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A B S T R A C T 

We use accurate estimates of aluminium abundance from the APOGEE Data Release 17 and Gaia Early Data Release 3 

astrometry to select a highly pure sample of stars with metallicity −1.5 � [Fe/H] � 0.5 born in-situ in the Milky Way proper. 
The low-metallicity ([Fe/H] � −1.3) in-situ component we dub Aurora is kinematically hot with an approximately isotropic 
velocity ellipsoid and a modest net rotation. Aurora stars exhibit large scatter in metallicity and in many element abundance 
ratios. The median tangential velocity of the in-situ stars increases sharply with metallicity between [Fe/H] = −1.3 and −0.9, 
the transition that we call the spin-up. The observed and theoretically expected age–metallicity correlations imply that this 
increase reflects a rapid formation of the MW disc o v er ≈1–2 Gyr. The transformation of the stellar kinematics as a function of 
[Fe/H] is accompanied by a qualitative change in chemical abundances: the scatter drops sharply once the Galaxy builds up a 
disc during later epochs corresponding to [Fe/H] > −0.9. Results of galaxy formation models presented in this and other recent 
studies strongly indicate that the trends observed in the MW reflect generic processes during the early evolution of progenitors 
of MW-sized galaxies: a period of chaotic pre-disc evolution, when gas is accreted along cold narrow filaments and when stars 
are born in irregular configurations, and subsequent rapid disc formation. The latter signals formation of a stable hot gaseous 
halo around the MW progenitor, which changes the mode of gas accretion and allows development of coherently rotating disc. 

Key words: stars: kinematics and dynamics – Galaxy: abundances – Galaxy: evolution – Galaxy: formation – Galaxy: stellar 
content – Galaxy: structure. 
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 I N T RO D U C T I O N  

he goal of Galactic archaeology is to unravel the physics of the high- 
edshift Universe by studying the close-by surviving relics of the 
arly structure formation. The chain of events connecting the Cosmic 
awn era to the present day Milky Way can be investigated using

ow-mass stars with lifetimes of the order of the Hubble time and
hich thus bear witness to the first bouts of the early assembly of the
alaxy. The archaeological record is reconstructed by linking stellar 

lemental abundances and orbital properties whilst grouping stars 
y their chemical fingerprints, in the approach known as chemical 
a g ging (see Freeman & Bland-Hawthorn 2002 ). 

Eggen, Lynden-Bell & Sandage ( 1962 ) were the first to show how,
ith the help of galaxy evolution models, observed chemistry and 
inematics of nearby stars can be interpreted to peer into the Milky
ay’s distant past. In their data set, a tight correlation appeared 

etween stellar metallicity and orbital eccentricity. The metal-poor 
tars looked like they were on more radial orbits compared to the
etal-rich ones which generally adhered to circular motion. Ho we ver 

n a follow-up work, using a different observational sample, Norris, 
essell & Pickles ( 1985 ) pointed out that instead of a simple direct
 E-mail: vasily@ast.cam.ac.uk (VB); kravtsov@uchicago.edu (AK) 
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elationship between the orbital circularity and iron abundance, a less 
lear-cut picture likely e xisted. The y rev ealed that metal-rich stars
ould show significant non-circular motions while metal-poor stars 
ere allowed to follow the disc’s rotation. Several decades later, the
 -[Fe/H] plane has been mapped e xtensiv ely with the help of wide-
rea sk y surv e ys and shown to be filled with multiple o v erlapping
opulations whose exact nature remained unclear until recently (see 
.g. Chiba & Beers 2000 ; Carollo et al. 2010 ). 

Thanks to the arri v al of the Gaia (Gaia Collaboration 2016 )
strometric data together with large spectroscopic samples, some of 
he pieces of the Galactic puzzle have been deciphered. It was shown,
or example, that the Milky Way’s stellar halo contains contributions 
rom multiple distinct sources. What had previously been considered 
 mixed halo ‘field’ can now be differentiated into: some material
tripped from small satellites (Koppelman, Helmi & Veljanoski 2018 ; 
yeong et al. 2018a , b , c ; Koppelman et al. 2019 ; Naidu et al. 2020 ;

uan et al. 2020 ; Malhan et al. 2022 ), copious amounts of tidal debris
rom a single massive dwarf galaxy (sometimes referred to as Gaia -
ausage or Gaia Enceladus, GS/E; see Belokurov et al. 2018 ; Deason
t al. 2018 ; Haywood et al. 2018 ; Helmi et al. 2018 ; Mackereth et al.
019 ), as well as many stars kicked out from the disc (Bonaca et al.
017 ; Di Matteo et al. 2019 ; Gallart et al. 2019 ; Amarante, Smith &
oeche 2020 ; Belokurov et al. 2020 ). 

http://orcid.org/0000-0002-0038-9584
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Parallel to the charting of the Milky Way’s stellar halo – generally
epresented by stars with low or ne gativ e angular momentum –
ignificant focus has been on understanding the chemo-kinematic be-
aviour of the Galactic disc(s). In particular, the enigmatic extension
f the so-called thick disc (Gilmore & Reid 1983 ) to low metallicities,
ubbed the metal weak thick disc (MWTD), has been perplexing
he community since the studies of Norris et al. ( 1985 ). While the
ollow-up analysis by Morrison, Flynn & Freeman ( 1990 ) appeared
o confirm the earlier claims of Norris et al. ( 1985 ) as to the extension
f the thick disc into the −2 < [Fe/H] < −1 regime, questions
ere raised subsequently about possible biases in the photometric
etallicities used in both studies (Twarog & Anthony-Twarog 1994 ;
yan & Lambert 1995 ). 
In this century, large spectroscopic samples, in particularly those

rocured by wide-area surv e ys hav e pro vided ample data to study the
etal-poor wing of the thick disc. Taking advantage of vast numbers

f freshly available spectroscopic metallicities, several independent
tudies reported an unambiguous detection of the thick disc stars at
ow iron abundances (see Chiba & Beers 2000 ; Beers et al. 2002 ;
arollo et al. 2010 ; Kordopatis et al. 2013 ; Li & Zhao 2017 ). Note
o we ver that typically in these pre- Gaia works, the MWTD is al w ays
dentified as an additional contribution on top of the assumed halo
omponent dominating the stellar number counts at low metallicities.
ost recently, several groups used the Gaia astrometry together with

pectroscopic or photometric metallicities to extend the detection of
he disc population into very metal-poor regime (Sestito et al. 2019 ;
i Matteo et al. 2020 ; Fern ́andez-Alvar et al. 2021 ). Surprisingly,

tars with kinematics similar to both thick and thin disc are identified,
eaching metallicities as low as −6 < [Fe/H] < −3. 

There are two observational obstacles to figuring out the exact
ineage and the precise timeline of the Milky Way’s evolution. First
s the absence of high quality age measurements for truly old stars.
steroseismological data to date remains scarce (see e.g. Grunblatt

t al. 2021 ; Montalb ́an et al. 2021 ; Alencastro Puls et al. 2022 ),
hile the resolution of spectrophotometric ages deteriorates rapidly,

ncreasing to 2–3 Gyr beyond 10 Gyr (see e.g. Hidalgo et al. 2011 ;
anders & Das 2018 ). Secondly, even the very crude chemical

agging of stars into the ‘accreted’ and the ‘born in-situ ’ categories
tarts to falter at old ages if only limited chemical information is
vailable. This is simply because outside of the MW bulge, most old
tars are metal-poor and would ev en hav e comparable α abundances
ecause the α plateau is reached quickly at the onset of star formation.
o we ver, as we discuss below in Section 2.2 , a much more robust

dentification of the in-situ component is possible using detailed
hemical abundance measurements of the APOGEE surv e y, which
erves as a foundation for this study. 

Great strides in bringing observational picture of the Milky
ay assembly into focus have been intertwined with significant

mpro v ements in understanding formation of disc galaxies in general
e.g. Naab & Ostriker 2017 ) and disc of the Milky Way specifically
e.g. Binney 2013 ). Much of the latter theoretical effort was dedicated
o investigation of scenarios of the thick disc origin: from the first
cenarios involving violent and turbulent early state of the Galaxy
aturally leading to a fast formation of a hot disc component (Jones &
yse 1983 ; Burkert, Truran & Hensler 1992 ; Brook et al. 2004 ;
ird et al. 2013 , 2021 ) to formation of the thick disc by depositing

tars (Abadi et al. 2003 ) and/or dynamical heating during mergers
see Quinn, Hernquist & Fullagar 1993 ; Velazquez & White 1999 ;
ont et al. 2001 ; Hayashi & Chiba 2006 ; Kazantzidis et al. 2008 ;
illalobos & Helmi 2008 ). 
At the same time, cosmological simulations of galaxy formation

evealed that disc formation and evolution constitute an important,
NRAS 514, 689–714 (2022) 
ut relatively late stage of Milky Way’s assembly. Two physically dis-
inct regimes of gas accretion on to galaxies were identified in theoret-
cal models: the ‘cold flow’ accretion mode, when gas accretes along
arm filaments that can penetrate to the inner regions of haloes and
 cooling flow mode wherein gas cools on to galaxy from a hot halo
Kere ̌s et al. 2005 , 2009 ; Dekel & Birnboim 2006 ; Dekel et al. 2009 ).

During early stages of evolution, when gas accretion is highly
haotic, progenitors of Milky Way-sized galaxies are expected to
ccrete gas via supersonic narrow filamentary flows. The chaotic
ccretion leads to irregular, highly turbulent, extended distribution
f star forming gas and stars during early stages of star formation in
ilky Way-sized progenitors (Rosdahl & Blaizot 2012 ; Stewart et al.

013 ; Meng, Gnedin & Li 2019 ). It was also realized that feedback
n simulations must be sufficiently strong to suppress star formation
uring these early epochs and prevent formation of massive stellar
pheroid (e.g. Guedes et al. 2011 ; Hopkins, Quataert & Murray 2011 ,
012 ; Agertz et al. 2013 ; Stinson et al. 2013 ; Vogelsberger et al. 2013 ;
rain et al. 2015 ). Strong stellar outflows and bursty star formation
uring early stages of evolution contribute to the o v erall chaos in the
istribution of dense gas and star formation sites. 
When halo mass and virial temperature become sufficiently large

alaxies are able to sustain hot gaseous halo (Birnboim & Dekel
003 ). Transition from the early chaotic stage of gas accretion to the
lower accretion via cooling of gas from the hot halo or accretion
s accompanied by ‘virialization’ of gas in the inner regions of halo
nd formation of coherent long-lived and coherently rotating gaseous
isc via a cooling flow (Dekel et al. 2020 ; Stern et al. 2021 ). It is
uring this stage that the thin stellar discs in spiral galaxies form
Hafen et al. 2022 ). 

In this study, we aim to probe the early chaotic stages of evolution
f the main Milky Way’s progenitor and transition to the build-up of
he coherently rotating stellar disc. To this end, we use the APOGEE
R 17 data set (Section 2 ) and the available element abundances

o identify a sample of stars that likely formed in-situ in the main
rogenitor (Section 2.2 ). We show that stellar kinematics and scatter
n element abundances as a function of metallicity reveal a new
ow-metallicity in-situ stellar component that we associate with the
arly turbulent stages of Milky Way’s evolution (Section 3 ). We
lso show the signature of the ‘spin-up’ of the Milky Way disc in
he intermediate metallicity populations. We discuss and interpret
bservational results in Section 4 and summarize our results and
onclusions in Section 6 . 

 M I L K Y  WAY  IN-SITU STARS  IN  A P O G E E  D R 1 7

n what follows we use aluminium to iron abundance ratios to differ-
ntiate between the in-situ and the accreted Milky Way populations
ollowing the ideas of Hawkins et al. ( 2015 ). Two aspects of [Al/Fe]
volution combine to help isolate the stars born in a massive galaxy
ith a rapid chemical enrichment. First is the metallicity dependence
f the SN II Al yields (see Woosley & Weaver 1995 ; Nomoto,
obayashi & Tominaga 2013 ). Secondly, similar to α-elements, is

he dilution of [Al/Fe] with the increased output of SN Ia. 
During early stages of evolution of the Galaxy when metallicity

s small the Al output increases with increasing metallicity as more
eutrons become available. While the comparativ ely massiv e Milk y
ay progenitor recycles the polluted gas efficiently and self-enriches

uickly, the same process happens at a much more leisurely pace in a
warf galaxy. The Milky Way enjoys a long enough phase of prolific
Al/Fe] growth before the SNe Ia start to contribute significantly.
s a more relaxed dwarf reaches the necessary metallicity levels

nd starts to churn out Al, SNe Ia kick off and curtail the growth
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Figure 1. Distribution of ADR17 stars in the space of energy E and vertical component of angular momentum L z . Top row, 1st panel: Logarithm of the stellar 
density. Note a noticeable horizontal gap at around E ≈ −0.75 × 10 5 corresponding the details of the ADR17 footprint. The two dashed horizontal lines show 

the energy restriction we apply for the subsequent analysis. Top, 2nd: Median Galactocentric radius. Note that the stars below the energy gap are located in the 
bulge region of the Milky Way, i.e. have R < 3 kpc. Top, 3rd: Median [Al/Fe]. Note a clear separation of the in-situ (high [Al/Fe] and accreted (low [Al/Fe]) 
populations. Top, 4th: Median [Mg/Fe]. The separation between in-situ and accreted is visible by the dynamic range is somewhat reduced. Bottom row E , L z 
distribution coloured by [Al/Fe] in bins of iron abundance [Fe/H]. Bottom, 1st: Only the rotating disc is visible with intermediate [A/Fe]. Bottom, 2nd: Both 
accreted and in-situ populations are discernible thanks to very different [Al/Fe]. The in-situ stars display a lo w- L z wing, kno wn as Splash. Bottom, 3rd: While 
the typical [Al/Fe] for the accreted stars is the same at this metallicity, the mean [Al/Fe] of the in-situ population has decreased. Bottom, 4th: Even though the 
[Al/Fe] of the in-situ is reduced further, the accreted population can be easily identified since it has an e ven lo wer abundance of Al. Note that the shape of the 
in-situ distribution is now much more symmetric in L z without a prominent rotating component. 
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f the [Al/Fe] abundance ratio. Therefore, in the analysis presented 
elo w, we vie w the behaviour of [Al/Fe] at −2 < [Fe/H] < −1 as a
asic but powerful indicator of rapid chemical enrichment. As such 
t is complementary to the classification based on α-elements used at 
igher metallicity (see e.g. Nissen & Schuster 2010 ; Hawkins et al.
015 ; Hayes et al. 2018 ). 
The broad-brush picture painted abo v e has support in the literature.

 or e xample, Hasselquist et al. ( 2021 ) demonstrated that in the five
ost massive dwarf galaxies ever on orbit around the Milky Way, 

.e. the Large and Small Magellanic Clouds (LMC and SMC), the 
agittarius, Fornax and the GS/E progenitor, median [Al/Fe] ratios 
o not exceed [Al/Fe] ≈ −0.2, while the Galactic disc stars exhibit 
ignificantly higher ratios of [Al/Fe] > 0. The difference in the Al
nrichment between the Milky Way and smaller dwarfs was exploited 
o identify and study the likely accreted halo stars (e.g. Hawkins et al.
015 ; Das, Hawkins & Jofr ́e 2020 ; Horta et al. 2021 ). In contrast,
n this study we use it to identify stars formed in-situ in the main
rogenitor of the Milky Way. 

.1 ADR17 Data 

e rely on the data from the APOGEE Data Release 17 (ADR17;
bdurro’uf et al. 2022 ), more precisely the chemical abundance 
ata is taken from the allStarLite catalogue available on the 
urv e y’s website. The stellar Galactocentric coordinates, velocities, 
nd integrals of motion as well as their uncertainties are taken from
he AstroNN value-added catalogue (see Mackereth & Bovy 2018 ; 
eung & Bovy 2019 ) which assumes the MWPotential2014 
ravitational potential from Bovy ( 2015 ). We choose to restrict the
nalysis to red giant stars with surface gravity estimates of log g
 3 and velocity uncertainties of < 50 km s −1 in each of the three
 ylindrical v elocity components. As we are interested in subtle
hemical abundance trends, we also require uncertainty of < 0.2 dex
n the abundance estimates of the 9 elements, C, N, O, Mg, Al, Si,

n, Fe, Ni, which ADR17 measures most reliably. We also eliminate
tars with measurements suspected to be problematic, as signalled 
y the following flags: STAR BAD, TEFF BAD, LOGG BAD ,
ERY BRIGHT NEIGHBOR , LOW SNR, PERSIST HIGH , 
ERSIST JUMP POS , PERSIST JUMP NEG , SUS- 
ECT RV COMBINATION . Duplicate observations are remo v ed 
y culling all objects with the fourth bit of EXTRATARG flag set
o 1. Finally, we remo v e stars within 1 deg of any known Galactic
atellite be it a dwarf galaxy or a globular cluster. We specifically
emo v e stars in the Magellanic Clouds by eliminating all objects
ith PROGRAMNAME = magclouds . The totality of the abo v e

election cuts leaves ≈214 000 stars. 
Fig. 1 shows the distribution of the selected stars in the space

f energy (E) and angular momentum (AM). The bulk of the stars
n the sample pile up along the line of the maximal allowed AM.
lso visible in the distribution of ADR17 stars is a horizontal
ap around E × 10 −5 ≈ −0.75 (see the leftmost panel in the top
ow of the figure). As already pointed out by e.g. Lane, Bovy &

ackereth ( 2021 ), this gap is due to the ADR17 footprint on the sky.
here are crudely two distinct groups of pointings, one towards the
alactic centre and one sufficiently far away from it. The APDR17

election function produces a bi-modal energy distribution. This is 
onfirmed in the second panel of the top row where the colour-coding
epresents the median Galactocentric distance. As illustrated here, 
MNRAS 514, 689–714 (2022) 
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Figure 2. First panel: Column-normalized density of stars in the plane of [Mg/Fe] and [Fe/H]. The dashed and dotted diagonal lines show the selections for the 
‘accreted’, ‘high- α’ and ‘low- α’ populations. 2nd: Column-normalized density of stars in the ‘accreted’ sample in the [Al/Fe] versus [Fe/H] plane. This sample 
is dominated by the GS tidal debris. The sequence shows a slow rise up to, followed by a decline and is in agreement with the GS pattern shown in Hasselquist 
et al. ( 2021 ). 3rd: Same but for high- α sample. 4th: Same but for the low- α sample. 5th: All three sequences added back together. 
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tars with energies E × 10 −5 < −0.75 typically reside within ∼3 kpc
rom the Galactic centre. For most of the analysis presented below
e eliminate the ‘bulge’ contribution by removing stars with low

nergies (as indicated by the lower dashed horizontal line). 
Panel 3 (4) in the top row of Fig. 1 shows the plane of energy and

 z , the vertical component of AM, colour-coded according to the
edian abundance of aluminium (magnesium) relative to iron. Both

lements exhibit very clear separation between the stars formed in-
itu and those formed in smaller progenitor galaxies and subsequently
ccreted on to the Milky Way. The accreted population typically
ho ws a lo wer abundance ratio of [Al/Fe] and [Mg/Fe], although
he magnesium-to-iron ratio also decreases in the thick disc due
o increasingly large contribution of type Ia supernovae; [Mg/Fe]
eaches the lowest values for the young stars in the thin disc at
he highest metallcities probed. While both elemental ratios posses
ome discerning power, aluminium provides a larger dynamic range,
n particular at low metallicities. 

The ability of the [Al/Fe] to tell apart the accreted and the in-
itu stars has been noticed before (see Hawkins et al. 2015 ) and is
llustrated in the bottom row of Fig. 1 . Here, as abo v e, the E − L z 

lane colour-coded according to the median ratio of [Al/Fe] in each
ixel but for four distinct bins of iron abundance, starting from super-
olar on the left and going to ≈0.02 Z � on the right. Across the entire
etallicity range considered, the in-situ stars are easily differentiated:

he y hav e higher [Al/Fe] ratio compared to the accreted population.
ven for the stars at the lowest [Fe/H] considered, as shown in the

ourth panel, this remains true. Indeed, the in-situ stars here can be
een as a funnel shape structure of lighter colour, corresponding to
Al/Fe] > −0.1, while the accreted population forms a higher energy
ile mostly of maroon colour, with [Al/Fe] < −0.1. 

.2 In-situ selection 

e take advantage of the discriminating ability of [Al/Fe] introduced
bo v e to build a sample of stars formed in the Milky Way across a
ide range of metallicities. Fig. 2 helps us to elucidate the details
f the [Al/Fe] behaviour of the individual components of the Galaxy
s seen by ADR17 in the Solar neighbourhood (given the energy cut
escribed abo v e the bulk of the sample is within 3 kpc from the Sun).
he figure connects familiar sequences in the [Mg/Fe]–[Fe/H] plane

o their counterparts in the [Al/Fe]–[Fe/H] space. In the first panel,
ashed and dotted diagonal lines are used to separate stars belonging
o the accreted, the high- α and the low- α populations. These are then
lotted in the subsequent panels. 
The local accreted stars predominantly belong to a single merger

vent, namely the GES (see e.g. Belokurov et al. 2018 ; Iorio &
elokurov 2019 ). The accreted [Al/Fe] sequence (panel 2) shows
NRAS 514, 689–714 (2022) 
 moderate rise up to −0.2 < [Al/Fe] < −0.1 at around [Fe/H] ≈
1.2 followed by a decline. This pattern is entirely consistent with

hat presented in Hasselquist et al. ( 2021 ). The Milky Way’s high- α
equence (panel 3) rises much more rapidly with metallicity and as
 result resides mostly abo v e the accreted sequence across the entire
ange of [Fe/H]. Note that at [Fe/H] < −1.3 the high- α sequence
ips below [Al/Fe] ≈ −0.1 and so at lower metallicities the in-
itu stars start to o v erlap with the accreted population. The low- α
equence behaves in a similar fashion albeit offset in metallicity and
Al/Fe]: its rise is less steep and it does not reach as high levels
f [Al/Fe] compared to the high- α sequence. After the turn-o v er
round [Fe/H] ≈ −0.5, the two sequences are almost parallel meeting
t super-Solar iron abundances. As the figure demonstrates, abo v e
Al/Fe] ≈ −0.1, the contamination of the in-situ sample by the
ccreted debris is minimal. 

Fig. 3 illustrates the details of the in-situ selection. To the selection
uts described abo v e we add a restriction on the total energy (as given
y the two horizontal dashed lines shown in Fig. 1 , i.e. −0.75 < E ×
0 5 < −0.4) and a requirement that the heliocentric distance does
ot exceed 15 kpc. This reduces the sample to ≈79 500 stars. The
eftmost panel 1 in the top row shows the column-normalized density
f the selected stars in the plane of [Al/Fe] and [Fe/H]. Guided by
he behaviour of local stellar populations shown in Fig. 2 , two black
ines demarcate the regions predominantly populated by the accreted
nd in-situ stars. All stars with [Fe/H] > −0.4 are deemed to be
orn in the Milky Way. Below this metallicity, we allocate stars with
Al/Fe] < −0.075 to the accreted population, while the in-situ stars
ave higher aluminium-to-iron ratios. 
As a sanity check, we show the distribution of stars in the two

amples of accreted and in-situ stars defined this way in the plane of
Mg/Fe]–[Fe/H] in the panels 2 and 3 of the top row of the figure.
s panel 2 demonstrates, for −1.5 < [Fe/H] < −0.5 the in-situ
opulation remains on the alpha ‘plateau’, i.e. the increase in the
ron abundance is accompanied by a constant Mg/Fe ratio. This
an be contrasted with the evolution of magnesium in the sample
f accreted stars. This relatively local sample is dominated by the
idal debris from the GES merger. The [Mg/Fe] track of the GES
tars is very different from that of the stars born in the Milky Way’s
ain progenitor. In the range of metallicities considered, the GES-

ominated halo population evolves to lower values of [Mg/Fe] with
ncreasing iron abundance, starting the decline already at around
Fe/H] ≈ −1.3. This is a signature of significant SN Ia contribution
o the Fe abundance and a symptom of a slower self-enrichment in
 dwarf galaxy progenitor whose mass is significantly lower than
hat of the MW. This pattern is in perfect agreement with the earlier
tudies of the α abundance in the GS debris (see Haywood et al.
018 ; Helmi et al. 2018 ; Mackereth et al. 2019 ). 
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is observed between V tan and [Al/Fe], especially at [Fe/H] < −1. Bottom, 4th: Same for the accreted stars. Note that very high values of | V tan | correspond to an 
increase of [Al/Fe]. We interpret this as a sign of contamination: some of the in-situ stars with low [Al/Fe] entered the accreted sample. 
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The bottom row of Fig. 3 demonstrates the chemokinematic 
ehaviour of the two populations selected by [Al/Fe]. Specifically, 
he bottom row panels show the variation of the cylindrical azimuthal 
elocity component V tan (equi v alent to cylindrical V φ) as a function of
etallicity. First (leftmost) panel gives the density of in-situ stars in 

he plane of V tan and [Fe/H] together with three lines corresponding 
o the run of the 5th, 50th, and 95th percentiles of the velocity
istribution. According to the density distribution and confirmed by 
he behaviour of the velocity percentiles, the Milky Way possessed 
ery little coherent spin at the epoch corresponding to the metallicity 
f [Fe/H] � −0.9. The median azimuthal velocity of the in-situ
opulation is built up from approximately 0 < V tan < 50 km s −1 at
Fe/H] ≈ −1.5 to a substantial ≈150 km s −1 at [Fe / H] ≈ −0 . 9. In
ontrast, the accreted halo stars (mostly the GES debris) have V tan ≈
 km s −1 for the entire [Fe/H] range probed (note that here we apply
n additional cut in the [Mg/Fe] plane shown in the top row in an
ttempt to clean the accreted sample of a small number of in-situ
nterlopers). 

Note that the mode and the width of the distribution of azimuthal
elocities of the accreted population is largely due to the GS pro-
enitor . The dwarf’ s orbit probably experienced a rapid radialization 
see an e xtensiv e discussion in Vasiliev, Belokuro v & Evans 2022 ),
hus depositing its stellar debris on orbits with a typical AM close to
ero. The width of the V tan velocity distribution is relatively narrow, 
.e. 50 < σ tan (km s −1 ) < 100 corresponding to the total mass of
he parent GES halo of � 10 11 M �. Curiously, for the accreted stars
ith −1.5 < [Fe/H] < −1 an additional component with high V tan is
isible reaching azimuthal velocities in excess of 100 km s −1 . These
eculiar and abrupt changes in the velocity distribution is the results
f the contamination of the accreted sample by the low-metallicity 
n-situ stars. As Fig. 2 demonstrates the high- α sequence enters 
he accreted [Al/Fe] region around [Fe/H] ≈ −1.3. Although such 
rograde rotating stars could, in principle, be a relic of a satellite
ccreted nearly in the disc plane (e.g. Abadi et al. 2003 ), this is
nlikely in this case as the stars with significant V tan have also a
elatively high [Al/Fe] ratio as we discuss below. 

Signatures of potential cross-contamination between the samples 
f accreted and in-situ stars can also be explored in panels 3 and 4 of
he bottom row of Fig. 3 . Here, the velocity distribution as a function
f metallicity is colour-coded according to the median [Al/Fe]. Panel 
 shows that while there is a global trend of [Al/Fe] as a function of
etallicity in the in-situ stars, at fixed metallicity [Al/Fe] ratio does

ot appear to be correlated with the azimuthal velocity. This is not
he case for the accreted stars shown in the panel 4 of the figure. The
egions corresponding to the highest V tan also show a clear increase
n the [Al/Fe] (compared to the rest of the population). This is a clear
ign of contamination of the accreted sample with a small number
f in-situ stars. Their presence is easy to recognize at high positive
zimuthal velocities, but it is also betrayed at high ne gativ e values of
 tan where a mild increase in [Al/Fe] can also be seen. This is likely
ecause in the range of −1.5 < [Fe/H] < −0.9 the in-situ population
as a much broader azimuthal velocity dispersion compared to that 
f the accreted halo. As discussed abo v e the accreted population’s
zimuthal velocity spread is constrained by the internal kinematics 
f the GS progenitor. As judged by the patterns revealed in panels
 and 4 of Fig. 3 , we conclude that while the accreted population is
ildly contaminated at [Fe/H] < −1.3, there are no obvious signs of

he in-situ sample contamination. 
MNRAS 514, 689–714 (2022) 
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is shown as the red (blue) histogram. Note the drastic difference between the 
two populations. At low [Fe/H], the in-situ sample is significantly depleted 
compared to the accreted one. This is indicative of a much faster and a more 
ef ficient star-formation acti vity in the MW progenitor at early times. By the 
time the spin-up phase was o v er, MW only formed ≈ 1 per cent of its stars. 
The accreted sample shows a slo w-do wn abo v e [Fe/H] ≈ −1.3 and truncation 
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the GS progenitor and the MW. 
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 T H E  E A R LY  M I L K Y  WAY  

.1 Kinematics 

ig. 4 shows dependence of the kinematic properties in the Al-
elected in-situ population as a function of metallicity, as well as
ractions of stars in each sample at metallicity smaller than a given
alue. The curves corresponding to the 5th and 50th percentiles in
he top panel are given to illustrate the change in the lowest and
he typical AM population. This is complemented with the curve
ho wing the dif ference between 95th and 5th percentiles representing
he 3.3 σ extent of the V tan distribution. There are evident changes in
he behaviour of the azimuthal velocity distribution as all three curves
ndergo marked transitions at two critical metallicities. Note that
ehaviour shown in the three curves is similar but not identical, which
ndicates that the alterations the Milky Way’s kinematics incurred
ere non-trivial. 
Before we delve into the details of the chemokinematic evolution

f the Milky Way population, let us briefly compare the cumulative
NRAS 514, 689–714 (2022) 
etallicity distributions of the stars born inside and outside the
ilky Way. These are given in the bottom panel of the figure. At
etallicities [Fe/H] < −1, the accreted stars dominate by almost
 2 orders of magnitude. 1 This is because at this fixed metallicity
e are peering further back into the past in the MW progenitor

s it formed stars faster and self-enriched more efficiently than
he GS/E progenitor. The small fraction of in-situ stars at low

etallicities is qualitatively consistent with expectations of modern
alaxy formation models, as we discuss in Section 4 (see Fig. 16 ). At
Fe/H] > −1, while Milky Way kept producing stars, the SF activity
n the GES progenitor (the dominant contributor to the accreted
ample) was stifled and quickly shut down as it interacted with the
uch bigger MW. 
Let us follow the velocity curves from the metallicity just above

Fe/H] = 0, i.e. not too far from the present day, to lower [Fe/H],
raversing Fig. 4 from right to left. This should approximately
orrespond to older stellar ages due to the observed metallicity–
ge relation (see e.g. Haywood et al. 2013 ; Feuillet et al. 2016 ,
019 ; Silva Aguirre et al. 2018 ) as well as model expectations (see
ection 4 ). Stars with −0.3 < [Fe/H] < 0.2 reveal little change in

heir kinematics: all three curves are flat. The overall spin (black) is
t its highest, V tan > 200 km s −1 (note that this is an average of the
zimuthal velocities of the stars at different Galactocentric distances).
he total (3.3 σ ) extent of the azimuthal velocity distribution is at its

owest, < 100 km s −1 meaning that the average azimuthal velocity
ispersion (red) is < 30 km s −1 . The velocity distribution is tight
round the peak: the lowest V tan stars (blue) are only ∼30 km s −1 

ower than those in the mode of the distribution. This is the recently
ormed portions of the Milky Way disc: kinematically cold and
pinning fast. 

The first dramatic transition happens at [Fe/H] ≈ −0.3. The low
M wing of the distribution quickly stretches to lower velocities;

t decreases by a factor of 2 at [Fe/H] ∼−0.5 and finally reaches
 km s −1 at [Fe/H] ≈ −0.75. The expansion of the low- V tan side of
he distribution is reflected in the growth of the o v erall spread, which
hanges from ∼100 km s −1 at [Fe/H] ≈ −0.3 to ∼200 km s −1 at
Fe/H] ≈ −0.7. Note that the creation of a noticeable low-AM wing
s not accompanied by a strong decrease in the typical spin of the
alaxy. Over the same range of metallicity, i.e −0.7 < [Fe/H] <
0.3, the median V tan decreases only by ∼50 km s −1 . The stretching

f the velocity distribution towards low and even negative azimuthal
elocities at intermediate iron abundances has been noticed before.
he lowest AM stars are attributed to the so-called in-situ stellar
alo (see e.g. Bonaca et al. 2017 ; Gallart et al. 2019 ). This structure
s hypothesized to have been created by heating and splashing of
he existing Milky Way disc as it interacts with the GES progenitor
alaxy (see Di Matteo et al. 2019 ; Belokurov et al. 2020 ; Grand et al.
020 ; Dillamore et al. 2022 ). 
Then after a brief lull at −0.9 < [Fe/H] < −0.7 where all

hree curves flatten, the second metamorphosis occurs between
Fe/H] ≈ −1.5 < and [Fe/H] ≈ −0.9. The most remarkable change
s reflected in the behaviour of the Galactic spin: at the lowest of
he metallicities considered i.e. [Fe/H] ≈ −1.5, no significant net
otation is present. This is also the epoch where the most substantial
etrograde population is recorded together with the widest spread
n azimuthal velocities. The change from no spin to a fast rotation
appens rather quickly with increasing metallicity: by [Fe/H] ≈ −0.9
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he Milky Way’s typical V tan is already ≈150 km s −1 . Note that while
he changes in the 5th and the 50th percentiles are also fast and
triking, the evolution of the spread of the V tan distribution is milder.
s the Galaxy spins up, the spread tightens slowly: it only drops
y less than 20 per cent, from ≈300 km s −1 to ≈250 km s −1 as the
etallicity increases from −1.5 to −0.9. None the less, the azimuthal 

elocity distribution is at its wildest when −1.5 < [Fe/H] < −1.3:
he 3.3 σ interval co v ers at least 300 km s −1 . 

Fig. 5 provides additional details of the change in the V tan distri-
ution with metallicity. Azimuthal velocities of individual stars are 
hown as a function of [Fe/H] for the Al-selected in-situ population 
n the middle panel. At the lowest metallicities probed no obvious 
isc population can be detected. Note ho we ver that given the simple
Al/Fe] cut applied, many of the genuine in-situ stars with [Fe/H] <
1.3 will be a part of the accreted sample. This is indeed the

ase as shown in the left-hand panel of the figure: at [Fe/H] <
1.3 the V tan distribution for the accreted sample suddenly becomes 

roader, including many stars with V tan > 100 km s −1 . The right-
and panel of Fig. 5 presents V tan probability distribution functions 
or small bins of [Fe/H]. These pdfs are obtained using kernel 
ensity estimation (KDE) with Epanechnikov kernel of optimal 
ize. The pdfs corresponding to the lowest metallicity bins are 
ery broad, spanning ≈500 km s −1 from 200 to 300 km s −1 . The
gure emphasizes that the spin-up, i.e. the change from a broad 
istribution with little net spin to a much slimmer peak centred on a
 tan > 100 km s −1 happens o v er a narrow metallicity range. 
The velocity ellipsoid of the in-situ stars with −1.5 < [Fe/H] <
1.3 appears isotropic, i.e. σ z ≈ σ R ≈ σφ , with all three dispersions 

n the range of 80–90 km s −1 . This is distinct from the 3D velocity
istributions of both the GES debris and the Splash. The GES radial
elocity dispersion is twice as high, in the range of 170–180 km s −1 .
n the Splash, the azimuthal dispersion is lower, around 50–60 km s −1 

Belokurov et al. 2020 ). 
The stars born in the Milky Way before it spins up, i.e. settles

nto a coherent disc provide a window into the earliest phases of
ur Galaxy’s evolution. We therefore name this population Aurora , 
o symbolize the dawn of the Milky Way’s formation. The Aurora
nd the Splash stellar populations correspond to the two junctures 
n the Milky Way’s youth when rapid and consequential changes are 
nleashed. From the kinematic perspective, these two phases, that of 
ormation and that of disruption, appear unconnected. The biggest 
iv e-a way is the evolution of the spin: even though the interaction
ith the GS/E progenitor crumbles and disperses some of the existing
tellar disc, the bulk of it remains intact retaining its relatively high
otational velocity. The creation of the Splash from the pre-existing 
isc also helps us to explain the difference in the amount of low- and
e gativ e V tan stars during the two epochs. It is plausible to expect that
 distinction between the Aurora and the Splash can also be drawn
n the chemical dimension: the v astly dif ferent kinematic structure
f the young Milky Way before and after disc formation may leave
n imprint in the behaviour of key elemental abundances. In what
ollows we take advantage of the exquisite quality of the ADR17 data
o examine chemical signatures of the spin-up and the Splash phases.

.2 Chemistry 

n order to make the chemical analysis more robust and to minimize
he effects of any unwanted trends with stellar surface gravity and/or
f fecti ve temperature, in this section we apply a stricter cut log g <
 to define stellar sample. Note that narrowing the range further to
 < log g < 2 does not change any of the conclusions drawn below
ut increases the uncertainty. 

.2.1 Trends with [Fe/H] 

ecause several channels with distinct time-scales contribute to the 
roduction of iron, using Fe as a reference helps to emphasize
emporal evolution of the star-formation and enrichment process. 

Fig. 6 shows the metallicity dependence of the [X/Fe] abundance 
atios for the eight chemical elements measured most reliably as part
f the ADR17, namely: Al, Mg, Si, Ni, C, N, O, and Mn. These
reyscale 2D histograms give column-normalized densities for the 
l-selected sample of in-situ stars, or in other words, abundance 

atio probability distributions conditional on [Fe/H]. In addition, blue 
olid (dashed) lines show the behaviour of the mode (5th and 95th
ercentiles) of the distribution. These can be compared to the median
rends for the accreted population shown as the red solid curves. 

The element abundance ratios of the in-situ stars display several 
lear trends. Around the metallicity of the Splash ([Fe/H] ≈ −0.3) 
wo distinct sequences are visible at a given metallicity in all of the
lements considered apart from N and Mn. The clearest separation 
etween the high and the low abundance ratio branches can be seen in
Al/Fe], [Mg/Fe], [Si/Fe], and [O/Fe]. For stars with [Fe/H] < −0.3
MNRAS 514, 689–714 (2022) 
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Figure 6. Column-normalized density of the distribution of the elemental abundance ratio [X/Fe] of the in-situ stars as a function of metallicity [Fe/H]. The blue 
(red) solid curve shows the median of the distribution of the in-situ (accreted) population. Additional cuts in energy E × 10 5 > −0.4 and tangential velocity | V tan | 
< 70 km s −1 are applied to the accreted sample to minimize the contamination. The dashed blue curves show 5 per cent and 95 per cent of the in-situ distribution. 
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ormed before the Splash, the upper branch (higher abundance at
xed [Fe/H]) is more populated, while for the stars with [Fe/H] >
0.3 the lower branch has the higher density. The accreted stars

enerally follow different trends in all elements. In all elements but
, the in-situ and the accreted abundance trends start to converge

t the lowest metallicities. The [N/Fe] sequences are o v erlapping at
round [Fe/H] ≈−1 but are set apart by 0.1–0.2 dex at [Fe/H] = −1.5.

A standout feature of the abundance trends shown in Fig. 6
s the abrupt increase of the abundance spread at metallicities
elow [Fe/H] ≈ −0.9 (in several elements, the gradual uptick in
ispersion happens at slightly higher metallicity, i.e. [Fe/H] <

0.7). As the figure demonstrates, many tight sequences that are
onsistently well-behaved at higher metallicities appear smeared or
ven completely destroyed below the threshold which we identified
inematically in the previous section. The most dramatic increases
n the abundance dispersion at [Fe/H] < −0.9 are seen in [Si/Fe],
Ni/Fe], [N/Fe], and [O/Fe]. 

To investigate this phenomenon further, Fig. 7 shows the trends
f the abundance distributions as a function of [Fe/H]. Here the
edian of the [X/Fe] abundance ratio (black) can be compared to

he extent of the distribution (blue for in-situ and red for accreted
tars, 3.3 σ spread mapped by the difference between the 95th and
he 5th percentiles). The behaviour of each element is shown as a
and whose width gives the associated uncertainty (estimated using
he bootstrap method). For the abundance dispersions we subtract the
edian of the reported uncertainties in quadrature. Note ho we ver that

hese uncertainties are extremely small (typically < 0.05 dex across
he entire metallicity range probed), as indicated by the black dotted
ines that show 4 × the median uncertainty for each [Fe/H] bin. 

Fig. 7 confirms that in all eight elements the spread in the
bundance ratio of the in-situ population undergoes a dramatic
hange at [Fe/H] ≈ −0.9. At the same time, the median abundance
rack does not show any obvious large scale variations around the
ame metallicity in all elements but Al. Aluminium is shown to be
harply increasing up to [Fe/H] = −0.9 where it plateaus and stays
onstant until the contribution of type Ia supernovae starts to be
NRAS 514, 689–714 (2022) 
oticeable at around [Fe/H] ≈ −0.5. The behaviour of the abundance
pread for the Splash population is completely different: for stars with
0.7 < [Fe/H] < −0.3 no strong abundance dispersion variation

an be seen. Some minor spread increase is detectable but this is
nly because in the this metallicity range, two narrow sequences are
resent in many of the elements considered. Comparing the chemical
ignatures of the Aurora and the Splash, two distinct patterns are
lear. The Splash stars share properties of the disc population,
ndicating their likely disc origin. At −0.7 < [Fe/H] < −0.3, setting
side the apparent bi-modality of many of the elemental abundance
atios, the chemical enrichment sequences as reported by ADR17
re very narrow . Correspondingly , the 3.3 σ abundance extent of the
plash stars is at the level of 0.1–0.2 dex. The elemental abundance
pread in the stars born during the Spin-up phase is a factor of
–4 larger. The cleanest example is nitrogen. Here no [N/Fe] bi-
odality (i.e. existence of two standalone sequences at fixed [Fe/H])

s present at intermediate metallicities thus the abundance spread
or stars with [Fe/H] = −0.9 is approximately constant at the level
f 0.2 dex. The dispersion of [N/Fe] ratio grows sharply at lower
etallicities reaching 0.8 dex at [Fe/H] < −1.3. Note that the median

N/Fe] also shows a mild increase (of the order of 0.2 dex) at low
etallicities. 
Based on their distinct chemical behaviour, as characterized by the

xtent of the abundance distribution, for the stars abo v e and below
Fe/H] = −0.9 threshold we argue that the Aurora and the Splash
opulations are not connected. As we discuss in detail in Section 4 ,
he low metallicity in-situ stars were not born in a disc and later
ynamically heated, but had been born during the earlier Spin-up
poch under conditions suf ficiently dif ferent from those that existed
n a cold and fast-rotating disc later. 

The o v erall e xtent sho wn in Fig. 7 gi v es an o v ersimplified illustra-
ion of the abundance ratio distribution as it does not indicate changes
f its shape. As Fig. 6 demonstrates for many elements (e.g. [N/Fe]
r [O/Fe]) the increase in the abundance ratio spread is clearly asym-
etric. We explore the asymmetries in the distributions of chemical

bundance ratios in the Appendix B . Fig. B1 studies the upper and
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Figure 7. Statistics of the abundance ratio [X/Fe] distribution of the in-situ stars as a function of metallicity [Fe/H]. The width of the band shows the associated 
bootstrapped uncertainties. Black band is the median of the distribution, while the blue band gives the 3.3 σ e xtent. F or comparison, red band gives the abundance 
spread in the accreted population. The width of the abundance ratio distribution can be compared with the size of the ADR17 measurement uncertainty of the 
abundance ratio: dotted curve shows 3.3 times the measurement error. 
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ower branches (with respect to the mode) of each of the [X/Fe]
istributions separately. The figure confirms that at low metallicity, 
.e. at [Fe/H] < −0.9, distributions of [Si/Fe], [N/Fe], and [O/Fe] 
ecome very asymmetric. In [Si/Fe] and [N/Fe] the bulk of the spread
s upwards from the mode, while for [O/Fe] the behaviour of the two
ides of the distribution appears to switch around [Fe/H] ≈ −1.3. 

At high metallicity, i.e. [Fe/H] > −1, the distribution of the 
hemical abundance ratios of the in-situ population shown in Fig. 7 is
ominated by the Galactic disc stars. This makes it difficult to assess
hether the Splash population behaves differently from Aurora i.e. 

hat born before (and during) the Spin-up phase. To clarify this, Fig. 8
isplays the change in the abundance dispersion (as estimated by the 
5 per cent–5 per cent difference) for the in-situ sample limited to ret-
ograde stars only, i.e. to stars with V tan < 50 km s −1 (c.f. Belokurov
t al. 2020 ). Here only the four elements that showed the increase in
ispersion compared to the accreted populations are shown, namely 
l, Si, N, and O. Notwithstanding the reduced number of stars, the
icture remains the same. In fact, for the retrograde-only stars the
ehaviour is simplified: the metal-rich portion with [Fe/H] > −0.7 
hows no bumps or wiggles, staying flat, while the increase in the
idth of the distribution at [Fe/H] < −0.9 is sharper. 

.2.2 Trends with [Mg/H] 

nlike iron, the Mg production is dominated by the core-collapse 
upernovae (CCSN). Thus, as pointed out by Weinberg et al. ( 2019 ),
sing Mg as a reference element greatly simplifies chemical enrich- 
ent trends (see also Wheeler, Sneden & Truran 1989 ; Cayrel et al.

004 ; Hasselquist et al. 2021 ). For the elements mostly produced by
CSN, such as oxygen, abundance ratio relative to Mg stays constant

f the yields are not metallicity-dependent. For odd-Z elements with 
etallicity-dependent yields, such as aluminum, the [X/Mg] ratio 
ill steadily increase with [Mg/H]. For iron-peak elements, where 
ultiple sources can contribute to the production (e.g. Fe), trends 
ith [Mg/H] will be straighter compared to the trends with [Fe/H].
verall, across all elements, trends of the abundance ratio [X/Mg] 
ith [Mg/H] will look simpler , flatter , and less dependent on the
etails of the star-formation history. 
To help relate the [X/Mg] abundance trends to the [X/Fe] ones

iscussed abo v e, Fig. 9 shows the relation between [Mg/H] and
Fe/H]. Note that the relation is not one-to-one thanks to enrichment
eriods with multiple Fe sources in action. As a result, the threshold
etallicity of [Fe/H] = −0.9 corresponds to a range of [Mg/H]

alues, namely −0.7 < [Mg/H] < −0.5. This leads to a blurring of
he Spin-up kinematic transition discussed abo v e, as illustrated in the
ight-hand panel of Fig. 9 . 

Fig. 10 shows the column-normalized density of stars in the space
f [X/Mg] versus [Mg/H] similar to Fig. 6 . In line with the ideas
MNRAS 514, 689–714 (2022) 
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Figure 9. Left-hand panel: Magnesium abundance as a function of iron 
abundance. Logarithm of stellar density in the space of [Mg/H] and [Fe/H] 
is shown for the in-situ sample. Across a wide range of metallicity, at fixed 
[Mg/H], two values of iron abundance are possible thanks to the contribution 
of two iron sources, CCSNe and SNe Ia. Right-hand panel: Logarithm of 
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for the in-situ sample. The white lines mark 5 per cent, 50 per cent, and 
95 per cent of the V tan distribution. At low [Mg/H] the transition for low 

V tan to high V tan is less sharp due to the increased contribution of the disc 
component at low [Mg/H]. 
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iscussed in Weinberg et al. ( 2019 ), most of the elemental abundance
rends are significantly flatter, with the exception of C and N that show
 larger amplitude of variation. Moreo v er, the abundance tracks of
he in-situ and the accreted populations are much more alike, with
he median curves lying close to (or on top of) each other. This
ncludes Si, Ni, N, and O that previously showed unambiguously
issimilar behaviour. For Fe, Ni, and Mn, the accreted and the in-
itu abundance tracks are offset thanks to a higher contribution of
N Ia at fixed metallicity in a dwarf galaxy environment compared

o that in the Milky Way . Finally , the accreted population is some
.1 dex lower in [Al/Mg] compared to the in-situ . We have checked
hat this is not an artefact of the selection (as the two populations
re split on [Al/Fe]) and the difference persists if the accreted stars
re selected using orbital information only. If Al was produced by
CSN only similar to Mg, we would expect similar levels of [Al/Mg]
NRAS 514, 689–714 (2022) 

igure 10. Same as Fig. 6 but for the evolution of the abundance ratios referenced
he in-situ and the accreted populations. 
n the accreted and in-situ stars. Note that both Al and Mg are also
roduced by AGBs and in small quantities in SN Ia. Looking at the
ehaviour of other diagnostic elements dominated by either of these
wo sources, e.g. Ni for SN Ia and N for AGB, it is not clear that
ither could produce such an offset in [Al/Mg] between the accreted
nd in-situ populations. 

As Fig. 11 demonstrates, not only the median tracks are flatter
or some of [X/Mg] ratios (e.g. for Al and O), the spread increase
o wards lo wer metallicity is greatly reduced for the in-situ stars across
ll elements. For the accreted population, the abundance dispersion
emains flat for all elements but N and O, likely due to the varying
ontribution of AGB stars. The relative reduction of the abundance
pread when referenced to Mg makes sense: [X/Mg] ratios track
he relative build up of metals while [X/Fe] fluctuates with rapid
hanges in gas accretion, star formation rate, and gas depletion time
e.g. Johnson & Weinberg 2020 ), as discussed in more detail in
ection 4.5 . 
Comparison of the trends of scatter in the elemental abundance

atios referenced to Fe and Mg indicates that much of the increase in
catter at low metallicities is due to stochasticity of [Fe/H] due to the
urstiness of the early star-formation histories of both the MW and
he dwarf progenitor of the accreted population (see discussion in
ection 4 ). Despite the simpler behaviour of [X/Mg] ratio trends, the

ncrease of scatter in [Al/Mg], [Si/Mg], and [N/Mg] of the in-situ stars
s still present at metallicities below the metallicities corresponding
o the Spin-up stage of −0.7 < [Mg/H] < −0.5. 

.2.3 Similarities with chemical anomalies in star clusters 

n the in-situ sample, the largest persistent (and systematically
ifferent from the accreted stars) increases of scatter of the element
atios at low metallicities are those displayed by Al and N. This
ehaviour is reminiscent of large chemical anomalies observed in
tars in most of the Galactic globular clusters (GCs). Although very
niform in [Fe/H], GCs have turned out to have significant spreads
n He, C, N, O, Na, and Al, with other elements such as Mg and
 to Mg. Note a flatter appearance of most tracks and a better match between 
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Figure 11. Same as Fig. 7 but for the evolution of the distribution of the abundance ratios referenced to Mg. Note the excess dispersion in [Al/Mg], [Si/Mg], 
and [N/Mg] at low [Mg/H]. 
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i also implicated, which indicate multiple star formation episodes 
uring cluster formation (see Gratton, Sneden & Carretta 2004 ; 
astian & Lardo 2018 , for re vie w). Enrichment in some elements is

acilitated by the consumption of others, e.g. N and Na are produced
hile C and O are depleted, leading to high-amplitude abundance 

anti)correlations within a single GC. In some GCs, o v erproduction 
f Al, sometime by more than 1 dex, has been linked to the depletion
f Mg, thus establishing strong Al-Mg anticorrelation (see e.g. 
ancino et al. 2017 ; Masseron et al. 2019 ). 
It is hypothesized that the necessary enrichment takes place in 

he interiors of the earlier generations (often referred to as the first
eneration or 1G) of the GC stars and the synthesized material 
ubsequently pollutes the older generations (referred to as the second 
eneration or 2G). As of today no clarity exists as to how and where
xactly the synthesis happens (Renzini et al. 2015 ; Bastian & Lardo
018 ). Some of the requirements may be very unusual: for example
he transformation of Mg into Al necessitates extreme temperatures 
chie ved in massi ve main sequence stars, in excess of 100 M � (see
.g. Prantzos, Charbonnel & Iliadis 2007 , 2017 ; Denissenkov & 

artwick 2014 ) or potentially, AGBs (see Cottrell & Da Costa 1981 ).
t is also unclear how exactly the products enriched by the 1G stars
re delivered to their 2G siblings. 

Moreo v er, instead of a well-defined trend, GCs exhibit a range of
ehaviours: for example, sometimes a correlation between Mg and 
l is observed, sometimes it is not (e.g. Carretta et al. 2009 ; Pancino

t al. 2017 ); in some clusters Al correlates with Si and in others
t does not (e.g. Yong et al. 2005 ; Carretta et al. 2009 ; Masseron
t al. 2019 ). Ho we ver, it has been noted that the amplitude of the
pread and the strength of the abundance correlation grows with 
he increasing cluster mass and decreasing metallicity (e.g. Carretta 
t al. 2010 ; Masseron et al. 2019 ). The metallicity dependence is
articularly striking, instead of a smooth trend a discontinuity exists 
round [Fe/H] ≈−1 below which the o v erall [Al/Fe] spread increases 
harply (see e.g. Pancino et al. 2017 ). 

Although no fully developed theory exists to explain the genesis 
f the chemical anomalies observed in the Galactic GCs, signatures 
f N and Al o v erab undance ha ve been used to identify stars that
ay have belonged to massive star clusters in the past but are now

n the field. In some of the most convincing implementations of the
chemical tagging’ idea, excess of N and Al (and sometimes Si) have
ll been used to single out former GC member stars in the field (see
.g. Martell et al. 2011 , 2016 ; Lind et al. 2015 ; Schia v on et al. 2017 ;
och, Grebel & Martell 2019 ; Fern ́andez-Trincado et al. 2020 ). 
Do the in-situ stars contributing to the excess Al, N, Si abundance

pread at [Fe/H] < −0.9, i.e. in the Aurora population and during the
pin-up phase discussed earlier in this paper behave similarly to the
tars born in the Galactic GCs? Fig. 12 provides an answer to this
uestion by exploring possible correlations in abundance ratios of the 
W stars with −1.5 < [Fe/H] < −0.8. Focusing on the behaviour

f the Al abundance shown in the top row, at least three groups of
tars with distinct properties can be identified. First, there are the
lear outliers – the stars with [Al/Fe] > 0.4 that exhibit a correlation
ith [N/Fe] and an anticorrelation with [Mg/Fe] and [O/Fe]. These 

tars, mostly limited to [Fe/H] < −1.3, display exactly the chemical
ignatures observed in the MW GCs. Extreme in some of the chemical
roperties this group is rather small, counting a dozen or so objects.
 second slightly bigger group with a somewhat higher metallicity 

nd with lower values of [Al/Fe] on average (but still in excess
f [Al/Fe] > 0.4) shows a different behaviour: no clear correlation
etween Al and N, as well as the absence of anticorrelation between
l and Mg, O. This group shows a positive correlation between Al

nd Si, with an excess of [Si/Fe] > 0.4. Finally, the third group
omprising the bulk of the low metallicity stars has [Al/Fe] < 0.4
nd lower values of [Si/Fe] < 0.4. This group shows weaker but still
iscernible correlations between Al and Si, C and N, O and C. 
The first two groups contribute the most to the increase of the

bundance dispersion at [Fe/H] < −0.9 in Al and Si. In particular,
he first group with the chemical trends most in agreement with the
bserved GC anomalies contains the highest Al (as well as Mg and
) outliers. Note that even if these stars are removed, the dispersions

n [Al/Fe] and [Si/Fe] remain anomalous at [Fe/H] < −0.9. Ho we ver
emoving the stars from both the first and the second group removes
MNRAS 514, 689–714 (2022) 
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Figure 12. Abundance ratio correlations for the in-situ stars with −1.5[Fe/H] < −0.8. The data-points are colour-coded according to their metallicity. At 
low metallicity, three groups with distinct Al behaviour are noticeable. First, a small group of high [Al/Fe] outliers, showing correlation with [N/F] and 
anticorrelation with [Mg/Fe] and [O/Fe]. Secondly, slightly larger group with [Al/Fe] v alues lo wer than the first but still in excess of [Al/Fe] > 0.4. These stars 
show a correlation between [Al/Fe] and [Si/Fe]. Finally the third group has [Al/Fe] < 0.4 and exhibiting correlations between C and N, as well as between C 

and O. The N dispersion of this group is reduced compared to the high Al, N outliers but is still substantial. 
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2 Qualitatively, this picture is a robust prediction of the Cold Dark Matter 
scenario and is not sensitive to details of galaxy formation physics (e.g. 
Stewart et al. 2017 ), although whether or not the filaments penetrate all the 
way to discs may depend on numerical effects and proper treatment of rele v ant 
instabilities during supersonic gas flows (e.g. Mandelker et al. 2019 , 2020 , 
2021 ). 
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he increase of scatter in [Al/Fe] and [Si/Fe] entirely. The increase
f scatter in [N/Fe], ho we ver, persists as it is driven by the stars from
he third (most numerous) group, with relatively low N abundances
as demonstrated by the top left-hand panel of Fig. 12 . The bottom
ow of the figure also shows the behaviour of Na as a function of
 and N. Unfortunately, no clear pattern can be detected, due to the

elati vely lo w quality of Na measurements in ADR17 at this level of
Fe/H]. The last two panels show the behaviour of C, N, and O, and
onfirm the patterns identified abo v e. 

To conclude, only a small fraction of stars, namely those in the
rst group discussed abo v e (largest Al and N abundances), show
nambiguously the behaviour consistent with the GC origin. Note
o we ver that the fractional contribution of these stars increases
harply below the metallicity [Fe/H] ≈ −1 and drives the excess
ispersion in [Al/Fe]. This sharp metallicity dependence is very
imilar to the pattern displayed by anomalous stars in the Galactic
Cs (e.g. Pancino et al. 2017 ) and in the field (see e.g. Schia v on

t al. 2017 ). Moreo v er, giv en the div ersity of the chemical behaviour
bserved in the Galactic GCs we cannot rule out that stars in group
wo, and even in group three, experienced enrichment linked to

assive star cluster evolution. 

 E A R LY  E VO L U T I O N  O F  T H E  M I L K Y  WAY:  
L U E S  F RO M  G A L A X Y  F O R M AT I O N  M O D E L S  

.1 Two regimes of gas accretion on to galaxies and disc 
ormation 

lthough many aspects of galaxy formation are still not fully
nderstood and remain a subject of active research and debate,
tudies o v er the last three decades hav e helped us to understand the
ey stages in galaxy evolution. In particular, two physically distinct
egimes of gas accretion on to galaxies were identified: the ‘cold
ow’ filamentary mode, in which gas accretes along warm filaments

hat can penetrate to the inner regions of haloes and a cooling flow
NRAS 514, 689–714 (2022) 
ode wherein gas cools on to galaxy from a hot halo (Kere ̌s et al.
005 , 2009 ; Dekel & Birnboim 2006 ; Dekel et al. 2009 ). Physically,
he regime of accretion is determined by the ability of a system with
 given metallicity and halo mass to maintain a hot halo (Birnboim &
ekel 2003 ). 
During early stages of evolution, when gas accretion is highly

haotic, progenitors of Milky Way-sized galaxies accrete gas via
ast flows along narrow filaments with large angular momentum
hat is often oriented differently for different flows (Pichon et al.
011 ; Stewart et al. 2011 ; Sales et al. 2012 ; Danovich et al. 2015 ).
his leads to irregular, highly turbulent, extended distribution of star

orming gas and stars during early stages of star formation in Milky
ay-sized progenitors (Rosdahl & Blaizot 2012 ; Stewart et al. 2013 ;
eng et al. 2019 ). 2 

Stars formed during the early chaotic stages of evolution dom-
nated by cold flow accretion will not be distributed in a thin
oherently rotating disc, but in a spheroidal or a very thick disc
onfiguration (Bird et al. 2013 , 2021 ; Obreja et al. 2013 , 2019 ; Yu
t al. 2021 ). As shown explicitly by Meng & Gnedin ( 2021 ), for
 xample, ev en if stars are forming in gas with a flattened rotating gas
onfiguration at a given time at high z, the disc rapidly changes
rientation (see also McCarthy et al. 2012 ; Tillson et al. 2015 ;
retschmer, Dekel & Teyssier 2022 ) or gas distribution changes

o a completely non-disc configuration during subsequent epochs.
ike wise, e ven when stars are forming in a thick perturbed disc at
igh z, the subsequent fluctuations of potential due to mergers and
igh degree of variability in mass accretion and/or feedback-driven
utflows lead to rapid relaxation and spheroidal stellar distribution
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3 The Latte simulations were run using the Gizmo gravity plus hydrodynamics 
code in mesh-less finite-mass mode (Hopkins 2015 ) and the FIRE-2 physics 
model (Hopkins et al. 2018 ). 
4 http://flathub.f latironinstitute.org/f ire 
5 https://wwwmpa.mpa-gar ching.mpg.de/aur iga/gaiamock.html 
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Kazantzidis et al. 2008 , 2009 ; McCarthy et al. 2012 ; Bird et al.
013 ; Dekel et al. 2020 ; Tamfal et al. 2022 ). Thus, due to the entirety
f these factors, during early high-rate accretion stage of evolution 
ost progenitors of the Milky Way mass galaxies cannot form or
aintain a thin disc. 
This is illustrated in Fig. 13 , which shows spatial distributions

f stellar particles younger than 100 Myr at z = 4 and z = 3 and
istribution of the same particles at z = 0 in four representative
W-sized galaxies from the FIRE-2 Latte simulations suite. The 

gure shows a chaotic distribution of young stars forming at z =
 and z = 3, before the disc appeared in each object, while the
ight-hand column shows that orbital mixing and relaxation result 
n spheroidal distribution of these stars around galactic centre at the 
resent epoch. Note that if needed conversion between redshift and 
ook-back time or stellar age can be approximately made using the 
pper axis that shows z at the corresponding ages. 
When halo mass and virial temperature become sufficiently large, 

hock-heated gas does not cool as fast as during early stages and
ot gaseous halo can exist (Birnboim & Dekel 2003 ). Emergence 
f such hot halo around the disc results in transition from the early
haotic stage of gas accretion along cold narrow filaments to the 
lower accretion via cooling of gas from the hot halo or accretion
f gas stripped from satellites. This transition is accompanied by 
virialization’ of gas in the inner regions of halo and formation of
 coherent long-lived and coherently rotating gaseous disc via a 
ooling flow (Dekel et al. 2020 ; Stern et al. 2021 ). It is during this
tage that the thin stellar discs in spiral galaxies form (Hafen et al.
022 ). The process of transition from the early chaotic distribution
f gas to coherently rotating, persistent disc was explicitly studied in 
he FIRE simulations in a recent study by Gurvich et al. ( 2022 ). 

The scenario outlined abo v e is consistent with statistical results
f Pillepich et al. ( 2019 ), who used the TNG50 simulation of a ≈50
pc box to show that statistically galaxies with disc morphologies in 

as and stellar distributions emerge only at redshifts when galaxies 
ave halo masses suf ficiently massi ve to maintain hot halo. For
xample, their Figs 8 and 9 show that disc morphologies dominate 
t z ≤ 4 in galaxies with M � > 10 10 M �, which occupy haloes of
ass M h � 5 × 10 11 M � (e.g. Behroozi, Wechsler & Conroy 2013 ).
hese masses, ho we ver, are much higher than the expected mass of
W progenitors at these redshifts. In lower mass haloes, however, 

istribution of gas and stars is predominantly spheroidal. 

.2 Evolution of stellar mass, metallicity, and star formation 

ate in progenitors of MW-sized galaxies 

eneral implication of galaxy formation models outlined abo v e is
hat formation of a thin coherently rotating disc in galaxies, such as
he Milky Way, is expected to coincide with formation of the inner
ot gaseous halo at relatively late stages of evolution z � 1–2. It
s thus tempting to identify the transition from the chaotic velocity 
istribution with V tan ≈ 0 at [Fe / H] � −1 to large V tan at higher
etallicities in the observations discussed abo v e with that stage. 
he metallicity of [Fe / H] � −1, is lower than the metallicity of the

Splash’ stars, and so dates from the epochs before the merger with
he GS/E galaxy. Given that precise stellar ages are not available in
bservations, we can gauge the typical expected range of ages for
tars with [Fe / H] � −1 using theoretical models. 

Fig. 14 shows evolution of halo mass defined within the density 
ontrast 200 times the critical density, as well as the metallicity–
ge relation for stars and evolution of star formation rate for a
ample of galaxies forming in Milky Way-sized haloes in the 
RUMPY re gulator model (Kravtso v & Manwadkar 2021 ) using
ass accretion histories from the ELVIS suite of dark matter 
imulations (Garrison-Kimmel et al. 2014 ), and cosmological zoom- 
n N -body + hydrodynamics simulations of several Milky Way-mass 
alaxies from the FIRE-2 simulation public data release 3 (Wetzel 
t al. 2022 ), 4 as well as the Auriga simulations available in the
urigaia public release (Grand et al. 2018 ). 5 Note that we only plot

he ‘ in-situ ’ stars in all models: in the GRUMPY model only such
tars are modelled for each host, in the FIRE simulations we only use
tar particles formed at less than 30 comoving kpc from the progenitor
entre at each epoch, and in the Auriga simulations we use the in-
itu flag provided with the data release to select stellar particles.
n both the FIRE and Auriga simulations we select stars with 5 <
 /kpc < 11 and | Z | < 3 kpc. In addition, to calibrate the metallicity
istribution to the Milky Way and bring different simulations to a
ommon metallicity scale, we shift stellar metallicities of the selected 
tars by a constant factor so that their median metallicity equals to
he solar value, in agreement with the median metallicity of stars
n the Milky Way at these radii (e.g. Katz et al. 2021 ). This shift is
mall: ≈0.05–0.1 Z � for the Auriga and ≈0.01–0.3 Z � for the FIRE
bjects (with the most typical shifts of 0.1–0.2). 
The galaxy evolution models considered here all result in galaxies 

ith realistic properties at z ≈ 0, but they are very different in how
hey model galaxy formation. Comparison of their results should 
herefore give a reasonable estimate of the range of theoretical 
xpectations. 

The two regimes of fast and slow mass accretion separated by the
ook-back time of ≈11 Gyr are clearly visible in the evolution of
 200c in the top panel of Fig. 14 . These two regimes are reflected

n the two regimes of stellar mass buildup in the lower panel: an
xtremely fast rise of star formation rate at the look-back times of
 11 Gyr and a steady star formation rate at later epochs (on average,

f. also Ma et al. 2017 ; Flores Vel ́azquez et al. 2021 ; Yu et al. 2021 ;
urvich et al. 2022 , for analyses of these two regimes in the context
f stellar disc formation in the FIRE-2 simulations). In addition to
he o v erall av erage behaviour of SFR( t ) in these two re gimes, the
urstiness of star formation in the FIRE simulations is also very high
uring early stages of evolution and is much smaller during later
tages after virialization of the inner hot halo and formation of the
oherent gaseous disc (Stern et al. 2021 ; Yu et al. 2021 ; Gurvich
t al. 2022 ; Hafen et al. 2022 ), as illustrated by the track of the m12i
atte run shown in the lower panel of Fig. 14 . Note that in these
imulations burstiness can remain substantial well past the o v erall
ransition between the two regimes in the average SFR. For example,
n m12i this transition occurs at the look-back time of ≈10–11 Gyr,
hile star formation remains bursty to ≈4 Gyr and as a result thin
isc in this simulation forms only at the look-back times � 3.2 Gyr
see table 1 in Yu et al. 2021 ). 

The metallicity of 0.1 Z �, ho we ver, is achie ved much earlier than
he epoch of disc formation in the model Milky Way-mass galaxies.
ig. 14 shows that in both the GRUMPY model results and in the
atte and Auriga simulations the stars with Z ≈ 0.1 Z � typically form
t the look-back times ≈11 ± 1 Gyr (see also Kruijssen et al. 2019a ),
hich roughly coincides with the epoch of transition from the fast

o slow accretion regime and the corresponding transition from the 
apid rise to steady average star formation rate. 
MNRAS 514, 689–714 (2022) 
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Figure 13. Distribution of stellar particles younger than 100 Myr at z = 4 and z = 3 (the left two columns in each row) and distribution of the same particles 
at z = 0 (rigtmost panel in each row) projected in the X − Z plane in four representative MW-sized galaxies from the FIRE-2 Latte simulations suite. The 
coordinates (indicated on the axes) are in physical kpc; note that the range in the left two columns is the same, but is larger in the rightmost column showing 
z = 0 distributions. In each panel the Z axis is aligned with the angular momentum of all stars in the galaxy at the corresponding redshift. The left two columns 
show a chaotic distribution of young stars forming before the disc formed in each object, while the right-hand column shows that orbital mixing and relaxation 
result in spheroidal distribution of these stars around galactic centre at the present epoch. 
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Figure 14. Evolution of halo mass defined within the density contrast 
200 times the critical density (top panel), the metallicity–age relation for 
stars (middle panel), and evolution of star formation rate (bottom panel) for 
a sample of galaxies forming in Milky Way-sized haloes in the GRUMPY 

regulator model (Kravtsov & Manwadkar 2021 ) (thin grey lines), Latte suite of 
FIRE-2 cosmological zoom-in N -body + hydrodynamics simulations of three 
Milky Way-mass galaxies, m12f , m12i , and m12m (Wetzel et al. 2016 ) 
(solid indigo lines). The upper axes in the top panel shows corresponding 
redshifts. In the middle panel we also show stellar metallicity–age relations 
in the Auriga simulations of six Milky Way-size haloes (Grand et al. 2018 ). 
The three horizontal dashed lines indicate the age range corresponding to the 
critical metallicities [Fe / H] = −0 . 3, [Fe / H] = −0 . 9, [Fe / H] = −1 . 5 that 
correspond to metallicity of the Splash, Spin-up, and the lowest metallicity 
that is probed by the APOGEE data. 
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The actual distribution of ages of stars in the Latte and Au-
iga simulations in the metallicity ranges of [Fe / H] = −0 . 3 ±
 . 025 , −0 . 9 ± 0 . 025 , −1 . 5 ± 0 . 025 are shown in Fig. 15 . The
gure shows that the stars of [Fe/H] < −0.9 are almost all older than
0 Gyr and their distributions have many narrow peaks reflecting 
trong short-duration bursts of star formation at these early stages of
alaxy evolution. The stars of [Fe/H] ≈ −0.3 have a considerably 
roader age distributions centered on ≈6–8 Gyr and with much 
ess prominent peaks, which reflects a considerably less bursty star 
ormation at these later epochs. 

The cumulative distributions of stellar mass fraction as a function 
f age and metallicity are present in Fig. 16 , which shows that on
verage � 10 per cent of the final mass is formed in model galaxies
n the first 3 Gyr of evolution (i.e. z � 2), which is consistent
ith observational constraints for the Milky Way-mass galaxies (e.g. 
eitner 2012 ; van Dokkum et al. 2013 ). The cumulative distribution
s a function of metallicity in the right-hand panel of Fig. 16 is quite
imilar to the corresponding distribution inferred for the APOGEE 

ata and shown in Fig. 4 . In particular, only ≈ 3 per cent of the final
tellar mass in the model galaxies form with metallicities [Fe/H] <
1, which is close to the value inferred from the APOGEE data. 

.3 Transition between star formation regimes and formation 

f the coherently rotating Milky Way disc 

he model predictions shown in Fig. 14 indicate that stars with
Fe / H] ≤ −1 formed more than 10 Gyr ago (see also Kruijssen
t al. 2019a ; Agertz et al. 2021 ). The observed rapid increase in the
edian V tan at [Fe / H] > −1 thus indicates that a coherent rotating

tellar disc formed in the Milky Way progenitor ≈10–11 Gyr ago
or z � 2.5). This formation epoch is much earlier than the epochs
f disc formation for most of the galaxies in the FIRE-2 suite of
imulations (Yu et al. 2021 ; Gurvich et al. 2022 ; Hafen et al. 2022 ). 

This is also reflected in Fig. 17 , which shows the median V tan as
 function of age and metallicity for stellar particles in the Milky
ay–mass galaxies from the Auriga and Latte simulation suites. 
ualitatively, the trends are similar to those of the MW stars shown

n Fig. 4 : old, low-metallicity stars show little or much smaller
ean rotation than younger, higher metallicity stars. Interestingly, 

t [Fe / H] � −1 median tangential velocity in both observations and
ost of the simulated galaxies is small at V tan ≈ 10–60 km s −1 , but

t is not zero. Another similarity is that transition from small to large
edian V tan occurs o v er a narrow range of metallicities ( � [Fe/H] ≈

.2–0.3). The trend of V tan as a function of stellar age in the left-
and panel shows that this reflects rapid formation of rotating discs
 v er the time period of ≈1–2 Gyr (see also Gurvich et al. 2022 ).
hese qualitative similarities lend credence to the interpretation of 

he observed trend as signalling formation of the Milky Way disc. At
he same time, there are interesting differences. 

The left-hand panel of the figure shows that transition from small
edian V tan to value of ≈220–250 km s −1 occurs in old stars of ages
7–11 Gyr. The exception is the object m12m , in which the mean

otation is present with the median V tan ≈ 100–150 km s −1 even in
he oldest stars, which indicates that there is a significant variation
n the timing of such transitions from object to object (see also Yu
t al. 2021 ). Indeed, as can be seen in the results of Santiste v an et al.
 2020 ) m12m undergoes a significant period of quiescent evolution
rom z ≈ 5 to z ≈ 3, during which its halo mass changed little.
ew stars were formed during this period as well. The halo mass

hen increased tenfold from z ≈ 3 to z ≈ 2 and reached the level
ufficient to sustain hot halo by the latter epoch leading to formation
f a coherently rotating disc where a large fraction of stars formed. 
MNRAS 514, 689–714 (2022) 
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Figure 15. Age distributions of stars with metallicities [Fe / H] = −0 . 3 ± 0 . 025 , −0 . 9 ± 0 . 025 , −1 . 5 ± 0 . 025 in the nine simulated MW-mass galaxies from 

the Latte and Auriga simulations. In both simulation suites stars are selected within 5 < R /kpc < 11 and | Z | < 3 kpc. 

Figure 16. Cumulative stellar mass fraction (in per cent) distribution as a function of stellar age (left-hand panel) and metallicity (right-hand panel). The thin 
grey lines show results of the GRUMPY model for a suite of Milky Way-sized haloes, while the solid coloured lines show results of the Latte suite of the FIRE-2 
simulations. The black/grey dashed line shows the estimate of the in-situ stellar mass fraction around the Sun in the Auriga DR17 from the bottom panel of 
Fig. 4 ; the grey portion is at metallicities where a certain confusion of the in-situ and accreted components exists. 
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Fig. 18 shows distributions of V tan for stars of different ages and
etallicities. In the m12m simulation the change of V tan distribution
ith age is gradual and the form of the V tan distribution of old

tars in that simulation is skewed towards positive values, reflecting
ignificant net rotation of old stars in this object. Indeed, even at
ery low metallicities ([Fe/H]) stars are in a flattened, very thick disc
onfiguration. Evolution of this object is qualitatively consistent with
he ‘upside-down’ scenario of disc formation (Bird et al. 2013 , 2021 ),
hereby thick disc is forming first while subsequent generations of

tars form in colder gaseous discs forming disc of smaller and smaller
cale height. Indeed, as shown in Fig. A1 in the Appendix, old low-
etallicity stars in the m12m object are distributed in a very thick,

lbeit somewhat flattened configuration. 
Ho we ver, the distribution as a function of age for the MW-mass

bject in the m12f run in the left-hand panel shows two distinct
egimes of evolution: the V tan distribution for stars older than ≈7 Gyr
s broad and its mode is close to 0 km s −1 , while V tan distribution of
ounger stars is much narrow and is centred on ≈ 250 km s −1 . The
ransition between the two forms of distribution is rapid and abrupt
NRAS 514, 689–714 (2022) 
or the m12f run. The distributions in the two regimes and the
apid transition are also similar in the m12i . The ‘upside-down’ disc
ormation in these objects occurs during the last ≈6–7 Gyr, while
tars forming at earlier times do not form disc at all, but form a nearly
pherical distribution (distribution of low-metallicity, old stars in the
12f object is shown in Fig. A1 ). 
Formation of the disc in these objects thus does not span their

ntire ev olution history, b ut is confined to the late stages after the hot
nner halo forms. The observations discussed in this study thus probe
he transition from the early pre-disc stages evolution of the Milky

ay progenitor to formation (‘spin-up’) of the Milky Way disc that
e inhabit and observe today. Isotropic velocity dispersion measured

or low-metallicity observed stars indicate that early stages of MW
volution also formed a spheroidal component, while formation of
he disc started about 10–11 Gyr ago at z ≈ 2–3. Obreja et al.
 2019 ) identified a similar spheroidal component in the NIHAO
imulations of galaxy formation. They show that this component is
inematically distinct from the bulge, is more spatially extended and
s composed almost entirely from the stars formed in-situ . Moreo v er,

art/stac1267_f15.eps
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Figure 17. Median tangential velocity of stars in the Latte and Auriga simulations as a function of stellar age (left-hand panel) and metallicity (right-hand 
panel). The solid coloured lines show median curves for nine simulated Milky Way-sized galaxies, as indicated in the legend. The black dashed line shows the 
median measurement for the Milky Way obtained using the APOGEE DR17 data with shaded grey area representing 68 per cent uncertainty. 
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hey show that these stars correspond to the earliest episodes of
tar formation in the Milky Way-sized g alaxies. The g as from which
hese stars form collapses during earliest epochs but loses much of its
ngular momentum, most likely during collision of gas flowing along 
ifferent cold streams in the vicinity of the Milky Way progenitor. It
herefore forms a spheroidal distribution with little or no net rotation. 

The right-hand panels of Fig. 18 show the distribution of V tan for
tars of different metallicity and demonstrate that these distribution 
eveal the two regimes of the star formation similarly to the distri-
utions for age bins, although transition between the two evolution 
egimes is somewhat smoother due to the scatter between age and 
etallicity. The o v erall trend of the distribution shape with stellar
etallicity is qualitatively similar to that in the observed stars in 

he APOGEE surv e y (see Fig. 5 ), although the actual shape of the
bserved low-metallicity stars is not as peaked, while distribution of 
bserved high-metallicity stars is much narrower than in simulations. 
One aspect that is similar in both simulations and observations 

s that the form of the distributions of V tan in the two regime
s quite stable and changes only during narrow range of ages or
etallicities in the transition between the two re gimes. F or young,

igh-metallicity stars this probably simply reflects the fact that 
hey form in the coherent slowly evolving disc. The similarity of
he V tan distribution for old, low-metallicity stars probably reflects 
he common evolutionary and relaxation processes that these stars 
av e e xperienced. As discussed in Section 4 abo v e, these processes
nclude star formation in extended irregular gas distribution during 
old mode gas accretion and dynamical heating and relaxation due 
o mergers and o v erall potential fluctuations due to rapid changes
n the mass accretion rate and gas removal in feedback-driven 
inds. 
Figs 17 and 18 show that in metallicity transition between the 

wo regimes of evolution is occurring at [Fe / H] ≈ −0 . 8 ÷ −0 . 4
n the simulations, which is considerably larger than in the Milky

ay where this transition occurs at [Fe / H] ≈ −1 . 3 ÷ −1 . 1 (see the
ashed line). Kinematics of the low-metallicity Milky Way stars thus 
ndicates that the virialization of the inner hot halo and subsequent 
ormation of coherently rotating stellar disc occurred quite early in 
he evolution of our Galaxy and earlier than in most objects in the
IRE-2 and Auriga suites of simulations. Thus, formation of the 
ot halo and transition from the fast mass accretion regime with 
ighly bursty star formation to slow accretion regime with steady 
tar formation rate occurred earlier in the Milky Way progenitor. 

Current galaxy formation models differ significantly in the amount 
f short-term burstiness of star formation rate due to different im-
lementations of star formation and feedback (Iyer et al. 2020 ) with
he FIRE-2 simulations exhibiting the strongest short-term burstiness 
mong the models. The measurements presented in this paper indi- 
ate that the epoch when star formation in the Milky Way progenitor
ransitioned from the highly bursty to steady regime approximately 
oincided with the epoch when the average star formation rate 
witched from the rapid rise to much slower evolution ≈10–11 Gyr
go. These measurements can thus potentially serve as a useful con-
traint on the star formation and feedback physics shaping evolution 
f the Milky Way mass objects during early stages of their evolution.

.4 Is this scenario consistent with obser v ations of discs in 

igh- z galaxies? 

bservations o v er the past decade rev ealed e xistence of stellar and
aseous discs at z > 3 (e.g. Stockton et al. 2008 ; Lelli et al. 2018 ;
e F ̀evre et al. 2020 ; Neeleman et al. 2020 ; Rizzo et al. 2020 ;
sukui & Iguchi 2021 ). Although interpretation of the Milky Way
bservations discussed abo v e implies that disc in the Milky Way-
ass galaxies forms only at z � 2–3, it does not actually contradict

bservations of massive high- z discs. This is because these discs are
bserved in massive, starbursting galaxies with M � � 10 10 M � and
tar formation rates � 200 − 300 M � yr −1 . Such large stellar masses
nd star formation rates at z ∼ 3–4 indicate that haloes hosting these
alaxies have already reached the critical mass threshold required for 
ormation and maintenance of the hot gaseous halo and pre v alence of
iscs in massive high- z galaxies is indeed confirmed by cosmological
imulations (Feng et al. 2015 ; Pillepich et al. 2019 ). At the same
ime, the high star formation rates of these galaxies are inconsistent
ith the typical rates expected for the Milky Way progenitors (e.g.
ehroozi et al. 2013 , 2019 ; Moster, Naab & White 2018 ). These
assive discs thus probe formation of the progenitors of modern 

pheroidal galaxies rather than progenitors of the Milky Way, which 
ave not been directly observable at z � 3 in the deepest observations
o far (e.g. van Dokkum et al. 2013 ). 
MNRAS 514, 689–714 (2022) 
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Figure 18. Distributions of the tangential velocity, V tan , for stars of different ages (left-hand panels) and metallicities (right-hand panels) for the MW-mass 
objects in the m12f (top row) and m12m (bottom row) Latte simulations. The age and metallicity corresponding to each distribution are colour-coded as shown in 
the colourbar in each panel. The distributions are plotted at constant intervals of age and metallicity, so that rapid transition between old, metal-poor distributions 
in the upper panels to late, metal-rich coherently rotating distributions correspond to rapid transition from the early pre-disc mode of evolution to formation of 
coherently rotating disc. 
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Galaxy formation simulations show that flattened, disc-like con-
gurations can arise at high redshifts during evolution of Milky Way
rogenitors (e.g. Gnedin & Kravtsov 2010 ; Tamfal et al. 2022 ), but
uch configurations are short-lived at z > 3, as gas disc orientation
enerally changes rapidly and o v erall gas is often not in a disc
onfiguration at all (Tillson et al. 2015 ; Meng & Gnedin 2021 ;
retschmer et al. 2022 ). 

.5 Transition between star formation regimes and evolution of 
catter in the element ratios 

nalyses of the APOGEE DR 17 data presented abo v e showed
hat the transition from small to large V tan at [Fe / H] � −0 . 9 is
ccompanied by a sharp change in scatter in the element abundance
atios [X / Fe] (see Fig. 8 ). Although detailed interpretation of the
ariation of scatter for different elements is complicated by the
NRAS 514, 689–714 (2022) 
ncertainties in theoretical yields (see e.g. Matteucci 2021 , for a
ecent re vie w) and other modelling aspects (see e.g. Buck et al. 2021 )
nd is beyond the scope of this study, the increase of scatter at low
etallicites is generally consistent with the interpretation that low-
etallicity stars have formed during the fast gas accretion regime of

he Milky Way formation. 
It is well known that abundance of a chemical element depends

n the gas accretion rate, gas depletion time, and outflow rates (e.g.
eeples & Shankar 2011 ). During the fast mass accretion stage, all of

hese factors fluctuate strongly both in time and space, which results
n the increase of scatter in metallicity. Ho we ver, if all elements came
rom the same source, the scatter in metallicity would not result in
catter of the element ratios as all elements would be distributed
imilarly. To produce the latter scatter, the enrichment history of
ifferent elements must be different which, necessitates contribution
f multiple sources to their abundance. Moreo v er, enrichment by
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Figure 19. 95 per cent − 5 per cent spread in [Fe / H], [Mg / H], [N / O], and 
[Mg / O] as a function of age of stellar population in the three galaxies from 

the Latte suite. Rapid variation in star formation, outflow rate, and depletion 
time during early stages of evolution (imprinted in the old stars) result in 
large variations in abundance of all elements (note that the lines for [Fe / H], 
[Mg / H] are nearly identical). Ho we ver, the scatter in the element ratios for 
elements produced by a single source, such as [Mg / O], where both elements 
are produced e xclusiv ely by the core-collapse superno vae, is ne gligible as 
both elements vary identically. Scatter in the element ratios, such as [N / O] 
is, nevertheless, substantial and also sharply increases in old stars, because 
in this case both SN II and AGB stars contributed significantly to the N 

ab undance, b ut only SN II contrib ute to O. 
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etallicity. In this case fluctuations in star formation rate on the 
ime-scales comparable to the enrichment time-scales can result in 
ignificant scatter in X / Fe (e.g, Gilmore & Wyse 1991 ; Johnson &
einberg 2020 ). 
Moreo v er, fluctuations in the abundance ratios can also arise even

hen gas mass is constant, but there are strong temporal and/or spatial 
ariations of gas depletion time (Weinberg, Andrews & Freudenburg 
017 ; Johnson & Weinberg 2020 ). The density structure of the highly
urbulent interstellar medium during early stages of galaxy evolution 
hould be broad and highly variable. The fraction of dense, star
orming gas can thus vary rapidly leading to both spatial and temporal 
ariation of local depletion time. Indeed, Meng et al. ( 2019 ) find that
ocal gas depletion times exhibit a wide variation in simulations of
igh- z progenitors of the MW-sized systems. Large variations in 
olecular depletion time are also observed in some nearby galaxies 
ith perturbed or unstable gaseous discs and active star formation 

e.g. Bolatto et al. 2011 ; Fisher et al. 2022 ). 
Fig. 19 shows the 95 per cent − 5 per cent in [Fe / H], [Mg / H],

N / O], and [Mg / O] as a function of age of stellar population in the
hree galaxies from the Latte suite. Rapid variation in star formation, 
utflow rate, and depletion time during early stages of evolution 
imprinted in the old stars) result in large variations in abundance of
ll elements (note that the lines for [Fe / H], [Mg / H] are nearly iden-
ical), while the scatter in the abundance is approximately constant 
or stars younger than 10 Gyr. Ho we ver, the scatter in the element
atios for elements produced by a single source, such as [Mg / O],
here both elements are produced e xclusiv ely by the core-collapse 

uperno vae, is ne gligible as both elements vary identically. Scatter 
n the element ratios, such as [N / O] is, nevertheless, substantial and
lso sharply increases in old stars, because in this case both SN II
nd AGB stars contributed significantly to the N ab undance, b ut only
N II contribute to O. 
Similarly, results of the NIHAO simulations of Milky Way-sized 

alaxies presented by Buck et al. ( 2021 ) show that the scatter in
lement abundance ratios does increase sharply at [Fe / H] � −1
or most enrichment models they considered (see their Figs 9 –11 ).
ndicatively, the scatter in this regime is suppressed in the model
hich assumes that the start of the SN type Ia enrichment is delayed
ntil 158 Myr after the birth of the stellar population. In this case
nrichment by SN II and SN Ia occurs at rather different epochs. This
mplies that the significant scatter is generated when two sources of
hemical elements (core-collapse and type Ia SNe in this case) enrich
as at temporally close epochs. 

Likewise, in the Latte simulations we see a sharp increase in the
pread of [N / Fe] ratio in stars older than ≈10 Gyr or metallicities
Fe / H] � −1, while in other elements tracked in these simulations
he increase is gradual. The distinct feature of nitrogen in these
imulations, is that both core-collapse supernovae and AGB stars 
ontribute significantly to its abundance on o v erlapping time-scales, 
ut with rather different time dependence of enrichment by these two
ources. 

At metallicities [Fe/H] � −2 significant scatter in X / Fe for
lements produced by core-collapse supernovae can arise due to 
trong variations of X / Fe with supernovae progenitor mass (Argast
t al. 2000 , 2002 ; Scannapieco, Cescutti & Chiappini 2021 ). At such
mall metallicities enrichment of a local ISM patch can be dominated
y a single remnant and remnants of different mass exploding at
ifferent times after a star formation burst can result in a wide range
f X / Fe when subsequent generation of stars forms from the highly
nhomogeneously enriched gas. 

Galaxy formation models indicate that early stages of galaxy 
ormation, where gas-rich, dense and turbulent environments were 
re v alent and star formation was bursty, are especially conducive to
ormation of massive star clusters (e.g. Kravtsov & Gnedin 2005 ;
ruijssen 2012 , 2015 ; Li et al. 2017 ; Kim et al. 2018 ; Pfeffer et al.
018 ; Ma et al. 2020 ). In particular, the fraction of star formation in
ound star clusters was shown to be a function of surface density of
tar formation both in observations (see e.g. Adamo et al. 2020a , b ,
nd references therein) and galaxy formation models (Kruijssen 
012 ; Li et al. 2017 , 2022 ). Vast majority of massive star clusters
hat form at high redshifts is expected to dissolve due to high gas

ass-loss when gas is remo v ed by stellar winds and supernovae (e.g.
i et al. 2019 ) and during subsequent evolution due to dynamical
eating by strong tides in their natal environment (Fall & Zhang
001 ; Li & Gnedin 2019 ; Li et al. 2022 ). 
These results suggest that a significant fraction of star formation 

uring early stages of the Milky Way formation ( z � 2) occurred
n massive star clusters (see e.g. figs 5–8 in Pfeffer et al. 2018 ).
tars from the massive star clusters formed in-situ in the Milky Way
rogenitor and subsequently dissolved could thus contribute sub- 
tantially to the in-situ population of disc stars. The self-enrichment 
uring cluster formation, which is manifest in observed star clusters 
see Section 3.2.3 ), and associated scatter in element abundances 
particularly in C, N, O, Al) will thus be manifest in the disc stars
riginating from disrupted clusters. 
Although the physics of the self-enrichment during cluster forma- 

ion is not understood (see e.g. section 4 of Bastian & Lardo 2018 ,
or a re vie w of models), we note that there is now a substantial
bserv ational e vidence that molecular gas in the natal regions of star
lusters is cleared by photoionization and stellar feedback within 
 3–5 Myr before the first core-collapse supernovae explode (e.g. 
MNRAS 514, 689–714 (2022) 
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eggiani et al. 2011 ; Kos et al. 2019 ; Kruijssen et al. 2019b ;
he v ance et al. 2020 , 2022 ; Kim et al. 2021 ). Such short time

rame for star formation in clusters is also strongly indicated by
heoretical models (e.g. Li et al. 2017 , 2019 ; Semenov, Kravtsov &
nedin 2021 ) and implies that models of cluster enrichment that

chieve enrichment of the second generation stars with ≈3–5 Myr
e.g. Prantzos & Charbonnel 2006 , see section 4.6 in Bastian & Lardo
018 for a re vie w) are preferred. 
Detailed modelling of the element abundance ratios and their

catter may provide a unique window into the contribution of
ifferent sources to the abundances of a given element and associated
nrichment time-scales. 

 C O M PA R I S O N  WITH  P R E V I O U S  WO R K S  

urora , the new in-situ spheroidal component revealed in the
POGEE DR17 and Gaia EDR3 data in this work has previously

luded identification, primarily due to the lack of detailed elemental
bundances that would allow us to differentiate the in-situ and the
ccreted halo stars at low [Fe/H]. Initially, pre- Gaia analyses pointed
ut the existence of a broad-brush dichotomy in the stellar halo’s
hemokinematic properties (see Chiba & Beers 2000 , 2001 ; Carollo
t al. 2007 , 2010 ). According to these authors, the more metal-rich
with typical metallicities around −1.5 < [Fe/H] < −1) and slightly
rograde inner stellar halo was distinct from the more metal-poor
with [Fe/H] < −2) and possibly retrograde outer stellar halo (see
lso Beers et al. 2012 ; Carollo et al. 2012 ; An et al. 2013 ; Santucci
t al. 2015 ). 

Gaia astrometry revealed that the strong dependence of the stellar
alo kinematics on metallicity was due to the superposition of two
ccreted components, i.e. the tidal debris from a single massive
ncient merger at [Fe/H] ≈ −1.3, i.e. the GS/E material, and
ontributions from multiple lower-mass accretion events at lower
Fe/H] (see Deason et al. 2018 ; e.g. Belokurov et al. 2018 ; Helmi
t al. 2018 ; Mackereth et al. 2019 ). Note that the first glimpses of the
S/E tidal debris cloud had been seen earlier in Brook et al. ( 2003 ),
hile the dominance of the single massive ancient merger across the

nner halo was first established in Deason et al. ( 2013 ). 
In the last decade, an additional stellar halo component containing

tars formed in-situ in the Milky Way progenitor was identified using
recise elemental abundances (Nissen & Schuster 2010 ; Hawkins
t al. 2015 ). Ho we ver, due to relati vely small sample sizes used in
hese studies they probed only metallicities of [Fe/H] � −1. As
iscussed in Section 3 , most stars in this metallicity range are in a
oherently rotating disc and thus have high tangential velocities, but
here is a noticeable tail reaching small and retrograde V tan . The latter
tars have spheroidal distribution, but were formed in the disc and
ubsequently dynamically heated during the GS/E merger. 

The Gaia data was instrumental in confirming the genesis of this
n-situ halo component, also called the Splash (see e.g. Bonaca et al.
017 ; Di Matteo et al. 2019 ; Gallart et al. 2019 ; Belokurov et al.
020 ). While in the Solar neighbourhood the Splash can contribute
s much as a half of all stars on halo-like orbits, it is significantly
ess extended than the accreted halo (see e.g. Belokurov et al. 2020 ;
orio & Belokurov 2021 ). The chemical properties of the Splash
tars are similar (or often indistinguishable) to those of the thick
isc (Nissen & Schuster 2010 ; Fern ́andez-Alvar et al. 2018 , 2019 ;
elokurov et al. 2020 ; Kordopatis et al. 2020 ), in agreement with our
nalysis. Similar to numerical merger simulations, the Milky Way’s
plash contains a stellar population on average younger compared

o the GS/E debris with a tail of ancient stars (Belokurov et al. 2020 ;
onaca et al. 2020 ) ho we ver some disagreement still exists as to the
NRAS 514, 689–714 (2022) 
xact star-formation histories of the Splash and the GS/E (c.f. Gallart
t al. 2019 ; Montalb ́an et al. 2021 ). 

In this study, where the sample size allows us to explore in-situ
tars with metallicities of [Fe/H] < −1, we showed that these low-
etallicity stars constitute a new component, which we called the
 urora . These stars ha ve nearly isotropic velocity ellipsoid, little
et rotation, and wide distribution of tangential v elocities. The y also
xhibit element abundance ratios distinct from both the accreted halo
nd the heated disc component. First, the in-situ and the accreted
tars follow different tracks in [X/Fe] versus [Fe/H] space. Secondly,
either GS/E nor Splash show an excess of the abundance dispersion
n Al, Si, N, and O. 

Note that Aurora stars do not contribute significantly to the Splash
opulation. This is because the heating action of the merging massive
atellite is reduced if the velocity dispersion of the host stars is high
o begin with and cannot be easily increased much further (see e.g.
rand et al. 2020 ). 
We believe that some of the stars with the largest prograde V tan 

ere previously hypothesized to belong to an ancient metal-weak
isc (e.g. Chiba & Beers 2000 ; Beers et al. 2002 ; Carollo et al. 2010 ;
ordopatis et al. 2013 ; Li & Zhao 2017 ; Sestito et al. 2019 ; Di Matteo
t al. 2020 ; Fern ́andez-Alvar et al. 2021 ). Here, instead of splitting
tars into halo and disc, we show that the low-metallicity in-situ
opulation has a broad, asymmetric tangential velocity distribution
ith the mode that is positive but small ( V tan ≈ 50 km s −1 ). The

ail of the prograde velocities extends to V tan ≈ 300 km s −1 , while
he tail of retrograde velocities extends to −200 km s −1 . The positive

ode and the asymmetry create an o v erabundance of stars with large
rograde velocities, but the distribution is continuous and does not
how a clear evidence for a distinct disc component. Instead, we
rgue that the in-situ spheroidal component with [Fe/H] < −0.9 is
he phase-mixed remnant population of the early turbulent stages of
he Milky Way e volution. Note, ho we ver, that orbits of some stars
hat are born in a spheroidal pre-disc component will evolve as the
isc grows and as a result the properties of those stars orbiting close
o the Galactic plane will appear more discy at the present day (see
.g. Binney & May 1986 ). 

In parallel to the observational studies of the accreted tidal debris,
omponents of stellar halo and their origin were studied using
umerical simulations. Nevertheless, to the best of our knowledge the
urora component revealed here has not been previously identified

n simulations. A number of studies explored in-situ halo (Font
t al. 2006 , 2011 ; Zolotov et al. 2009 , 2010 ; Purcell, Bullock &
azantzidis 2010 ; McCarthy et al. 2012 ; Tissera, White & Scanna-
ieco 2012 ; Tissera et al. 2013 , 2014 ; Cooper et al. 2015 ; Pillepich,
adau & Mayer 2015 ), but its main formation mechanism was

rgued to be dynamical heating and dispersing of the stars born in
he inner Galaxy. Often these stars originate (i) inside a (proto)disc
nd (ii) slightly later compared to the stars in the small-mass dwarfs
e.g. Purcell et al. 2010 ; Font et al. 2011 ; McCarthy et al. 2012 ).
dditionally, in many cases, stars formed from the gas accreted from

he merging dwarf satellites are attributed to the in-situ population
see Tissera et al. 2012 ; Cooper et al. 2015 ; Pillepich et al. 2015 ).
ometimes, stars can form directly out of the hot gaseous halo
round the host galaxy, ho we ver this mode of in-situ star-formation
s suspected to be a numerical artefact (see Cooper et al. 2015 ). 

In contrast, as was discussed in detail in the previous section, Au-
ora forms sufficiently early, before any coherent disc is established.
dditionally, while the high-redshift prolific accretion activity prob-

bly helped us to perturb and displace the low-metallicity stars, we
tress that the Aurora stars were born in a chaotic state, inherited from
he highly turbulent and spatially irregular Galactic ISM at the time.
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 SU M M A RY  A N D  C O N C L U S I O N S  

aking advantage of the exquisite measurements of the element 
bundances in the APOGEE DR 17 and the Gaia EDR3 astrometry, 
e separate low metallicity stars with [Fe/H] � −0.9 into the 

tars born in the Milky Way proper ( in-situ ) and the stars created
n low-mass dwarf galaxies and later accreted on to the Milky

ay using the [Al/Fe] ratio, as first pointed out by Hawkins et al.
 2015 ). The method exploits the fact that production of aluminium in
warf galaxies is suppressed and delayed compared to the rapid and 
rolific enrichment taking place in the early Milky Way. As a result,
ur low-metallicity in-situ sample e xhibits ne gligible contamination 
y accreted stars and provides the first clear view of the state
f our Galaxy’s progenitor at high redshifts before and during 
ormation of the disc. Our main results and conclusions are as
ollows. 

(i) We show that the low-metallicity ([Fe/H] � −1.3) in-situ 
omponent is kinematically hot with an approximately isotropic 
elocity ellipsoid and a modest net spin (see Figs 4 , 5 and Sec-
ion 3.1 ). We use galaxy formation models to establish that stars in
his component, which we dub Aurora , reflect the chaotic early pre-
isc stages of Milky Way’s evolution when the first few per cent of its
tars form in highly irregular spatial and velocity configurations and 
hich later phase-mix into a spheroidal distribution (Section 4.1 and 
ig. 13 ). 
(ii) We demonstrate that the low-metallicity stars of the Aurora 

omponent exhibit a large scatter in element abundances (Section 3.2 
nd e.g. Figs 7 , 11 ). By comparing tracks of individual elements
eferenced to either Fe or Mg we show that in the early Milky

ay, across a variety of chemical elements, the observed scatter 
f the element ratios is likely caused by the increased stochasticity in
etallicity at early times driven by strong variations in gas accretion 

nd gas outflow rates and associated burstiness of star formation 
Section 4.5 ). 

(iii) In addition, Al, Si, N, and O ratios to either Fe or Mg display
n even larger scatter at low metallicities. Comparisons with the 
nomalous chemical patterns observed in the Milky Way globular 
lusters indicates that nucleosynthetic channels acting inside massive 
tellar agglomerations may ha ve contrib uted significantly to the 
 v erall enrichment of the early Milky Way (Section 3.2.3 , Fig. 12 ). 
(iv) The median tangential velocity of the in-situ stars increases 

harply with increasing metallicity between [Fe/H] = −1.3 and −0.9 
Section 3.1 and Fig. 4 ). The observed and theoretically expected 
ge-metallicity correlations imply that this increase reflects a rapid 
ormation of the Milky Way disc o v er ≈1–2 Gyr, during which it
pins up and settles into a coherently rotating, thick disc with a
edian azimuthal velocity of V tan ≈ 150 km s −1 at [Fe/H] ≈ −0.9. 
(v) Observations and theoretical models indicate that violent 

ead-on collision with the GS/E dwarf galaxy, which dramatically 
ransformed some of the disc stellar orbits, as manifested in the 
plash stellar component, has occurred after formation of the thick 
isc in the MW’s progenitor. 

In galaxy formation models gas distribution in the central regions 
f young Milky Way analogues is highly irregular, turbulent, and 
apidly evolving due to a combined effects of supersonic cold 
lamentary flows and feedback-driven winds. Stars born in the 
ensest regions of this gas inherit its irregular distribution and stellar
omponent of most progenitors of the MW-sized galaxies thus does 
ot develop a persistent rotating disc during these epochs. Recent 
nalyses of galaxy formation simulations showed that formation 
f the disc starts when galaxy is able to build up and sustain hot
aseous halo, which changes the mode of gas accretion and allows
evelopment of coherently rotating disc. The thick disc likely forms 
uring this transition, while the subsequent evolution when gas is 
ccreted via a steady cooling flow leads to a stable disc orientation
nd build-up of the thin disc. 

Most importantly, we stress that the absolute majority, i.e. 12 out
f 13 of the numerical simulations studied here exhibit qualitatively 
imilar chemokinematic behaviour observed in the Milky Way. 
pecifically, at the metallicities corresponding to the look-back times 
etween 8 and 12 Gyr, most model Milky Way analogues have
ow-amplitude net spin but no coherent disc. The spin-up transition 
nco v ered in this work is a ubiquitous feature in these models with the
oung Milky Ways in both Auriga and FIRE simulations undergoing 
 fast transition from a messy slowly rotating Aurora -like stellar
omponent to a fast rotating disc. 

Interestingly, in most of these models the spin-up transition 
appens at significantly larger metallicities than observed in the 
ilky Way. If we assume that the spin-up observed in the Milky Way

s typical, there may be several possible reasons for this difference.
irst, note that the low-metallicity in-situ stars probing this transition 
onstitute only a few per cent of the final stellar mass (see Figs 4 and
6 ). To reproduce the observed spin-up metallicity simulations must 
orrectly model both the early star formation history and chemical 
nrichment of this component (including removal of heavy elements 
y winds) and thermodynamical processes related to the formation 
f hot gaseous halo and related dynamical processes leading to 
isc formation. Given these considerations, discrepancy with current 
eneration of simulations is not surprising. At the same time, going
orward the observed spin-up will provide a sensitive probe of the
hysics of these processes and their treatment in galaxy formation 
imulations. 

We use galaxy formation simulations and results of chemical 
nrichment models to show that the elevated scatter in stellar 
etallicity and abundance ratios is driven by strong bursts of star

ormation during early pre-disc stages of evolution (see Section 4.5 ).
he bursts are often separated by gaps in star formation activity. The
orresponding gaseous outflows and ongoing fresh gas accretion 
esult in large scatter in element abundances. In particular, we show
hat low-metallicity stars born in the FIRE-2 suite of simulations 
learly display rapid increase of metallicity dispersion with decreas- 
ng metallicity for stars born during the pre-disc phase. 

Additionally, we use simulations to explicitly show that scatter 
n chemical abundance ratios can be pushed up when multiple 
tellar sources contribute to abundance of a given chemical element 
n different time-scales, while scatter in the abundance ratios are 
egligible if the two elements in the ratio are produced by the same
ingle source. While multiple sources are thought to contribute to the
bundance of most chemical species, details of these processes are 
ncertain and their modelling in the current simulations of galaxy 
ormation and chemical enrichment is not yet adequate for a direct
etailed comparisons with observations trends. 
Results of this study indicate that the low metallicity tail of
ilky Way’s stellar population provides a unique window into the 

umultuous state of the Galaxy in its pre-disc and disc formation
tages. This may be our only view of the detailed evolution of

ilky Way-sized galaxies as their expected stellar masses and star 
ormation rates are too low to be directly observable at z � 2. Future
pectroscopic surv e ys such as DESI, WEAVE, 4MOST, and SDSS
 will significantly increase the size of the low-metallicity sample 

nd this should provide multiple exciting avenues for exploration. 
MNRAS 514, 689–714 (2022) 
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oor stars with −1.5 < [Fe/H] < −1 (right-hand panels) that form
uring earlier chaotic epochs. The figure shows that low-metallicity
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Figure A1. Distribution of the in-situ stellar particles at z = 0 of two MW-sized galaxies from the FIRE suite in the Z − R plane, where Z is the distance from 

the plane of the disc defined as the plane perpendicular to the angular momentum of all stars and R is the galactocentric distance. The top row shows m12f 
object and bottom row shows m12m ; the left-hand panels show stars with −0.2 < [Fe/H] < 0.5 that form in the last several Gyrs and are distributed in a discy 
configuration, while the right-hand panels show metal poor stars with −1.5 < [Fe/H] < −1 that form during earlier chaotic epochs which have a spheroidal 
distribution at the shown z = 0 epoch. 
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PPEN D IX  B:  A SYMMETRY  O F  T H E  

H E M I C A L  A BU N DA N C E  DISTRIBU TION  AT  

FE/H]  < −0 . 9  

ig. B1 gives + 1.65 σ [X/Fe] ( −1.65 σ [X/Fe] ) measured as the difference
etween the 95th and 5th (50th and 5th) percentiles of [X/Fe] 
istribution in dark (light) blue. These can be compared to 2 ×
he uncertainty of the abundance ratio measurement as a function 
f [Fe/H] shown as a dotted line in each panel. Interestingly, for
everal elements there exist ranges of [Fe/H] where the measured 
ne-sided spread is as narrow as the measurement uncertainty. 
his confirms that while astonishingly low, the ADR17 abundance 
ncertainties, none the less, give a good representation of the quality 
f the measurement. At [Fe/H] > −0.9 the elements where a clear
ifurcation at fixed metallicity is present, the + 1.65 σ and −1.65 σ
urv e e xhibit distinct behaviour as the prominence of the upper
nd lower branches changes with [Fe/H]. For [Fe/H] < −0.3 the
pper branch is more populated and thus contains the mode of the
istribution, while the lower branch contributes to the −1.65 σ spread. 
or [FeH] > −0.3, the branches switch and the bifurcation is reflected 

n + 1.65 σ curve. 6 

 We do not discuss the difference between + 1.65 σ and −1.65 σ curves for
Al/Fe] since a selection cut is applied to this element restricting the lower
MNRAS 514, 689–714 (2022) 
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Figure B1. Asymmetry of the abundance distribution. For each element, positive (negative) excursion above median is shown as dark (light) blue band, 
corresponding to ±1 . 65 σ[X / Fe] . 

This paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/514/1/689/6584853 by guest on 16 June 2022

art/stac1267_fB1.eps

	1 INTRODUCTION
	2 MILKY WAY STARS IN APOGEE DR17
	3 THE EARLY MILKY WAY
	4 EARLY EVOLUTION OF THE MILKY WAY: CLUES FROM GALAXY FORMATION MODELS
	5 COMPARISON WITH PREVIOUS WORKS
	6 SUMMARY AND CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	APPENDIX A: DISTRIBUTION OF STARS IN THE FIRE SIMULATIONS
	APPENDIX B: ASYMMETRY OF THE CHEMICAL ABUNDANCE DISTRIBUTION AT [FeH] 0.9

