much of this mass dominance is for stars within sub-
MNRAS 548, 1–22 (2026)
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Figure 4. On the left: A pie chart showing the mass contributions of the starburst, Splash and Aurora stellar populations in Au-18, as defined in Section 2.2.3 . 
Here, the Aurora sample does not include any stars which also belong to the starburst or Splash selections. The thin outermost pie represents the total mass 
budgets, the middle pie represents the mass in radial bins (as indicated in the colourbars on the left), and the innermost pie represents the mass in metallicity bins 
(also indicated in the colourbars on the left). On the right: A further breakdown of these populations in terms of their azimuthal velocities, radial extent, height 
above the disc plane, [Fe/H], and [Mg/Fe] abundance ratios as shown with a series of violin plots (where the properties are determined at z = 0). The filled 
shapes represent the total percentile distributions, and the square/box/lines represent the median and ±1 , 2 σ . Equivalent figures for the rest of the simulations 
in Table 1 are included online . 
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olar radii (0 < RG / kpc < 6), where the merger-induced starburst
s most intense. 

On the right-hand side of Fig. 4 , we show percentile distributions
or a variety of key properties. Once again, we consider only Aurora
tars which do not belong to the Splash or starburst populations.
hese reveal that the three populations have some differences in

heir properties, but with such substantial overlaps that it would be
ifficult to distinguish one from the other in practice. 
The Aurora stars show a sharp truncation in metallicity at the upper

nd, set by the selection criteria. However, the other properties within
his low-metallicity regime overlap significantly with those of Splash .
he starburst population tends to have narrower and more enriched
hemical distributions, with higher [Fe/H] and lower [Mg/Fe]. This
ifference reflects the fact that Splash spans the entire pre-starburst
ra, whilst the starburst is confined to a shorter episode where there
s less progression in the chemical enrichment. None the less, the
tarburst abundances still fall well within the broader Splash range,
nd other AURIGA realizations can have an even greater overlap.
 relatively pure Splash sample could be obtained by restricting

o the most metal-poor and/or α-rich stars, though at the cost of
ompleteness. By contrast, sampling a pure set of starburst stars is
onsiderably more difficult. 

The chemical abundances of all three populations are linked to
he timing of the merger interaction. A late merger allows the
ost galaxy to undergo greater chemical enrichment, producing a
roader abundance range in the Splashed population. In contrast,
he chemical abundances of the starburst population depend strongly
n the composition of the gaseous disc in the host galaxy. In Au-
8, the disc is relatively homogeneous in α-elements, resulting
n an exceptionally narrow spread for the starburst population.
inally, the merger is responsible for depressing the orbital cir-
ularities of stars that were born before the interaction, thereby
nfluencing the characteristic upper metallicity limit used to define
urora . 
NRAS 548, 1–22 (2026)
.4 Fractional contributions to the stellar halo 

ow that we have investigated starburst, Splash and Aurora analogue
tellar populations within AURIGA , we seek to address how much
ass they contribute to the stellar haloes of their respective galaxies.
We show decompositions of the stellar haloes in Fig. 5 . We

etermine which stars belong to the halo using a probabilistic
election based on the orbital circularity, as described in Section 2.2 .
he total masses of each population are found following their
efinitions given in Section 2.2 , though we do not account for Eos
ecause this would require tracer information that is not available
or most of these simulations. However, Eos can be considered as
ubgroup of the starburst population (as is also suggested in G. C.
yeong et al. 2022 ). Our definition of Aurora stars is non-exclusive,

uch that they can also be starburst or Splash stars. Therefore, we
ndicate the overlapping fractions with a hatched fill-style. 

Our results reveal that there is a large variation between individual
ealization, with a few trends that hold in most cases. The starburst
opulations never contribute more than ∼ 20 per cent of halo stars,
espite the starburst itself being a very massive population. This is
ecause a significant fraction of starburst stars have disc-like orbits
hich are retained at z = 0. Even so, the starburst halo fraction is
sually greater than for the Splash , with Au-18 being the greatest
xception. The Aurora fraction is higher around Solar radii, despite
eing the most ancient population. This is a selection effect owing
o the early development of negative radial metallicity gradients,
n which low-metallicity stars are favoured to form from the more
etal-poor gases at the peripherals of the protogalaxy. 
The populations which owe to satellite interactions ( Splash and

tarburst) are seen to have very little dependence on the merger
ass ratio. This can seem counter-intuitive, because surely a greater
erger will yield higher proportions of starburst and Splash stars, due

o the direct relation between these populations and their causative
erger interaction. In fact, all of the four halo components shown

https://drive.google.com/drive/folders/137Rh8I8URZOwAerqe-q6EZ0naDzUvCUO?usp=sharing
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Figure 5. The stacked fractional contribution of several stellar populations (the starburst, bottom; the Splash , middle; and Aurora , top, as defined in Section 2.2.3 ) 
to the stellar halo at z = 0. The stellar halo is defined using a probabilistic selection on orbital circularity (see Section 2.2 ). The remaining stars that do not belong 
to any of these three populations are shown in grey, and constitute mostly stars from ex situ sources. Both the starburst and Splash populations are compatible 
with our definition of Aurora stars, and so we indicate the amount of overlap with the hatched regions. Upper panels represent the entire stellar halo, whereas 
the lower panels are limited to stars found between the orbital radii 6 < RG /kpc < 10 at z = 0. 
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n Fig. 5 correlate with the merger mass ratio, and so they act to
ounter-balance each other such that their fractional contributions 
emain similar. A greater merger mass ratio will result in a higher
ass in donated ex situ stars, boosting the ‘remainder’ component in 

he stellar halo. This point is emphasized by Au-7 and Au-30, which
ndergo further major mergers after the target merger, and which 
ave particularly high ‘remainder’ fractions. Similarly, the Aurora 
omponent is correlated with the merger mass, because a massive 
erger will act to delay the apparent time or metallicity associated 
ith the spin-up. 

.5 An Eos analogue 

e investigate the development of an Eos -like population in a re-run
f Au-24 (performed as part of our ‘genetically modified’ simulation 
uite) in Fig. 6 . Here, we follow the flow of merger gas using

onte Carlo tracer particles as defined in S. Genel et al. ( 2013 ).
he first panel depicts the incoming merger in terms of the gas
urface density, coloured by the density-weighted metallicity using 
he Py-SPHViewer tool (A. Benitez-Llambay 2015 ). The merger 
as is more metal-poor than the host galaxy on average, but with a
ignificant fraction of overlap. 

In the middle panel, we identify the first stars that contain tracers
riginating from the GSE-like merger gas (those formed within 
0 Myr of the gas donation). Here, the mass of each star particle
s weighted by the fraction of tracers that came from the merger gas
s opposed to elsewhere. Then, we show a histogram of these stars in
heir total orbital energy versus the z-component of the angular mo- 

entum. The colours represent the mean stellar metallicities, whilst 
he shades represent the mass density. This reveals a group of stars
ver a wide range of angular momenta ( −4 < Lz / 103 kpc km 

−1 < 4)
nd above an energy of Etot ∼ −2 . 3 × 105 km 

2 s−2 , and a more
ompact group of stars that are distributed at the very bottom of
he gravitational potential well and up to thick disc-like kinematics. 

The higher-energy group is the first to form, and arises from the
oosely-bound merger gas as it first begins to mix with that of the host
 2  
alaxy. These stars are more metal-poor, with median abundances 
round 〈 [Fe / H ] 〉med ≈ −0 . 90 for Etot > −2 . 3 × 105 km 

2 s−2 , owing
o the more metal-poor and loosely-bound outskirts of the parent 
atellite. The lower-energy stars form later, after the merger gas has
allen into the galactic centre, and becomes increasingly prograde as 
he merger gas continues to mix with the gaseous disc. These stars
re comprised of gas from the metal-rich central region of the parent
atellite, and have median metallicity around 〈 [Fe / H ] 〉med ≈ −0 . 24
or Etot < −3 . 5 105 km 

2 s−2 . The time it takes for the merging gas
o acquire disc-like kinematics depends on the details of the merger
nteraction and the gas disc in the host galaxy, and is not necessarily
he same in all cases. This low-energy group is compatible with the
rbital energies found for Eos in G. C. Myeong et al. ( 2022 ), with
rbits that are more tightly bound than the accreted merger stars.
tars continue to form well after this arbitrary 50 Myr cut-off, but

he merger gas rapidly mixes with that of the host galaxy and becomes
nseparable in terms of its chemistry, and so we do not consider those
s ‘ Eos -like’. 

The final set of two panels compare the chemical abundance 
istributions for the merger gas, the Eos -like population, and a subset
f the merger-induced starburst population that forms over the same 
ime interval. In addition, we exclude the Eos -like stars from our
tarburst selection, though this has little impact on the results. As
s expected, the merger gas is more metal-poor and α-rich than the
tarburst population which derives from enriched gases in the centre 
f the host galaxy. The distribution of Eos -like stars resembles the
orm of the starburst, but with chemical abundance values that are
hifted slightly towards that of the merger gas. The final Eos mass
s much lower than implied by the detection in G. C. Myeong et al.
 2022 ), and the portion of this mass that is chemically distinct from
ther contemporaneous in situ stars is even smaller, which prompts 
onsideration that a truly pure Eos population may not be detectable. 
e consider this further in the discussion section. 
We take this opportunity to note that massive mergers will also

rigger the inflow of surrounding metal-poor CGM gases, and this 
ould undoubtedly contribute to the starburst (see P. Di Matteo et al.
007 ; S. Bustamante et al. 2018 ; J. Moreno et al. 2021 ; F. Renaud
MNRAS 548, 1–22 (2026)
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M

Figure 6. Here, we investigate a population of in situ stars comparable to the Eos first defined in G. C. Myeong et al. ( 2022 ). In the left panel, we show a surface 
density gas map centred on the main progenitor of the host galaxy at a time before the satellite accretion. The gas is coloured by the ambient gas metallicity, 
weighted by the gas surface density. The path of the incoming GSE-like merger, with properties as described in Table 1 , is indicated with the dashed line. In the 
middle panel, we show the stars that form from the merger gas during the first 50 Myr after the merger event. Here, pixels are coloured by the mass-weighted 
stellar metallicity, using the same colours as in the left panel but with darker shades representing higher mass densities. The black outline denotes the extent of 
the full stellar distribution. We include labelled horizontal lines to signify stars with mean orbital radii in the Solar region ( RG = 8 kpc ) and at the edge of the 
central region ( RG = 3 kpc ). In the right panels, we compare the chemical abundances of three different groups: (i) the pre-coalescence gas in the satellite; (ii) 
the Eos -like stars; (iii) the starburst stars that formed over the same time interval as the Eos selection. 

e  

s  

r
 

(  

p  

T  

t  

e  

t

3

T  

a  

e  

o  

w  

e  

2  

J  

M  

J
 

o  

d  

b  

t  

t  

a  

R  

a  

o  

≈  

d  

e
 

f  

e  

V  

f  

g  

A  

i  

m  

J
 

t  

t  

o  

r  

i  

t  

s  

i  

G
 

e  

e  

n  

G  

t  

l  

G  

s  

o
 

p  

c  

G  

W  

f  

2  

G  

b  

(  

d  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/548/4/staf2154/8667673 by guest on 07 June 2026
t al. 2021 ; M. D. A. Orkney et al. 2026 ). However, here we focus
pecifically on stars which originate from a mixing of merger gas
ather than gas from the peripherals of the host galaxy. 

It is also worth noting that stars with Eos -like chemical abundances
i.e. intermediate between those expected for in situ and ex situ
opulations) can originate from more than one single merger event.
he analogous stellar populations from even earlier mergers are

ypically deposited near the very bottom of the potential well, but
xhibit a more symmetric distribution in Lz at z = 0, owing in part
o orbital scattering after the last significant merger. 

.6 Arguments in favour of a minor merger GSE 

he earliest studies reported that the GSE was a major merger with
 mass ratio of roughly 1 : 4 (see A. Helmi et al. 2018 ; V. Belokurov
t al. 2018 ). However, subsequent analyses have found a broad range
f pre-infall merger masses spanning over an order of magnitude,
ith some insisting that the GSE was most definitely a minor merger

vent (see e.g. E. Fernández-Alvar et al. 2018 ; J. T. Mackereth et al.
019 ; F. Vincenzo et al. 2019 ; P. Das et al. 2020 ; J. T. Mackereth &
. Bovy 2020 ; R. P. Naidu et al. 2020 ; D. K. Feuillet et al. 2020b ; J.
. D. Kruijssen et al. 2020 ; J. J. Han et al. 2022 ; J. Lane et al. 2023 ;

. M. M. Lane & J. Bovy 2025 ). 
Additional signs that the GSE was a minor merger appear in its

rbital energy distribution. V. Belokurov et al. ( 2023 ) identify GSE
ebris by subtracting an interpolated estimate of the well-mixed
ackground MW stars. Their fig. 1 shows a debris distribution that
runcates at a lower ≈ −1 . 4 × 105 km 

2 s−2 , though with the caveat
hat their smooth background fit may be affected by selection biases
nd contamination from in situ stars at lower energies. The authors in
. P. Naidu et al. ( 2020 ) employ a very simple GSE selection based on
n orbital eccentricity cut of e > 0 . 7, which finds a far broader spread
f energies and angular momenta that nonetheless still truncates at
−1 . 5 × 105 km 

2 s−2 (though we note that different works employ
ifferent models for the MW potential, and this can have a profound
ffect on the absolute energy values). 

If the GSE had been a major merger then the strong dynamical
riction would have dragged the merger remnant towards low
nergies before its disruption (i.e. J. E. Barnes 1988 ; E. Vasiliev,
NRAS 548, 1–22 (2026)
. Belokurov & N. W. Evans 2022 ). This process also depends on
actors such as the density profiles of both the merger and the host
alaxy, as well as the angular momentum of the merger infall (N. C.
morisco 2017 ; E. Vasiliev et al. 2022 ). The final debris distribution

s also impacted by the inclination and orbital circularity of the
erger infall trajectory, as explored in R. P. Naidu et al. ( 2021 ) and

. A. S. Amarante et al. ( 2022 ). 
A. Fattahi et al. ( 2019 ) and M. D. A. Orkney et al. ( 2023 ) show

hat there are AURIGA galaxies with GSE-like debris features in
heir stellar haloes, where the majority or plurality of the debris
riginates from an ancient GSE-like merger event. We discard one
ealization (Au-26) because the mass-scale of the GSE-like merger is
ncompatible with expectations of the real GSE merger. We present
he energy versus z-component of the angular momentum for all the
tars in these galaxies (including all of in situ , ex situ , disc, and halo)
n the left 3-by-3 grid of panels in Fig. 7 , where the location of the
SE-like merger debris is highlighted with black contours. 
In all cases, the GSE-like merger debris spans a wide range of

nergies and angular momenta, and the high-energy component
xtends to both highly retrograde and prograde angular momenta
o matter the initial infall trajectory. In line with expectations, the
SE-like mergers with the lowest merger mass ratios tend to deposit

heir stellar debris at proportionally higher orbital energies. The
owest set of three panels show realizations which experience a major
SE-like merger (mass ratio > 1 : 4), and in those cases there is a

ignificant fraction of merger debris which approaches the lowest
rbital energies (and within RG = 3 kpc ). 
The single panel on the right provides a comparison with ex-

ectations from the MW. Here, we use observational data from the
atalogues provided in J. Li et al. ( 2024 ), which are based on Red
iant Branch stars in Gaia XP spectra (Gaia Collaboration 2023 ).
e include a selection criteria of −2 . 5 < [Fe / H] < −1 . 0 in order to

ocus on likely GSE-member stars (the same cut used in X. Ou et al.
024 ). Orbital energies and angular momenta are calculated using
alacto-centric positions and velocities, assuming an axisymmetric
ackground MW potential profile defined in V. Belokurov et al.
 2023 ). To summarize, this model includes a bulge, Miyamoto-Nagai
isc and NFW DM halo components with parameters matching
hose in J. Bovy ( 2015 ), but with a slightly higher halo mass of
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Figure 7. Left 3-by-3 grid of panels: Histograms showing the mass-weighted total stellar distributions for a selection of AURIGA galaxies at z = 0 (including 
all of in situ , ex situ , disc , and halo ), with total orbital energy versus the z-component of the angular momentum. These galaxies are those which A. Fattahi et al. 
( 2019 ) identified as having GSE-like radially anisotropic components in their stellar haloes (velocity anisotropic of β > 0 . 8 and contribution fraction > 0 . 5, 
and see also M. D. A. Orkney et al. 2023 ), which are formed by the accretions of ancient massive mergers. However, these mergers are not necessarily the same 
ones discussed elsewhere in this work. The panels are sorted from left-to-right and top-to-bottom by the merger mass ratio. The black contours describe the 1, 
2, 3 σ limits of the ex situ GSE-like merger debris, with the black ‘ + ’ indicating the peak of the distribution. Due to the differing masses and concentrations 
of each galaxy, the minimum energy at the bottom of the potential well varies considerably. Therefore, to provide some context, we include coloured lines to 
signify stars with mean orbital radii in the Solar region ( RG = 8 kpc ; purple line) and at the edge of the central region ( RG = 3 kpc ; orange line). Right panel: 
A comparison with observational MW data from the catalogues in J. Li et al. ( 2024 ), with a selection of −2 . 5 < [Fe / H] < −1 . 0 to emphasize GSE debris. 
Here, we show the number density of stars with a smooth background subtracted, where the smooth background is created using a Gaussian filter. A central 
positive red region indicates the overdensity associated with the GSE debris. Energies and angular momenta are calculated within the MW potential model of 
J. Bovy ( 2015 ), modified following the prescription described in V. Belokurov et al. ( 2023 ). We include a series of contours indicating lines of constant orbital 
circularity, in steps of 
η = 0 . 25. 
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vir = 1 × 1012 M� and raised concentration of cvir = 19 . 5. The 
nergy is normalized to zero at infinite radius. 

We show a histogram of the stellar number density after sub-
racting a smooth background (Gaussian filter with σ ( Lz ) = 0 . 4 ×
03 kpc km s−1 and σ ( Etot ) = 0 . 08 × 105 km 

2 s−2 ), so that blue re-
ions indicate relative underdensities and red regions indicate relative 
verdensities. This reveals the prograde disc population spanning a 
ide range of energies, small substructures such as debris from ω 

entauri ( ωcen), a possible prograde proto-Galactic component or 
ar-induced resonance named Shakti (A. M. Dillamore et al. 2023 ; 
. Malhan & H.-W. Rix 2024 ), and a prominent annulus associated
ith GSE stars. 
Firstly, we warn that the simulation panels and this observational 

ata panel are showing fundamentally different things. It is not 
ossible to retrieve the stars that originated in the GSE, only to isolate
heir main overdensity in the E–Lz property plane. Therefore, any 
omparison should be made with this in mind. Nonetheless, The GSE
verdensity is tightly clustered in a narrow region of energy-angular 
omentum space, in contrast to the broader distribution predicted 

y the AURIGA simulations. This implies that there is a significant 
opulation of GSE stars at higher energies and angular momenta 
hich are not yet recovered in the observational data, highlighting a
eed for further observational studies in the outer Galactic halo. 

The GSE overdensity does not reach into the lowest energies of the
otential well, and certainly not to energies below the 〈 RG 〉 = 3 kpc
imit. This is most comparable to the AURIGA galaxies with minor
ergers having mass ratios of < 1 : 4. That said, it is not possible

o unambiguously select the true GSE member stars as we have
one in the simulation data, and the lower bound of the GSE debris
ay extend to lower energies than implied here. The distribution 
ay be affected by the Gaia DR3 selection function used in the

. Li et al. ( 2024 ) data, though we argue that this is unlikely to
atter because the data extends far below the lower limit of the GSE

ebris seen in Fig. 7 and there are no obvious gaps in the energy
istribution. 
In addition, the stellar distribution becomes increasingly difficult 

o parse at lower energies (see the converging lines of constant orbital
ircularity). The dynamical time is shortest in the dense centre 
f the potential well, leading to rapid phase-mixing time-scales. 
ccordingly, it is no longer easy to disentangle the membership 
f different stellar populations based on their kinematics at these 
nergies, and this may act to conceal accreted GSE stars. 
MNRAS 548, 1–22 (2026)
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Figure 8. A hexbin diagram showing the number density of MW stars in 
terms of their orbital circularity versus metallicity. We are considering stars 
within a guiding radius of RG = 10 kpc and above [ α/Fe ] = 0 . 165. The 
solid and dashed black lines indicate the median and ±σ of the distribution, 
clearly showing the ‘spin-up’ that occurs from [Fe / H] = −1 . 3 and continues 
to higher metallicities. 

w  

s  

t  

d

3

G  

u  

w  

c  

w  

a  

V  

p  

w  

c
 

i  

r  

e  

c  

(  

[  

e  

b  

l  

h  

k  

p  

s  

r
 

s  

l  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/548/4/staf2154/8667673 by guest on 07 June 2026
In the last few years, the massive GC ωCen has been proposed
s a candidate for the surviving remnant nuclear star cluster of the
SE progenitor galaxy (see D. Massari, H. H. Koppelman & A.
elmi 2019 ; G. Limberg et al. 2022 ). 3 We mark the orbital energy

nd angular momentum of ωCen in Fig. 7 . If ωCen is indeed a
emnant of the GSE merger and has remained relatively unperturbed
ince the accretion, its energy may represent the true lower bound of
he GSE debris. In that case, this reasonably high minimum energy
 Etot > −1 . 6 × 105 km 

2 s−2 ) would reinforce the idea that GSE was
 definitively minor merger event. 

Alternatively, the Eos population could be reimagined as a group
f stars that formed in the chemically enriched centre of the GSE pro-
enitor galaxy. In this scenario, the elevated α-element abundances
bserved for Eos stars at the metal-rich end of the stellar halo (see
. Y. Davies et al. 2025 ) may reflect a reciprocal starburst triggered
ithin the GSE during its interaction with the proto-MW. Similar
igh-metallicity, high- α signatures are seen in GSE analogues from
he Gastro library simulations (J. A. S. Amarante et al. 2022 , see
B80 D2 and DB20 D2 in their figure 4). In that case, the energy of
os could represent the energy floor of GSE stars. In G. C. Myeong
t al. ( 2022 ), Eos has mean energies roughly 0 . 2 × 105 km 

2 s−2 lower
han that for the main GSE debris, which once again would best match
ur ‘minor merger’ cases in Fig. 7 . 

.7 Build-up of angular momentum in the Milky Way 

n this section, we use the insight we have gained from numerical
imulations of MW–mass galaxies to interpret observations of our
wn Galaxy, mainly focusing on the build-up and survival of angular
omentum in the Galactic disc. This topic has been explored

y a number of studies which analyse variations in the stellar
ircularity (or azimuthal velocity) as a function of metallicity (e.g.
. Belokurov & A. Kravtsov 2022 ; V. Chandra et al. 2024 ; A.
iswanathan et al. 2025 ). Whilst metallicity can be used as a chemical
lock (to a zeroth-order approximation), different regions of the
alaxy will evolve and enrich on different time-scales, depending on

he details of galaxy formation such as the CGM cycle and galactic
hemical evolution (e.g. B. M. Tinsley 1980 ; S. D. M. White & C. S.
renk 1991 ). This is particularly evident in the central region of the
alaxy, which hosts both ancient metal-poor stars and ancient super-

olar metal-rich stars (H.-W. Rix et al. 2024 ). A more direct approach
ould be to consider the evolution of circularity as a function of

tellar age, which has not yet been done although such data sets are
ecoming more readily available. 
Here, we make use of the data set provided in M. Xiang & H.-W.

ix ( 2022 ), which contains a sample of ∼ 270 000 subgiant stars
ith precise photospectroscopically determined ages using the Yale-
onsei isochrones (S. Yi et al. 2001 ; S. K. Yi, Y.-C. Kim & P.
emarque 2003 ). An interesting feature of this sample is that it
robes a wide range of guiding radii from the inner region of the
alaxy, the solar neighbourhood, and out into the stellar halo. We

alculate orbital parameters within the same assumed potential of V.
elokurov et al. ( 2023 ) that was used in Section 3.6 . In this study,
e only consider stars whose ages are determined within a precision
f τ/στ ≤ 10 per cent. M. Xiang et al. ( 2025 ) already used this data
o determine the age and mass of the oldest high- α thick disc (which
NRAS 548, 1–22 (2026)

 Though, see counterarguments in B. Anguiano et al. ( 2025 ) where ωCen 
s determined to be chemically distinct from GSE debris, and G. Pagnini 
t al. ( 2025b ), G. Pagnini et al. ( 2025a ) where ωCen is associated with a yet 
ndiscovered dwarf named Nephele . 

3

W  

T  

s  

t  
as forming as far back as 13–14 Gyr ago) through the study of its
tructural properties. Here, we take a kinematics approach to study
he stellar halo and high- α disc properties in relation to the η–[Fe / H ]
iagram. 

.7.1 The spin-up in the MW 

iven our interest in the initial phases of angular momentum build-
p in the disc, we focus mainly on the chemical thick disc. In Fig. 8 ,
e show the distribution of circularities as a function of metallicity

onsidering high- α stars with [ α/Fe ] > 0 . 165 and guiding radii
ithin Rg < 10 kpc . We find similar features in the accumulation of

ngular momentum as in previous studies (V. Belokurov et al. 2023 ;
. Chandra et al. 2024 ; Viswanathan et al. 2025 ), namely a metal-
oor component for the stellar halo, a sharp transition coinciding
ith [Fe / H] ∼ −1 . 2, and then a more gradual increase in median

ircularities at higher metallicities ([Fe / H] > −1). 
There is a discussion in the literature as to the nature of the

ncrease in circularity as a function of metallicity, and whether the
ise is steady (e.g. Viswanathan et al. 2025 ) or rapid (e.g. V. Chandra
t al. 2024 , similar to ours). We have checked that the difference in
onclusions between the two studies using the same data by J. Li et al.
 2024 ) is almost purely driven by the selection cuts performed on the
 α/Fe ]–[Fe / H ] plane. Indeed, the cuts performed by A. Viswanathan
t al. 2025 discard an important fraction of stars with α-abundances
elow [ α/Fe ] = 0 . 3 at low metallicities. This naturally removes a
arge fraction of high- α stars which would belong to the stellar
alo, artificially boosting the contribution from stars with disc-like
inematics at all metallicities. We have checked this is the case by
erforming a comparison between the two methods on the same data
et by J. Li et al. ( 2024 ), finding that the two converge to similar
esults when relaxing this condition. 

It is interesting to note that despite our focus on high- α stars, we
till notice a relatively rapid change from unordered to orderly circu-
ar motion in the MW occurring over the range −1 . 3 � [Fe / H] < 0.

.7.2 Dissection 

e now aim to probe the earliest phases of Galactic disc formation.
o this end, we dissect the data into the α–τ plane with different
elections in metallicity and circularity. This allows us to probe both
he α-enrichment (which indicates the chemical evolution phase:



Build-up and survival of the disc 13

Figure 9. A dissection of MW stars within Galacto-centric guiding radii of Rg = 10 kpc . Each panel shows a histogram in α–τ , where we have split the sample 
into groups of orbital circularity and metallicity (as indicated in the axis titles). All histograms are scaled to within the same number density range. We include 
black contours based on a Gaussian KDE estimate that trace the form of each distribution. In the top-right corner of each panel, we include the percentage of in 
situ stars defined as [Al / Fe] > −0 . 1, though we note that these abundance values come from a different survey and should be treated only as a rough guideline 
(see the main text for details). We include equivalent plots using simulation data for comparison purposes online . 
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igh- α disc/halo or low- α disc) as a function of time for each of
he different Galactic components (i.e. halo/proto-MW, high- α disc, 
tc.). 

In addition, we estimate the stellar in situ percentage for each panel
y using a selection of [Al / Fe] > −0 . 1. The aluminium abundance is
ncreasingly used as a discriminator between in/ex situ populations 
ue to its sensitivity to the raised star formation rates typical of
ncient dwarf systems (K. Hawkins et al. 2015 ; D. K. Feuillet et al.
021 ; V. Belokurov & A. Kravtsov 2022 ; L. Fernandes et al. 2023 ).
he data set provided in M. Xiang & H.-W. Rix ( 2022 ) does not

nclude aluminium abundances, and so we instead use data from 

he recent GALAH DR4 (S. Buder et al. 2025 ) over the exact
ame parameter ranges. This survey covers a different region of 
he Galaxy and with a different selection function, so we stress
hat the obtained in situ percentages are intended only as a rough
uide. We discuss this further, along with our chosen quality cuts, in
ppendix C . 
The result is shown in the different panels from a through k of

ig. 9 . We also include the radial and MDFs for the selections used in
ach of these panels in Appendix D . A number of intriguing features
rise in this plane, which we discuss next. 
At the metal-poor end ( −2 . 0 < [Fe / H] < −1 . 5, panels a –d ) al-
ost all of the stars are found to have halo-like kinematics, with only
 small portion in the highest circularity range. The distributions all
hare the same median age of τ ∼ 13 Gyr and peak at [ α/ Fe] ∼ 0 . 25,
ndicating these are accreted or proto-MW populations. This is 
eflected by the low fraction of in-situ stars found in the equivalent
ALAH selection. One can see how removing high- α stars below 

 α/Fe ] = 0 . 3 would artificially remove a large portion of the stellar
alo and create the impression of a smoother build-up from the
hemical thick disc at the metal-poor end. 

At intermediate metallicities ( −1 . 2 < [Fe / H] < −0 . 8, panels e –
 ) we find a combination of stars from the stellar halo and chemical
hick disc populations. The stars with halo-like kinematics (panel e )
xtend to slightly younger ages and lower α-chemistry (to around 
∼ 10 Gyr and [ α/ Fe] ∼ 0 . 15). These are not consistent with the 
ore metal-poor halo in panel a , and may instead originate in the

hemical thick disc and then adopted halo-like orbits following the 
plash . These are possibly intermingled with the metal-poor tail of
he starburst that is expected to have been triggered by the GSE
which we will argue occurs at around τ ∼ 11 Gyr in Section
.7.3 ). 
MNRAS 548, 1–22 (2026)
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Figure 10. Age–metallicity relations for field stars together with GCs as blue 
diamonds, where the diamond width indicates age uncertainty. Left panel: 
Age–metallicity relation for the stellar halo. The dashed lines correspond to 
[Fe / H] spin- up = −1 . 2 which coincides with a τspin- up = τGSE- peri ∼ 11 Gyr. 
We also note the existence of metal-poor and old high- α disc stars ( Splash ) 
that have been kicked-up and kinematically belong to the stellar halo. GCs 
with [Fe / H] < −1 trace out the field ex situ stellar halo, whilst the higher 
metallicity GCs follow the iso-age line at τstarburst ∼ 11Gyr which matches 
the likely time of the starburst. Right panel: Age–metallicity relation for the 
high- α disc. The dashed lines correspond to a metallicity of [Fe / H ] = −0 . 8 
which forms part of the metal-poor end of the high- α disc corresponding to 
an age of τ ∼ 13 Gyr. The existence of even older stars implies that the thick 
disc was already forming around τ ∼ 13 Gyr, corresponding to a redshift of 
z ∼ 7. 
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As we move to higher circularities (panels f –h ), we transition
rom a mixture of stellar halo and Splash stars to the metal-poor end
f the high- α thick disc. The peaks of the distributions remain very
ncient in all cases, close to τ ∼ 13 Gyr. Inspection of the MDFs
n Appendix D also supports this interpretation, where we find stars
o be preferentially at the low end of the metallicity range in panel
 (corresponding to the halo), and at the top end of the metallicity
ange in panel h (corresponding more closely with the metal-poor
nd of the high- α disc). 

Moving to higher metallicities ( −0 . 6 < [Fe / H ] < −0 . 4, panels i –
 ), we note a dearth of stars with halo-like kinematics, and with most
tars forming in situ . At higher circularities, we recover the strong
ignal from the high- α disc. We observe that all the distributions
n the range 0 . 25 < η < 0 . 9 are systematically younger than their
ower-metallicity counterparts, demonstrating a clear sign of time
volution. 

In M. Xiang et al. ( 2025 ), the authors perform an age-dependent
tudy of Galactic structure, finding disc-like stars that formed
arlier than 13 Gyr ago. They name the most ancient metal-
oor thick disc population PanGu , with a mass of mPanGu ∼ 2 ×
09 M�. From inspection of their figure 4, we estimate the MW
isc mass to be mdisc ( τ = 13 Gyr ) ∼ 3 . 36 × 109 M� and mdisc ( τ =
2 . 5 Gyr ) ∼ 6 . 26 × 109 M�. Assuming the stellar disc accounts for
he majority of stars in the ancient Galaxy, this would correspond
o a MW progenitor virial halo mass of MMW 

( τ = 13 Gyr ) =
 . 70+ 0 . 48 

−1 . 14 × 1011 , or MMW 

( τ = 12 . 5 Gyr ) = 6 . 86+ 0 . 17 
−1 . 74 × 1011 , where

e have employed relations for central star-forming galaxies from
he UNIVERSEMACHINE in P. Behroozi et al. ( 2019 ). Here, the
ncertainty bounds are derived based only on the bounds from
he UNIVERSEMACHINE relations, though we note that there are
nresolved uncertainties on the data from M. Xiang et al. ( 2025 ).
n essence, this represents a near doubling in Galactic mass over just
.5 Gyr. 
At face value, this is evidence of rapid thick disc formation

bout 3–2 Gyr before the GSE merger at z ∼ 2 and should serve
s further motivation to spectroscopically probe the kinematics of
W analogues at high-redshift (e.g. with lensing or JWST /ALMA).

his would also prove to be an interesting complementary probe
ndependent of stellar age dating in the MW, where a reduction in
ge uncertainties to the 1 per cent level is not yet on the horizon. The
act that this old rotation signal is still detectable today has a number
f important implications for the formation of the MW which we
iscuss further in Section 4 . 

.7.3 Age–metallicity relations of the MW disc and halo 

ne can take this analysis further by considering stars belonging
xclusively to the stellar halo with −1 < η < 0 . 3. If the GSE indeed
ominates the mass budget of the stellar halo (as suggested in V.
elokurov et al. 2018 ; R. P. Naidu et al. 2020 ), this selection should
efine an age–metallicity relation for the stellar halo’s most massive
ontributor(s) which we show in the left panel of Fig. 10 . Here, we
bserve a well-defined age–metallicity relation for the stellar halo
ith a different slope to that of the disc shown in the right panel
f Fig. 10 . We also notice that the relation truncates abruptly at
∼ 10 Gyr , which we interpret as marking the time when the major

uilding block of the stellar halo ceased forming stars and fully
erged with the proto-Galaxy. We show the distribution of GCs from
. A. VandenBerg et al. ( 2013 ) with overlaid blue diamonds, which

race the envelope of this age–metallicity relation. The other outliers
re either known in-situ GCs or Pal 12 (which is associated with the
NRAS 548, 1–22 (2026)
agittarius stream D. I. Dinescu et al. 2000 , and see discussion in M.
ellazzini et al. 2020 ). 
Therefore, the characteristic ‘spin-up’ metallicity of [Fe / H ] ∼
1 . 2 (overlaid as a dashed line) may not define when the Galaxy

tarted acquiring its rotation, but rather the approximate time when
he GSE started interacting with the proto-MW. We can associate
his with the last significant merger (i.e. the GSE) by using the age–
etallicity relation of the stellar halo, which should be predominantly

omprised of GSE stars at the young and metal-rich end. Therefore,
sing the spin-up metallicity ([Fe / H]spin- up ∼ −1 . 2) together with
he age–metallicity relation for the stellar halo, we situate this
vent some τspin- up ∼ 11 Gyr ago. This is about a Gyr before the
haracteristic age–metallicity drop that corresponds to when the last
ajor building block of the stellar halo merged with the Galaxy

t z ∼ 2 ( τ = 10 Gyr ). Interestingly, this is consistent with the
omplementary study of P. Di Matteo et al. ( 2019a ), who used the
xistence of high- α stars on halo-like orbits in APOGEE together
ith the α-age relation of (V. Z. Adibekyan et al. 2012 ) to estimate

he window of disc heating that occurred following the last significant
erger in the MW. Finally, we also note the presence of metal-poor

 −1 . 0 ≤ [Fe / H] ≤ −0 . 3), old ( τ > 10 Gyr ) high- α heated disc stars
itting above the stellar halo age–metallicity relation. To be more
recise, these stars are an amalgamate of kicked-up high- α disc and
tarburst stars that formed during the last significant merger. 

Similarly, the disc (right panel of Fig. 10 ) also defines its own age–
etallicity relation where the high- α metal-poor end at [Fe / H] ∼
0 . 8 has a typical age of τ ∼ 13 Gyr . The existence of disc-like

tars older than this time implies that the thick disc may already have
een forming during the epoch of reonization ( z ∼ 7) and retained
ome rotation to the present. This would imply that whatever was
ccreted by the MW before z ∼ 7 could not have been too disruptive.

It is remarkable that GCs in the range −0 . 8 ≤ [Fe / H] ≤ −0 . 3 all
ie along an iso-age line at τ ∼ 11 Gyr (excluding Pal 12), which
e interpret to be the likely time of the GSE-induced starburst. The
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etallicities of these GCs are fully consistent with the metallicity 
f the interstellar medium (ISM) in the host Galaxy at that time,
s characterized by the metallicity spread present in the disc’s 
− [Fe / H ] relation. Our interpretation is that these clusters formed 

uring the starburst phase 4 that resulted from the interaction with the 
ast significant merger. We also confirm that the ‘starburst’ GCs have 
onsistently low orbital energies within the V. Belokurov et al. ( 2023 )
W potential, over the range −2 . 3 � Etot × 10−5 km 

2 s−2 � −1 . 5,
n contrast to the halo GCs which are distributed over the range

1 . 9 � Etot × 10−5 km 

2 s−2 � −0 . 5. This, again, is consistent with
he starburst GCs having formed during a centralized starburst event. 

Although the photospectroscopic ages may have inherent system- 
tics associated to them, the relative age differences between the 
arious populations is still meaningful. In the future, asteroseismic 
issions such as PLATO may provide additional/alternative ways 

f refining/corroborating these results (H. Rauer et al. 2025 ). In
articular, the inner MW will be a prime region of interest for
tudying the starburst population, but also for studying the Galaxy 
s it was during and shortly after the epoch of reionization. This is a
ubject for which missions such as HAYDN will prove instrumental 
A. Miglio et al. 2021 ). 

The age–metallicity relation for the stellar halo reminds us that 
here needs to be a shift in the way that stellar haloes are considered.
raditionally, the stellar halo has usually been thought of as a metal-
oor component of the MW below [Fe / H] < −1 . 0 with a peak
t [Fe / H] < −1 . 5 (e.g. see A. J. Deason, V. Belokurov & J. L.
anders 2019 , who estimate M� (halo ) ∼ 1 . 4 × 109 M�). However, 
 more objective definition of a stellar halo should rest on its
inematic properties (i.e. a low-velocity system dominated/supported 
y velocity dispersion). This would naturally encompass higher- 
etallicity stars from Splash and/or proto-MW ( Aurora ) stars, as well

s those from ex situ sources. Therefore, it should not be surprising
hat a total halo mass which accounts for higher metallicity stars is
igher than the halo mass taken from e.g. A. J. Deason et al. ( 2019 ).

 DISCUSSION  

.1 Satellite influence on the spin-up 

arly idealized simulations demonstrated that interactions with 
atellites can profoundly perturb stellar discs, generating transient 
arps, flares, asymmetries, vertical and radial heating, and even the 

rosion of disc-like orbits (e.g. P. J. Quinn, L. Hernquist & D. P.
ullagar 1993 ; H. Velazquez & S. D. M. White 1999 ; S. Kazantzidis
t al. 2009 ; M. Martig, I. Minchev & C. Flynn 2014 ). Already in
hese early studies, the formation of thick discs was attributed to the
ction of satellite encounters. The degree of disc heating was shown 
o depend on the properties of the infalling system, with massive, 
ingular mergers being more efficient at disrupting discs than a series
f smaller ones, and with prograde orbits typically imparting the 
trongest effects (see S. Kazantzidis et al. 2009 ). In particular, M.
artig et al. ( 2014 ) linked even relatively minor mergers (relative

tellar mass ratios as low as 1 : 15, which is even lower than the
quivalent total mass ratios shown in this work) to sharp step-like 
hanges in the age-velocity dispersion relation. These behaviours are 
ow confirmed in fully cosmological simulations (e.g. E. L. House 
 This starburst population, Tainá (from the Tupi-Guarani origin name ‘star’), 
omprising of the GCs we identified as well as field stars yet to be uncovered 
hould all share similar ages. We postulate that these field stars in the high- α
isc should also have elevated α-abundances than stars of similar ages. 

2  

u  

v  

s  

t  

R  
t al. 2011 ; S. Hu & D. Sijacki 2018 ; R. J. J. Grand et al. 2020 ; V.
handra et al. 2024 ; F. McCluskey et al. 2024 ; V. A. Semenov et al.
025 ). 
The impact of the GSE is expected to have been at least partially

esponsible for creating the hotter kinematics and vertically extended 
eometry of the thick disc (A. Helmi et al. 2018 ; R. J. J. Grand et al.
020 ; I. Ciucă et al. 2024 ). Then, it stands to reason that the GSE
ould have also impacted the rotational velocities and orbits of those

tars. This would affect the inferred spin-up of the disc as measured
y the z = 0 kinematics, as we have shown in Section 3.2 . Therefore,
ny interpretation of the spin-up should be mindful that it does not
ecessarily represent the original timing. 
This has repercussions for the proto-MW ( Aurora , identified in V.

elokurov & A. Kravtsov 2022 ). This population is described as a
urely in situ and mildly rotating group of stars that formed before
he formation of the MW disc, present only at lower metallicities of

1 . 5 < [Fe / H] < −0 . 9. Then, this Aurora population should have
ndergone scattering as a result of the GSE interaction, in a similar
anner as the Splash population. Depending on how early Aurora 
as formed, it may have been impacted by even earlier mergers such

s the speculative Heracles/Kraken . Therefore, it stands to reason 
hat Aurora may have once been more disc-like than it is today. 

In contrast to our results, an analysis of 14 galaxies in the FIRE

imulations finds significant stellar rotation even among stars that 
ormed before merger interactions (F. McCluskey et al. 2024 ). 
omparing this with our own AURIGA selection, we attribute the 
iscrepancy to differences in the types of merger events considered. 
ur sample focuses on highly radial mergers, which impart little 

ngular momentum to pre-existing stars, whereas the realizations in 
. McCluskey et al. ( 2024 ) include more tangential in-spirals that
orque the pre-existing stellar population (see also I. B. Santistevan 
t al. 2021 ). Thus, the apparent preservation of pre-interaction disc
inematics likely reflects the inheritance of angular momentum from 

ertain merger events rather than the survival of a primordial disc.
uch a scenario is improbable for the MW, where the GSE merger

s thought to have followed a highly radial and retrograde infall
rajectory. 

.2 The composition of the in-situ stellar halo 

n G. C. Myeong et al. ( 2022 ), the authors identify a variety of
omponents in the local stellar halo through the use of an unsu-
ervised Gaussian mixture modelling approach, enabling them to 
etermine the relative contributions of populations including Aurora , 
plash , and Eos . They exploit a number of chemical abundances and
rbital energies as taken from both APOGEE- Gaia and GALAH- 
aia survey data. Since this is an unsupervised approach directed 
nly by the data, and it does not account for kinematics other than
rbital energy, the results should not be considered as absolute. None
he less, here we compare with our own findings. 

The Aurora populations in AURIGA represent a much greater 
raction of stars than is implied for the MW by G. C. Myeong
t al. ( 2022 ). Another estimate of Aurora stars comes from E.
. Kurbatov et al. ( 2024 ), who model the distribution of RGB
tars from the Galactic centre out to 18 kpc, accounting for the
aia selection function. Using this, they report an Aurora mass of
 . 01 × 108 M� over the range −3 > [Fe / H] > −1 . 3 (approximately
p to the metallicity where the spin-up occurs). From our Table 1 , this
alue is again far lower than the Aurora mass amongst the AURIGA

imulations. This tension may stem from the early mass growth in
he AURIGA galaxy formation models, as discussed in section 5.3 of
. J. J. Grand et al. ( 2017 ). To summarize, the Auriga galaxies lie
MNRAS 548, 1–22 (2026)
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bove the 1 σ scatter of the Moster13 stellar mass-halo mass relation
t z = 3 (B. P. Moster, T. Naab & S. D. M. White 2013 ), indicating an
verproduction of stars at the earliest times. This has been attributed
o a deficiency in AGN feedback. 

The Splash population recovered by G. C. Myeong et al. ( 2022 )
ncludes stars with abundances lying along the high- α sequence of
he thick disc, occupying a range of abundances given by [Fe / H] =

0 . 61 ± 0 . 16 and [Mg / Fe] = 0 . 29 ± 0 . 02 for their APOGEE- Gaia
ample. This range is far narrower than what we find in Fig. 4 ,
mplying that Splash should contain member stars well beyond the
onfines in G. C. Myeong et al. ( 2022 ). Yet, their Splash fraction is
ery high at 25 per cent for the APOGEE- Gaia sample and 31 per cent
or the APOGEE- Gaia sample. This is closest to the local halo
raction in Au-18, for which the post-merger accretion history is
uiescent and so the stellar halo around the Solar neighbourhood
ontains proportionally fewer accreted stars. P. Di Matteo et al.
 2019b ) use APOGEE and Gaia data to quantify the total mass of
eated proto-disc stars in the inner stellar halo (roughly within the
olar circle), estimating 2–5 × 109 M�. This is broadly comparable

o the numbers seen in our Table 1 , although we recognize that the
verall stellar halo masses in AURIGA are much greater than those of
he MW and most external galaxies (see A. Monachesi et al. 2019 ). 

Finally, G. C. Myeong et al. ( 2022 ) discover a population of
tars which they call Eos , where one possible origin is that they
ormed with gas accreted from the GSE merger. This population was
ater found via independent methods in T. Matsuno et al. ( 2024 ).
os is estimated to contribute 10–15 per cent of halo stars in the
olar neighbourhood. Whilst our analysis supports the existence
f this population owing to merger-accreted gases, characterized
y tightly bound orbits and intermediate chemical abundances, the
ass fraction is far lower than suggested by G. C. Myeong et al.

 2022 ). This is because the merger gas rapidly mixes with the in-situ
nterstellar medium, leaving only a few tens of Myr for the formation
f stars with intermediate chemistry. 
In D. An et al. ( 2025 ), parallels are drawn between Eos and

 population of low- α, relatively high-Na stars (termed LAHN
tars) from a sample of high proper-motion stars in a collection
f spectroscopic surveys and with Gaia kinematics. This population
s estimated to include one star for every ten accreted GSE stars,
rom which they infer a total mass of MEos = 5 × 107 M�. This is
ower than predictions in G. C. Myeong et al. ( 2022 ) and is more
ompatible with our numerical estimate. Notably, our Eos analogue
opulation favours prograde orbits as the donated gas begins to join
he rotating gaseous disc of the host galaxy. This is analogous to the
win LAHN populations found in D. An et al. ( 2025 ), of which one
s concentrated at Lz = 0 and the other is more disc-like. 

One population not found by G. C. Myeong et al. ( 2022 ) is a GSE-
nduced starburst. Starbursts are a common fixture in cosmological
imulations of galaxy formation (e.g. M. Sparre & V. Springel 2016 ;
. A. Davis et al. 2019 ; F. Rodrı́guez Montero et al. 2019 ; M. H. Hani
t al. 2020 ; F. Renaud, Á. Segovia Otero & O. Agertz 2022 ; M. D.
. Orkney et al. 2022 ), and there are claims of a starburst in the MW

t around the time of the GSE accretion (I. Ciucă et al. 2024 , and
ee also evidence of a star formation peak from modelling the colour
agnitude diagram of local stars in E. Fernández-Alvar et al. 2025 ).
ur Fig. 5 shows that this population is a significant contributor to

he ancient stellar mass budget, with a stellar halo fraction similar
o that of the Splash , and a further contribution to the stellar disc.
n this work and in R. J. J. Grand et al. ( 2020 ), it is clear that many
tarburst stars have orbital and chemical properties coincident with
hat of the Splash . Then, the MW starburst population may be hiding
n plain sight, a possibility also highlighted by D. An et al. ( 2025 ). 
NRAS 548, 1–22 (2026)
.3 A timeline of MW disc formation 

bservations of the Solar neighbourhood have revealed that the
tar formation rate was highest at early times ( τ = 11 Gyr , e.g. M.
aywood et al. 2013 ; O. Snaith et al. 2015 ; M. Haywood et al.
018 ), indicating an early rapid mass growth for the Galaxy. This
esult is further reinforced by analysis of the star formation rate at
he Galactic centre in J. Lian et al. ( 2020 ). Likewise, cosmological
imulations in a � CDM cosmology increasingly suggest that the MW
nderwent a front-loaded assembly followed by a relatively quiescent
rowth up until the present day, with the transition coinciding with
he expected arrival time of the GSE merger (E. Carlesi et al. 2020 ;
. B. Santistevan et al. 2020 ; V. A. Semenov et al. 2025 ; T. Woody
t al. 2025 ; E. Wempe et al. 2025 ). 

Following our results in Section 3.7 , there are a large number of
igh- α disc stars already in place at τ ≥ 13 Gyr, indicating that the
W acquired its rotation relatively early when compared to other L∗

alaxies. This is not without precedent, spectroscopic observations
f early galaxies (2 > z > 1) have discovered surprisingly high rates
f ordered gas rotation among the main-sequence galaxy population
e.g. J. P. Stott et al. 2016 ; E. Wisnioski et al. 2019 ; F. Lelli et al. 2023 ;
. E. Birkin et al. 2024 ). The fraction of galaxies that are rotation
ominated (i.e. v/σ > 1) increases with galactic mass and time, yet
emains relatively high even as far back as z = 2. Furthermore, MW
nalogues from JWST have signatures of an ordered photometric
isc as early as z = 5 (e.g. V. Y. Y. Tan et al. 2024 ). Additionally,
osmological galaxy simulations in the ARTEMIS simulations tend
o exhibit an earlier disc spin-up if they had a higher-than-average
irial mass at early times, or if they experienced a GSE-like merger
A. M. Dillamore et al. 2024 , which is itself a proxy for an earlier
ass assembly). Constrained cosmological simulations of the Local
roup in E. Wempe et al. ( 2025 ) systematically predict that the MW

ormed earlier than M31, with a quiet accretion history due to tides
xerted by M31. Therefore, there is direct observational and inferred
heoretical evidence favouring an early disc formation in the MW. 

In Section 3.2 , we showed that the time of the spin-up in three
URIGA galaxies occurs even earlier than it appears based on the
 = 0 stellar kinematics. This is a behaviour that is consistent across
he AURIGA suite, and is caused by satellite interactions acting to
catter and kinematically heat the early disc stars. Tt becomes even
ore difficult to accurately determine the timing of the spin-up when

sing metallicity as an analogue for stellar age, as is common for
bservational analyses. 
This result is consistent with examination of MW-analogues

rom the TNG-50 cosmological simulation in V. Chandra et al.
 2024 ), where it is shown that major mergers consistently act to
delay’ the disc spin-up time by kinematically heating the pre-
xisting disc stars. Similarly, the authors in (V. A. Semenov et al.
025 ) perform re-simulations of MW analogues from TNG-50, and
iscover exceptionally early disc formation. This can begin as early
s z ∼ 6–7 with a spin-up time period of just 0.2 Gyr. They describe
ow a major merger at z = 3 erases the kinematic signatures of this
arly disc formation, shifting the apparent spin-up time to higher
etallicities. 
Critically, if the GSE merger also impacted the kinematics of

re-existing disc stars, then this would undermine the utility of the
bserved spin-up time as a predictor of MW disc formation. Even
arlier mergers, such as the speculated Heracles/Kraken merger event
J. M. D. Kruijssen et al. 2019 ; D. Massari et al. 2019 ; D. Horta et al.
021 ), may have played their own roles in degrading the kinematic
mprints of the MW’s initial disc formation. None the less, neither of
hese mergers were massive enough to completely erase signatures
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f early stellar rotation in the MW, as we showed in Section 3.7 .
his effectively places an upper limit on the merger mass ratio of

he GSE (and indeed, any other early mergers): it must have been a
inor merger if pre-existing disc kinematics survived the encounter. 
This points to a remarkably quiescent environment and growth for 

he MW during its early formation history. Nevertheless, this does 
ot contradict the claim that the GSE was a significant merger, in the
ense that it might have contributed to a central starburst in the Galaxy
e.g. R. J. J. Grand et al. 2020 ; M. D. A. Orkney et al. 2022 , 2026 ),
inematically affected the orbits of stars (A. Bonaca et al. 2017 ; C.
allart et al. 2019 ; P. Di Matteo et al. 2019b ; J. A. S. Amarante, M.
. Smith & C. Boeche 2020a ; V. Belokurov et al. 2020 ), or dominate

he mass budget of the stellar halo (e.g. V. Belokurov et al. 2018 ; R.
. Naidu et al. 2020 ). 

We can also constrain the epoch of the GSE interaction with the
ncient MW by using the age–metallicity relation of the stellar halo. 
rom this, we have estimated an initial interaction at z > 2 (or τ =
1 Gyr) and a completion of the interaction at z ∼ 2 (or τ = 10 
yr). This is aligned with the peak of the MW SFR at τstarburst = 11 
yr, consistent with the idea that the GSE triggered a starburst.
ur interpretation of the starburst is supported by the instantaneous 

ormation of GCs at τstarburst ∼ 11 Gyr , as are expected following a 
tarburst (e.g. B. C. Whitmore & F. Schweizer 1995 ; S. S. Larsen
t al. 2001 ; J. M. D. Kruijssen et al. 2012 ), which have metallicities
onsistent with the ambient ISM of the Galaxy at that time. The
bsence of metal-rich GCs at earlier times implies that there was 
o major starburst associated with earlier significant merger events, 
uch as the speculative Kraken / Heracles , even though many ex situ
Cs are thought to have been donated by this merger (D. Massari

t al. 2019 ). This would indicate that Kraken is a less significant
erger event than, for example, the 1 : 3 mass ratio merger shown

n M. D. A. Orkney et al. ( 2022 ). 
A similar concept has recently been put forward by L. M.

alenzuela et al. ( 2024 ), who suggest that the MW GC population
s bi-modal. They argue that the GSE merger not only brought in
 population of ex situ GCs, but also triggered the formation of a
econdary in situ group around 10–11 Gyr ago. Although they do 
ot pinpoint a specific interaction time, their results highlight GC 

ormation as a valuable tracer of wet merger events. 

 C O N C L U S I O N S  

e have performed an investigation into the kinematic consequences 
f ancient, massive mergers in the AURIGA simulation suite of MW–
ass galaxies, and used these to interpret the GSE merger in our

wn Galaxy. Our focus has been on the early build-up of angular
omentum in the disc, often termed the spin-up, and ancient stellar

opulations including the Splash , Aurora , Eos, and merger-induced 
tarbursts. We summarize our key conclusions here. 

(i) In agreement with prior work, we find that the spin-up transition 
as defined based on the stellar kinematics recovered at z = 0) is not
ecessarily an accurate reflection of the true spin-up time because 
t is heavily influenced by the impact of the last significant radial
erger. Furthermore, ancient disc-like orbits can partially survive 

fter a minor merger interaction (merger mass ratio < 1 : 4), but are
lmost entirely erased after major mergers ( > 1 : 4). 

(ii) In AURIGA galaxies, distinguishing between the identified 
tarburst and Splash populations is difficult based on the stellar 
roperty distributions alone. Moreover, there is substantial overlap 
etween stars classified as belonging to the Splash and Aurora 
opulations. We therefore caution that analyses of these populations 
n the MW, such as efforts to infer properties of the GSE merger event,
ust account for these degeneracies. In addition, the MW starburst 

opulation may be concealed within the Splash distribution. 
(iii) The MW high- α disc was becoming established some 13 Gyr 

go, and the kinematic signature of this has survived to z = 0.
his means the GSE, which accreted between τGSE ∼ 11–9 Gyr 
go, could not have been a major merger. By the same argument,
ven more ancient mergers such as the speculative Kraken / Heracles
ust also have been relatively minor interactions. Similarly, from 

omparison of the energy footprint of GSE debris with merger debris
n AURIGA (see Fig. 7 ), we conclude that the GSE is most consistent
ith minor mergers of total mass ratio < 1 : 4. 
(iv) If we assume that the spin-up marks the timing of the last

ignificant merger, it can be used to date the epoch of the GSE
nteraction in the MW. With the spin-up metallicity measured at 
Fe / H]spin- up ∼ −1 . 2 , we can place this event on the age–metallicity 
elation of the ex situ stellar halo. This comparison shows that it
egan with a pericentre passage around τGSE−peri ∼ 11 Gyr ago and 
hen the interaction concluded between τGSE−coalescence ∼ 10–9 Gyr 
go. 

(v) We highlight a surge of MW Globular Cluster formation 
t τstarburst ∼ 11 Gyr ago, consistent with having formed during 
 starburst triggered by the first pericentric passage of the last
ignificant merger. It is remarkable that this time satisfies the criterion 
starburst = τGSE−peri ∼ 11 Gyr, and this lends further credibility to the 
alue of both time-scales and to our interpretation that these both owe
o the GSE interaction. This is, to our knowledge, the first time that
his association has been made. 

Altogether, our results paint a portrait of a calm and quiescent
W during the first few Gyrs. With the advent of next-generation

urveys such as PLATO (H. Rauer et al. 2025 ), stellar age estimates
ill achieve unprecedented precision. Nevertheless, they will remain 

ar from the sub-per cent level required to fully resolve conditions in
he early proto-Galaxy, and this will prove to be a major bottleneck
nhibiting further discovery. Moreover, stellar kinematics can only 
ver be measured at z = 0, limiting the scientific possibilities. 

This, then, provides strong motivation to look beyond the MW 

o analogues of the MW progenitor in the high-redshift Universe. 
his can already be achieved up to z ∼ 4 (e.g. S. Jain et al. 2025 ),
nd upcoming observations with JWST and ALMA can probe further 
eyond these limits, potentially supplemented by results from strong- 
ensing observations (e.g. F. Rizzo et al. 2020 ; A. Pope et al. 2023 ; L.
. Lee et al. 2025 ). This era can also be studied locally by analysing

he Galactic Centre, where there are direct constraints on the stellar
isc mass, star formation rate, and the various stellar populations that
uilt the proto-MW during the epoch of reionization. By bridging 
tudies of the MW with observations of high-redshift progenitors, 
e can directly link local stellar populations to their early Universe

ounterparts and use this to constrain Galactic assembly. 
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PPENDI X  A :  SPLASH SELECTI ON  

n Fig. A1 , we show how the Splash population is identified for the
xample of Au-18. First, we calculate the circularity distribution of 
ll stars in the main progenitor galaxy at a time 100 Myr before the
rst pericentre of the merger. The particle IDs of all disc stars are

hen stored for later, where the disc is defined following the method
escribed in Section 2.2 . By definition, these stars will lie in the
ange 0 < η(before) < 1. 
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M

Figure A1. The orbital circularity distribution of stars in Au-18 before and 
after a disruptive GSE-like merger event. The filled histograms indicate the 
population of stars that were ‘splashed’ by the merger event, following the 
definition provided in equation ( A1 ). 
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Next, we recalculate the circularity distribution of the main
rogenitor galaxy at a time after the merger event. This is judged
o be 1 Gyr after the end of the merger-induced starburst epoch. By
his time, the merger remnant has completed multiple pericentric
assages, each of which has contributed to scattering disc stars onto
ore radial orbits, and the disc has then resettled. 
The Splash population is defined as all stars from the pre-

nteraction disc that fulfill the following criteria: 

For stars ∈ disc(before) : 

η(before) − η(after) > 0 . 5 × η(before) , 
(A1) 

eaning stars which were initially on disc-like orbits, and
ubsequently experienced a reduction in their orbital circular-
ty by half. This allows for retrograde orbits and places an
NRAS 548, 1–22 (2026)

Figure A2. The same as Fig. 1 , but using a variable smoothing that follows a no
pper limit on the circularity of the Splash population of
(after) = 0 . 5. 
From Fig. A1 , one can see that the Splash population (pink filled

istogram) extends to both positive and negative circularities (or
rograde and retrograde orbits) with a peak at η � 0 . 2, indicating
 mildly rotating population. This is in line with the description
f the MW Splash from V. Belokurov & A. Kravtsov ( 2022 ). The
verall disc mass has grown after the interaction despite this loss of
plash stars, and that is due to the ongoing and high levels of star
ormation. 

PPENDI X  B:  STELLAR  AG E  PRECI SI ONS  

tellar spectroscopy can currently achieve precisions in stellar
ge estimates to around the 10 per cent level in some cases (e.g.
. Xiang & H.-W. Rix 2022 ; F. Anders et al. 2023 ). Whilst

his is sufficient for analysing younger populations, it becomes
rohibitive for investigating events in the first few Gyrs of the
niverse. In particular, the starburst and spin-up features we high-

ight for AURIGA in Fig. 1 often occur over sub-Gyr intervals,
hich would be below the stellar age uncertainties at those times

 τ � 10 Gyr). 
In Fig. A2 , we replot Fig. 1 using a Gaussian filter on the time-axis

ith a variable kernel smoothing of σ (smooth) = 0 . 1 τ . The filter has
 drastic effect on the appearance of starbursts at ancient times, even
he major starbursts corresponding to our target mergers (represented
ith black coloured lines in the top row), smearing them together

uch that they can no longer be recovered. The apparent duration of
he spin-up transitions has increased, too. 
rmal distribution with σ = 0 . 1 × τ (or ten per cent of the lookback time). 

3 by guest on 07 June 2026
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igure A3. Number density histograms of the total energy versus angular
omentum in the z-direction, comparing the coverage of the data sets in J. Li

t al. ( 2024 , using the same metallicity cut as in Fig. 7 ), M. Xiang & H.-W.
ix ( 2022 ), and GALAH DR4 S. Buder et al. ( 2025 ). For the GALAH data

et, we stain the histogram by colours corresponding to the in/ex situ fraction
where grey is a 1 : 1 split). Here, we define in situ as [Al / Fe] > −0 . 1. 

PPEN D IX  C :  SURV EY  C O M PA R I S O N  

n this work, we use three different observational data sets: those 
rovided by J. Li et al. ( 2024 ), M. Xiang & H.-W. Rix ( 2022 ),
nd GALAH DR4 (S. Buder et al. 2025 ). These surveys cover
ifferent regions of the sky. For example, the M. Xiang & H.-W.
ix ( 2022 ) sample is based on Gaia DR3 and LAMOST DR7 data,
hich primarily target the Northern hemisphere, whereas GALAH 

R4 focuses mainly on the Southern hemisphere. In Section 3.7 , we
dopt the M. Xiang & H.-W. Rix ( 2022 ) data set for our stellar age
nalysis because it uses the luminosity of subgiant stars as a precise
racer of their age. In contrast, age estimates in GALAH DR4 are
erived through Bayesian isochrone fitting and are generally less 
eliable. However, the GALAH DR4 data set includes a broader set
f elemental abundances, including Aluminum, which we use to infer 
hether a star originated within the Galaxy or was accreted from a
warf. 
We apply different selection criteria and quality cuts to each data

et. For J. Li et al. ( 2024 ), the quality cuts are as described in that
ork. For the M. Xiang & H.-W. Rix ( 2022 ) data set, we select stars
ith fractional age uncertainties of τ/στ ≤ 10 per cent and guiding 

adii Rg < 10 kpc . For GALAH DR4, we include only stars with
lag sp = 0 , flag sp fit = 0 , flag red = 0 , and
nr px ccd3 > 30 , following the best practice guidelines on 

he GALAH website. These cuts ensure high-quality spectroscopy, 
uccessful data reduction, and a strong signal-to-noise ratio. It is also
ecommended to use flag x fe = 0 for any elemental abun- 
ance x, which removes stars with potential quality issues. However, 
or the [Al/Fe] ratio this tends to exclude a disproportionate number
f low-metallicity ex situ stars, which affects our determination of 
he in/ex situ fraction. 

Since our analysis focuses on whether [Al/Fe] values lie above or
elow a threshold of −0 . 1 (see Section 3.7 ), we include stars flagged
ith ‘upper limit’ or ‘measurement above/below limit’ warnings. 
e also retain stars flagged as having ‘no measurement available’ 

y estimating their [Al/Fe] values from the mean of their 50 nearest
eighbours in the [Fe / H] –Teff parameter space. Only a few thousand 
tars are affected by this flag, but they are concentrated in the lowest-
etallicity regime of Fig. 9 ( −2 . 5 < [Fe / H] < −1 . 5), making this

dditional treatment necessary. 
We compare the energy versus angular momentum coverage for 

ach data set with 2-D histograms in Fig. A3 , where we show the
ull range of guiding radii rather than the limited selections used
lsewhere in this work. The J. Li et al. ( 2024 ) and GALAH DR4
urvey probes a wider volume of the Galaxy, including stars deep
ithin the centre of the potential well. In the GALAH DR4 panel,
e colour the histogram by the fraction of stars in each pixel that are

n/ex situ as orange/blue respectively. This reveals the in situ stellar
isc at positive Lz , the accreted stellar halo near Lz = 0 with various
verdensities corresponding to individual accretion events, and an in 
itu component below energies of Etot ∼ −2 × 105 km 

2 s−2 which 
ikely represents the Aurora contribution. 

PPENDI X  D :  R A D I A L  A N D  META LLI CITY  

I STRI BU TI ON  F U N C T I O N S  F O R  MW  DATA  

e presented a dissection of Galactic disc formation in Fig. 9 ,
here our sample is split into distinct bins of orbital circularity

nd metallicity. In Fig. A4 , we show the individual guiding radius
nd MDFs for each of these subsamples. 
MNRAS 548, 1–22 (2026)
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Figure A4. The guiding radius distribution functions (top panels) and MDFs (bottom panels) for each subsample used in Fig. 9 . Each column corresponds to 
the different cuts on [Fe/H], and each line colour corresponds to a different cut on orbital circularity as indicated in the legend. The coloured lines represent 
Gaussian Kernel density estimates, where the raw data is also shown with grey histograms. 
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