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A B S T R A C T 

Using combined data from SDSS-IV/APOGEE and Gaia , we study the chemo-dynamical properties of the Splash population 

in comparison with those of the high- α disc. We investigate a wide range of abundance ratios, finding that the Splash differs 
from the high- α disc overall. However, these differences result from a smooth variation of chemical compositions as a function 

of orbital properties. The Splash occupies the high- α, high-[Al,K/Fe], and low-[Mn/Fe] end of the high- α disc population. In 

agreement with previous studies, we find that Splash stars are distributed over large heights from the Galactic mid-plane. To 

further elucidate the relation between the Splash and the high- α disc, we turn to simulations. Using a sample of Milky Way-like 
galaxies with and without major accretion events from the ARTEMIS simulations, we find that Splash -like populations are 
ubiquitous, though not always resulting from major mergers. Lower mass progenitors can also generate Splash -like features, as 
long as they are on retrograde orbits. Moreover, we find a strong correlation between the mass fraction of Splash stars and the 
fraction of retrograde accreted stars in the disc. Some galaxies with minor (retrograde) mergers contain more pronounced Splash 

populations than others with major, but prograde, mergers. For stars in the high- α discs, we also find a decrease in the [ α/Fe] 
with increasing orbital angular momentum. This trend is found in hosts with both major or minor mergers. Our results suggest 
that a number of relatively low-mass mergers on retrograde orbits could result in populations that are qualitatively similar to the 
Splash . 

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

he field of Galactic archaeology has seen a lot of major advances
ecently with large-scale surveys such as the Sloan Digital Sky
urvey (SDSS; Blanton et al. 2017 ), the Apache Point Galactic Evo-

ution Experiment (APOGEE; Majewski et al. 2017 ), and Gaia (Gaia
ollaboration 2018 ), leading to the discovery of many substructures

n the Milky Way (MW) halo (Belokurov et al. 2006 , 2018 ; Schiavon
t al. 2017 ; Haywood et al. 2018 ; Helmi et al. 2018 ; Mackereth et al.
019 ; Naidu et al. 2020 ; Horta et al. 2021 ). Among these discoveries
as the identification of the Splash , a retrograde stellar population

hought to originate from the heating of the MW disc by the merger
ith a massive satellite galaxy dubbed the Gaia –Enceladus/Sausage

GE/S) (Belokurov et al. 2018 ; Helmi et al. 2018 ). Further studies
ave revealed that the chemistry of the Splash is similar to that of
he high- α disc, but its kinematics are more halo-like (Bonaca et al.
017 ; Di Matteo et al. 2019 ; Belokurov et al. 2020 ). This is consistent
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ith the properties of the in situ halo, a component predicted by
imulations (Zolotov et al. 2009 ; McCarthy et al. 2012 ; Cooper et al.
015 ) and thought to be the product of the heating of the MW disc
y mergers. 
By combining data from a variety of sources, Belokurov et al.

 2020 ) studied the chemo-dynamic properties of the thin and thick
isc and the halo within the solar neighbourhood. They associate
he Splash with a large population of relatively metal-rich stars
[Fe/H] > −0 . 7), which overlaps with the thick disc according
o multiple properties, in particular in chemical compositions, as
easured by the [ α/Fe] ratios, and in velocity dispersion. Therefore,

hey hypothesize that the origin of the Splash is linked to the old
hick disc. However, while the chemical properties of Splash stars
re similar to those of their thick disc counterparts, their orbits are
ar more eccentric (Mackereth et al. 2019 ; Belokurov et al. 2020 ;
rtigoza-Urdaneta et al. 2023 ). Moreover, Splash stars are found to
e older than the average thick disc stars, yet slightly younger than
he majority of known accreted structures (e.g. GE/S). Specifically,
he age distribution of the Splash is truncated around the ages of the
oungest stars associated with GE/S (Belokurov et al. 2018 , 2020 ;
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elmi et al. 2018 ). Similarly, on the basis of Gaia data, Gallart et al.
 2019 ) show that the disc of the MW experienced a second peak of
tar formation, which they use to date the merger event at around
.5 Gyr ago. On the other hand, based on ages for a sample of sub-
iants from the LAMOST survey (Cui et al. 2012 ), Xiang & Rix
 2022 ) find that the thick disc population only has a single peak in
he star formation at 11.2 Gyr ago, suggesting that the merger with
E/S was completed around that time (but see Horta et al. 2024 ). 
These findings suggest that the Splash is caused by the merger 

ith GE/S, which heated the disc of the MW and ejected disc stars
nto the halo. This implies that the Splash may contain the oldest
tellar population of the MW disc, so its study should provide crucial
nformation about the early stages of Galactic disc formation. Further 
tudies of the early MW disc by Belokurov & Kravtsov ( 2022 ) reveal
 more metal-poor population of in situ stars, which they name 
urora , with kinematics and chemistry that differ from those of the
plash. These differences are more clear at [Fe/H] around −0 . 9.
urora shows a larger scatter in many abundances as well as in

ts tangential velocity distribution, than what is seen in the Splash, 
ementing it as a different population. 

Along with large-scale surveys we have also seen improvements 
n numerical simulations to the point where high-resolution MW- 
ike zoom-ins are a good match to detailed properties of the MW.
his provides us with a much larger sample of galaxies that can be
sed to see where the MW fits in comparison while also guiding the
nterpretations of observational data. Two recent simulation-based 
orks that study the effects of mergers on the heating of the disc

re Grand et al. ( 2020 ) and Dillamore et al. ( 2022 ), which make use
f simulations from the AURIGA project (Grand et al. 2017 , 2018 )
nd ARTEMIS (Font et al. 2020 ), respectively. Both studies find that
he age of the youngest Splash stars coincides with the end of a
E/S-like merger, in line with the observational results in the MW 

rom Belokurov et al. ( 2020 ). They also find a relation between the
raction of Splash stars and the mass of the Most Massive Accreted
rogenitor (MMAP). 
Grand et al. ( 2020 ) identify a burst of star formation in the host

alaxies right after the end of the MMAP merger event, making 
 prediction for the existence of this starburst in the MW. Similar
tarbursts are also frequent in the simulations studied by Dillamore 
t al. ( 2022 ). These authors also examine the orbital properties
f the Splash population (which they define as in situ stars on
etrograde orbits at present-time) and find that in most galaxies there 
s noticeable change in their orbits at the end of the MMAP accretion.
owever, in a few cases, this change does not coincide with the end
f the MMAP accretion, but rather with the end of another massive
ccretion event. These results provide good evidence that Splash-like 
opulations may not be necessarily related to MMAP events. 
An alternative explanation for the Splash is given by Amarante 

t al. ( 2020 ), who use a hydrodynamical simulation of an isolated
alaxy that develops clumps in high-density regions of the disc and 
lso produces a disc that displays an α-bimodality. These authors find 
hat the clump scattering forms a metal-poor low angular momentum 

opulation, without the need for a merger. Also recently, Dillamore 
t al. ( 2023 ) examined the high density of stars located in the same
egion as the Splash in the energy–angular momentum plane and 
roposed that such a population may be caused by the effects of bar
esonance. 

In this paper, we study the chemo-dynamical properties of the 
plash and contrast it with those of the high- α disc. The paper has

wo parts: in the first, we present a detailed investigation of a wide
ange abundance ratios in the two populations, in various spatial 
nd kinematical ranges. In the second part, we use simulated MW- 
ype galaxies from the ARTEMIS suite to investigate the frequency 
f Splash features and their correlation with the type of accretion
istories (i.e. major events such as GE/S-like, or more minor events).
n Section 2 we present the observational data and motivate our
ample selection. Our methods for the analysis of the chemical 
roperties of the Splash and disc populations are discussed in 
ection 3 , and our observational results are presented in Section 4 . In
ection 5 we study the chemo-dynamical properties of Splash-like 
opulations and high- α discs in A RTEMIS simulations, focusing 
n comparing galaxies that have undergone a GE/S-mass merger 
henceforth ‘MW-GES’) with those that only experienced minor 
ccretions, (henceforth,‘MW-MA’) systems. Section 6 includes a 
iscussion and a summary of our findings. 

 DATA  A N D  SAMPLE  

e make use of the 17th data release (DR17; Abdurro’uf et al.
022 ) from the SDSS-IV/APOGEE-2 survey (Blanton et al. 2017 ;
ajewski et al. 2017 ), along with distances and velocities based on
aia EDR3 (Gaia Collaboration 2021 ) and astroNN 1 (Leung & 

ovy 2019 ). APOGEE is a near-infrared ( H band) spectroscopic
urvey based on both the Northern and Southern hemispheres. With 
he use of the 2.5m Sloan Foundation Telescope at Apache Point
bservatory (APO; Gunn et al. 2006 ) in the USA (APOGEE-2N)

nd the 2.5m du Pont Telescope (Bowen & Vaughan 1973 ) at Las
ampanas Observatory in Chile (APOGEE-2S), APOGEE is able to 
chieve full sky coverage with data for over 650 000 unique targets.
hese telescopes are fitted with twin high-resolution ( R ∼ 22 500)
ultifibre spectrographs (Wilson et al. 2019 ) providing abundances 

or over 20 different elements. Abundances are derived from the 
utomatic analysis of spectra using the ASPCAP pipeline (Garcı́a 
érez et al. 2016 ; Jönsson et al. 2020 ). For further details and

nformation on data reduction and selection criteria, see Holtzman 
t al. ( 2015 ), Nidever et al. ( 2015 ), Zasowski et al. ( 2017 ), Holtzman
t al. ( 2018 ), Beaton et al. ( 2021 ), and Santana et al. ( 2021 ). 

In addition to the above data, orbital information was calculated 
s follows. First, 6D phase-space information based on Gaia eDR3 
strometry and proper motions and APOGEE DR17 radial velocities 
as converted to Galactocentric cylindrical coordinates, adopting 
 solar velocity vector given by [U�, V�, W�] = [–11.1, 248.0,
.5] km s−1 . The latter was based on the Sgr A� proper motion
rom Reid & Brunthaler ( 2020 ) and the local standard of rest by
chönrich, Binney & Dehnen ( 2010 ). For the position of the Sun, we
dopted a distance of 8.178 kpc from the Galactic centre (GRAVITY
ollaboration 2019 ) and a distance of 20 pc from the Galactic
id-plane (Bennett & Bovy 2019 ). Finally, orbital parameters were 

omputed using the publicly available GALPY software (Bovy 2015 ; 
ackereth & Bovy 2018 ). We adopted the fast parameter estimation

echnique, which uses the Stäckel fudge method for estimating 
ction-angle coordinates in axisymmetric potentials (Binney 2012 ). 
he Galactic potential by McMillan ( 2017 ) was assumed. 

.1 Sample selection 

o obtain the best abundances, we limit our parent sample to G-K
iant stars. In addition, we only select the primary survey targets by
etting the EXTRATARG = 0, and make some quality cuts to obtain 
 clean sample. Our selection criteria can be summarized as follows.
MNRAS 542, 76–95 (2025)

https://github.com/henrysky/astroNN


78 S. Kisku et al.

M

 

e  

t  

i  

(  

w  

h
 

S  

s  

t  

t  

t
 

i  

s  

t  

t
d  

F
 

a

 

F

 

F

 

s

2

2

B  

i  

t  

2

a
w
t
c
a
s
t
S
e

Figure 1. [Mg/Fe]–[Fe/H] ( top ) and vφ–[Fe/H] ( bottom ) distributions of 
the star samples. The clean APOGEE data are shown in greyscale as 2D 

histograms. Overplotted are the high- α disc, shown as blue histograms, and 
the Splash, as orange dots, both limited to the solar neighbourhood. A cut is 
made in the [Mg/Fe]–[Fe/H] plane to select the high- α disc stars, as indicated 
by the red dashed line in the top panel. Our selection of the Splash places it 
in the same locus in the vφ–[Fe/H] plane as in Belokurov et al. ( 2020 ) and 
Belokurov & Kravtsov ( 2022 ). 

Figure 2. The eccentricity distribution for the high- α population. We select 
the Splash to be in the upper tail end of this distribution where there is a 
significant change in the gradient, i.e. at e > 0 . 6. 
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(i) d� < 3 kpc 
(ii) 1 < log g < 3 
(iii) 4000 K < Teff < 6000 K 

(iv) SNR > 100 
(v) derr / d < 0 . 2 
(vi) ASPCAPFLAG = 0 
(vii) EXTRATARG = 0 
(viii) [X / Fe] > −10 (X being each element used in the analysis) 

The [X / Fe] criterion aims to remove stars for which a given
lemental abundance could not be delivered by ASPCAP (listed in
he catalogue as equal to −9999). We also remove all stars contained
n the DR17 Value Added Catalogue of Galactic globular cluster stars
Schiavon et al. 2024 ). For the reasons described in Section 2.2.2 ,
e restrict our sample to the solar neighbourhood by limiting the
eliocentric distances to 3 kpc. 
Since we are mainly concerned with a comparison between the

plash and the high- α disc, we further adopt a chemical composition
election 2 to isolate a clean high- α disc sample. The latter is made on
he basis of the [Mg/Fe]–[Fe/H] plane, as shown in Fig. 1 (note that
his figure includes corrections described in Section 2.2 ), selecting
hose stars that lie above the red dashed line as high- α members. 

A simple eccentricity cut is then made to the high- α parent sample
n order to separate the disc and the Splash populations. Specifically,
tars with e > 0 . 6 are considered to belong to the Splash. We choose
his specific eccentricity cut-off because this is where we see a
urnover in the gradient of the eccentricity distribution in the high- α
isc, turning from a normal Gaussian tail into a flat extended tail (see
ig. 2 ). 
To summarize, the selection criteria for the high- α disc stars are

s follows: 

(i) the parent sample defined above; 
(ii) high [Mg / Fe] (above the red dashed line in the top panel of

ig. 1 ); 
(iii) e < 0 . 6; 

and for the Splash: 

(i) the parent sample defined above; 
(ii) high [Mg / Fe] (above the red dashed line in the top panel of

ig. 1 ); 
(iii) e > 0 . 6. 

The high- α parent sample consists of 14 258 stars, and the Splash
ample contains 626 stars. 

.2 Motivations for the selection criteria 

.2.1 The APOGEE selection function 

y limiting our sample to the solar neighbourhood, we may miss
mportant information about the nature of the Splash as seen on
he Galactic level. However, over large distances, the APOGEE’s
NRAS 542, 76–95 (2025)

 We note that we experimented with making different selections for the Splash 
nd a comparable selection of the high- α disc, independent of chemistry, 
hich would be better suited for a chemical comparison. However, this led 

o a large contamination with GE/S stars in the Splash sample. We ultimately 
hose to impose a chemical cut to minimize contaminants. After including 
 chemical cut, as shown in the top panel of Fig. 1 , we found that the 
implest additional cut was to separate the Splash and high- α disc according 
o eccentricity. As shown in the bottom panel of Fig. 1 , these cuts select a 
plash population that lies in the same region as highlighted by Belokurov 
t al. ( 2020 ). 

p  

l  

p

2

R  

l  

W  

b  

s  
election function introduces additional biases. For example, in the
–Lz plane shown in Fig. 3 , there is a conspicuous branch that

xtends from the disc locus around E ∼ −1 . 8 × 105 km2 s−2 . Horta
t al. ( 2021 ) associated this branch with the Splash population. How-
ver, as shown in Lane, Bovy & Mackereth ( 2022 ), this overdense
opulation may be a result of the APOGEE selection function. By
imiting our analysis to the solar neighbourhood, we minimize the
otential effects of the selection function on our results. 

.2.2 Correction for abundance systematics 

ecently, systematic trends in APOGEE abundances as a function
og g have been reported by various groups (e.g. Eilers et al. 2022 ;

einberg et al. 2022 ; Horta et al. 2023 ). Such systematics must
e corrected to enable unbiased comparisons between samples of
tars with different log g distributions. We perform this correction
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Figure 3. Top: energy–angular momentum of stars in the APOGEE cata- 
logue, shown as a 2D histogram, using the selection criteria described in 
Section 2.1 . Positive Lz represents prograde motion. The tuning fork feature 
is visible with a gap at ∼ (0 , −2 . 0 × 105 ). Bottom: same as in the top panel, 
but highlighting the Splash (open circles) and high- α disc selections in the 
solar neighbourhood (inset 2D histogram with smaller bin sizes) . 
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Figure 4. Example visualization of the correction for abundance systematics 
on the [X/H]–log g plane. The left and right panels show the uncorrected and 
corrected abundances, respectively. The grey points show the high- α disc stars 
at the solar radius, and the red full and blue dashed lines show the medians 
of the distributions and the second-order polynomials, respectively. 
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or each abundance individually adopting the following procedure. 
irst, we fit a second-order polynomial to the distribution of the data

n various [X/H]–log g planes. Secondly, we subtract the value of the 
olynomial from the median of the distribution to derive a residual 
orrection to elemental abundances for a given value of log g. Thirdly, 
e add this difference to the original abundance ratios. This is shown

n Fig. 4 . 
Eilers et al. ( 2022 ) show that there is a significant bias in the

og g distribution of stars depending on the distance at which they 
re observed, with lower gravity stars being overrepresented in more 
istant samples. By the same token, elemental abundances are known 
o vary as a function of position, so our correction for systematics as
 function of log g could potentially erase such abundance gradients. 
o remedy this potential issue, we restrict our sample to a relatively
mall spatial distribution. Another way to minimize the effects of 
his systematic effect would be to select a narrower range of log g, 
ut that would reduce our sample to intolerably low numbers. 

.3 Kinematics and spatial distributions 

n this section, we examine the velocities and positions of Splash 
nd high- α disc stars, shown in Figs 5 and 6 , respectively. The
ottom panels of Fig. 5 show the distribution of our sample stars in
inematic space (in cylindrical coordinates). As in previous plots, the 
range dots represent the Splash stars and the 2D histograms indicate
he number density distribution of the high- α disc stars. We also
nclude the entire clean APOGEE sample, defined in Section 2.1 ,
s small grey dots in the background. The top panels display the
istributions of the same sub-samples in the three components of the
elocity vector, in the form of normalized 1D histograms, adopting 
 consistent colour scheme. 

From the left and middle bottom panels it can be seen that the stars
n the clean APOGEE sample extend to lower tangential velocities 
han those in the Splash, whereas the histogram in the top left panel
hows that the majority of the APOGEE sample have much higher
angential velocities than the Splash. From previous studies, we 
now that stars at such low tangential velocities are associated with
he GE/S system, along with other less evolved accreted systems 
Belokurov et al. 2018 ; Helmi et al. 2018 ). 

Similarly, we find that the high- α component is characterized by 
 slightly lower tangential velocity and a higher radial and vertical
ispersion than the main APOGEE sample. This is also expected, 
iven that a large part of the Galactic disc is comprised of a younger
ow- α thin disc population, which on average is more circular than
he older high- α population. 

Fig. 5 shows that a good qualitative agreement is achieved between
he kinematic distribution of our Splash sample with that found in
revious studies (e.g. Belokurov et al. 2018 ). Moreover, it is clear
hat the two sub-samples display kinematical differences: the Splash 
tars have lower tangential velocity and a larger spread in both radial
nd vertical velocities than the high- α disc stars. However, we note
hat the kinematical differences are expected, given that our Splash 
ample is selected in terms of its high eccentricity. In the following
ections, we investigate the chemical abundance differences between 
MNRAS 542, 76–95 (2025)
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M

Figure 5. The bottom/top panels show the 2D/1D velocity distributions of the Splash (orange dots/orange histograms), high- α disc (2D/blue histograms), and 
the full clean APOGEE sample (black dots/filled grey histograms), respectively. The 1D histograms share the same x -axis as the plots below. The left panels 
indicate a clear difference between the Splash and the high- α disc in vφ . For vZ and vR , the 2D distributions for our two samples are more similar; however, 
the 1D histograms show that the Splash has slightly more extended distributions in both velocities. These properties result from the selection criteria adopted to 
define the Splash. 

Figure 6. Distribution of the Splash (orange dots) and high- α disc (2D histograms) in the [Mg/Fe]–[Fe/H] plane as a function of Galactocentric radii ( R/kpc) 
and absolute vertical height ( | Z| /kpc). We also show the ratio of Splash to high- α disc in the metallicity range −1 . 1 < [Fe/H] < −0 . 3, marked by black dashed 
lines, the errors for which are taken to be the standard error for the number of stars. The Splash fraction increases with increasing height ( | Z| ), but decreases 
with increasing R. 
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Figure 7. Confusion map showing the Splash fraction computed from each 
panel in Fig. 6 . This shows that the Splash fraction in the MW increases at 
higher values of | Z| and at lower values of R. 
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hese two populations in order to determine whether the Splash is a
istinct component from the high- α disc. 
Next, we explore the spatial distribution of Splash stars, cast in 

erms of number counts as a function of position. Because our data
re not corrected for the APOGEE selection function, we must devise 
 measurement that is not sensitive to selection effects. 

To minimize these effects, we anchor our Splash star counts on 
he number of their high- α disc counterparts, taking ratios within 
elatively small spatial bins. For this measurement only, we change 
he spatial cuts of our sample from a sphere around the Sun to an
nnulus of thickness 6 kpc centred on the Galactic centre, 5 kpc
 R < 11 kpc and | Z| < 3 kpc. We also include the low- α region

f the [Mg/Fe]–[Fe/H] plane for comparison with simulated galaxies 
resented in later sections. Fig. 6 shows the distribution of high- α and
plash stars in the [Mg/Fe]–[Fe/H] plane, in bins of Galactocentric 
istance ( R) and vertical distance ( | Z| ) from the Galactic plane, in
ylindrical coordinates. We adopt the same colour scheme as used in 
igs 1 , 3 , and 5 . 
As originally shown by Hayden et al. ( 2015 ), we find that, while

he number of high- α disc stars varies greatly with position, those 
tars lie roughly on the same α–Fe plane locus across the Galactic
isc. The corresponding number ratio between the Splash and the 
igh- α disc stars (i.e. the Splash fraction) is shown in the insets of
ach panel. A clear trend is seen between the Splash ratio and | Z| and
, namely the further away from the plane, the larger the contribution
f the Splash; also, the closer to the Galactic centre, the higher the
ontribution of the Splash. 

For another visualization of this behaviour, we show in Fig. 7 the
onfusion map of the Splash fraction in the MW, colour-coded by 
he Splash fraction. This highlights the regions of highest density 
f Splash stars, notably at R � 5 − 7 kpc and at | Z| � 2 − 3 kpc.
owever, we must keep in mind that our sample is restricted to the

olar neighbourhood, and only reaches as close as 5 kpc from the
alactic centre. 
While the definitions of Splash may differ, our results are in 

ood qualitative agreement with those obtained by Belokurov et al. 
 2020 ) (see their figs 5–8). See also the simulation results of Grand
t al. ( 2020 ) (figs 4 and 5 in that study), which predict a similar
patial distribution of the Splash population relative to the disc. 
n Section 5.3 , we compare this confusion map with similar maps
onstructed from simulated MW-mass galaxies, with and without a 
E/S-like event, from the ARTEMIS suite. 
 CHEMI STRY  O F  T H E  SPLASH  VERSUS  

I G H -  α STARS  

n this section we examine how the two populations compare in terms
f their detailed abundance patterns. Our goal is to establish whether
hese two populations differ chemically, and how that comparison 
eads up to a better understanding of the origin of the Splash
opulation. In Fig. 8 we display our populations in the [X/Fe]–[Fe/H]
lane for all 16 elements. This figure has been split into two. The
op 16 panels show the ‘zoomed out’ version of the planes covering
he entire APOGEE metallicity range. The grey 2D histogram is the
ntire clean APOGEE sample, the high- α population is shown as a
lue 2D histogram, and the Splash population as the orange points.
n the bottom 16 panels we show the ‘zoomed-in’ version, covering
nly the metallicity range for which we compare our Splash with the
igh- α populations. In the bottom panels, the high- α population is 
hown as the black points and the Splash population as the orange
oints. We also overplot the running median of the two populations,
ith a bin size of 0.1 dex in metallicity, with blue for high- α and red

or Splash, respectively. 
In the following text, we apply two different statistical methods to

ompare the chemistry of the Splash to the high- α disc populations.
he first method consists of splitting our samples into metallicity 
ins, [Fe/H], and calculating the average abundances for a selection 
f elements, similar to the one described in Horta et al. ( 2023 ) (see
ection 3.1 ). The second is similar to that of Taylor et al. ( 2022 ),
here we compute a χ2 between the chemical abundances in the 
plash and the high- α disc, and compare it to the χ2 obtained by
rawing 1000 bootstrap samples of the high- α disc, compared to the
hole high- α disc. Each of the 1000 bootstrap samples is precisely

he same size as that of the Splash sample (see Section 3.2 ). 
In the following text, we compare the two populations only in

he metallicity range −1 . 1 < [Fe/H] < −0 . 3. The upper limit is due
o the lack of more metal-rich Splash stars in our sample, which
s the result of the eccentricity cut adopted to define the Splash
opulation. This implicitly selects against metal-rich stars. The lower 
imit is motivated by our aim to minimize the contamination by
alo stars. We note that the selection cuts imposed in Section 2.1
lready achieves this to a great extent. The additional cut [Fe/H]
 −1 . 1 imposed here aims to further minimize the contribution of

he accreted halo. This limit is motivated by various results which
how that [Fe/H] ≈ −1 marks the onset of the disc (see e.g. Chandra
t al. 2024 ). Nevertheless, we caution that near [Fe/H] ≈ −1 it is
enerally difficult to separate the disc from the accreted halo due to
he significant overlap of these components. 

The abundances adopted in our comparisons are the following: (1) 
-abundance ratios: [O/Fe], [Mg/Fe], [Si/Fe], [S/Fe], and [Ca/Fe]. 
e also include a combination of these abundances by taking the

nverse weighted average, which we label [ α/Fe]; (2) light and odd-Z:
C/Fe], [N/Fe], [(C + N)/Fe], [Al/Fe], and [K/Fe]. For an indication
f age, we also show [C/N]; (3) Iron-peak elements: [Cr/Fe], [Mn/Fe],
nd [Ni/Fe]; (4) s -process elements: [Ce/Fe]. These abundances are 
iscussed in Sections 4.1.1 , 4.1.2 , 4.1.3 , 4.1.4 , and 4.1.5 , respectively.
ote that while we show the comparisons for elements that are a

ombination of others, i.e. [ α/Fe], [(C + N)/Fe], and [C/N], we do
ot include them in the calculation used to obtain χ2 . 

.1 First method: abundance comparison 

or this method, we follow a similar procedure to that used in Horta
t al. ( 2023 ). We first split our samples into bins of metallicity and
ompare the abundance ratios for all elements in each bin. Metallicity
MNRAS 542, 76–95 (2025)
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Figure 8. [X/Fe]–[Fe/H] planes for all abundance ratios analysed here. The first 16 panels show the full metallicity range covered by APOGEE. The grey 2D 

histograms show the fully cleaned APOGEE sample, with the high- α disc stars shown as blue 2D histograms and the Splash stars as orange points. The bottom 

16 panels zoom into the metallicity range considered in this work, with Splash stars shown as orange points and high- α disc stars as black points. The running 
medians for both samples are shown in red for the Splash, and in blue for the high- α disc stars, respectively. 
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ins are chosen to have small enough widths to prevent any chemical
volution effects from affecting the sub-samples. The four [Fe/H]
ins adopted are the following: [–1.1,–0.8], [–0.8,–0.6], [–0.6,–0.45],
nd [–0.45,–0.3]. Within each bin, median abundance ratios are
omputed for the two sub-samples. Errors are calculated through
 method where we take 1000 random bootstrap samples, with
eplacement, from our Splash and high- α disc samples, individually,
hen calculate the standard deviation of the median values of the
000 random samples. 
Fig. 9 shows the result of these comparisons, each panel showing

he median of each abundance for the two samples, and their respec-
ive errors. The medians indicate qualitatively the similarities across
NRAS 542, 76–95 (2025)
he various abundance ratios. Quantitative estimates are obtained
hrough computation of χ2 differences, which were computed as 

2 =
∑ 

i 

(
[X / Fe] i,Splash − [X / Fe] i,Disc )

2 

σ 2 
[X / Fe] i,Splash 

+ σ 2 
[X / Fe] i,Disc 

, (1) 

here [X / Fe] is the median and σ is the standard deviation of the
edians for the 1000 random samples. The results are displayed in
ig. 9 , where both χ2 and the corresponding probability for the two
istributions being the same are shown at the top of each panel. 
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Figure 9. The chemical comparison plot between the Splash and the disc, the results for which are laid out in Section 4.1 . The points show the median values, 
orange for Splash and black for high- α disc, with the medians of the high- α subtracted from both, hence the black points all lie on zero. The shaded regions are 
the respective 1 σ errors calculated using the method described in Section 3.1 . The number of stars in each bin is shown in brackets in the legend. Also shown 
are the χ2 and p -values for the comparison between the two samples in each panel. We see a clear difference between the Splash and the high- α disc across all 
metallicity bins. Noteworthy is the difference in the α-abundances, the Splash having higher values for each α-abundance. This suggests that the Splash is an 
older population. There is also a difference in Mn, an iron-peak element, with the Splash having lower [Mn/Fe] across each metallicity bin, suggesting again 
that it is older than the high- α disc. 

3

A  

b
[
m  

t
t  

w
r  

w  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/542/1/76/8223408 by Sarah D
akin user on 19 January 2026
.2 Second method: χ2 distribution 

nother way to check whether there is a difference or similarity
etween our Splash and high- α disc samples is by comparing the 
X/Fe]–[Fe/H] relation in the two populations, for each element. This 
ethod was developed by Taylor et al. ( 2022 ). While in that paper
 6  
he statistic adopted was the difference between the abundances in 
wo populations, here we focus on the χ2 . This will give us an idea of
hich elements show the largest differences across the full metallicity 

ange of our sample. To calculate the χ2 for each abundance ratio,
e split our samples into 10 bins so that each bin consists of about
0 Splash stars. Each bin has a size that is at least twice the average
MNRAS 542, 76–95 (2025)
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easurement error of stars within. The metallicity bins adopted are
he following: [ −1.1, −0.8], [ −0.8, −0.71], [ −0 . 71 , −0.65], [ −0.65,

0.62], [ −0.62, −0.58], [ −0.58, −0.54], [ −0.54, −0.51], [ −0.51,
0.47], [ −0.47, −0.41], and [ −0.41, −0.3]. We then compute the
2 using the following equation: 

2 =
∑ 

i 

(Si − Di )2 

σ 2 
Si 

+ σ 2 
Di 

, (2) 

here S and D are the median abundance ratios of the Splash and
igh- α disc, respectively, per metallicity bin, i, and σ is the standard
rror calculated as the standard deviation divided by the square root
f the number of stars, std √ 

N 
. To aid in the interpretation of the χ2 

alues, we compare them with the null hypothesis estimated from
he calculation of χ2 values obtained from the comparison of high- α
isc stars with randomly selected samples of the same population. In
ther words, we repeat the χ2 calculation, but now replace the Splash
tars with random same-sized samples of high- α disc members. This
s done 1,000 times following the bootstrap method, which gives us
 distribution of χ2 peaking at the value which is most similar to the
hole high- α disc sample. This way, any χ2 value from the Splash

nd high- α disc comparison that deviates from that of a random
ampled distribution indicates a clear difference in the elemental
bundance. This is the case across most of the metallicity range
tudied here. 

 RESU LTS  

n this section, we present results from the two methods used to
ompare the Splash with the high- α disc. Results from the first
ethod are given in Section 4.1 , and those from the second method

re in Section 4.2 . 

.1 Abundance comparison results 

he results obtained from the first method, described in Section 3.1 ,
re displayed in Fig. 9 . The points represent the median values of the
plash (orange) and high- α disc (black) for the respective abundance
atios within each metallicity bin, which is specified on the top of each
anel. We also show as the shaded region the respective 1 σ error
btained from 1000 bootstrapped samples. The χ2 value obtained
rom comparing the elements of the two populations per metallicity
in is also shown in each panel, along with the respective probability
hat the two populations are extracted from the same parent sample. 

We find that there is a significant difference between the two
opulations, across all metallicity bins. This is indicated by the large
2 and zero probability. This suggests that the Splash is a chemically
istinct population from the high- α disc. We present more detailed
omparisons for each element in the following subsections. 

It is essential that we emphasize the high quality of APOGEE
ata, which makes possible the measurement of very small chemical
omposition differences between two distinct populations. This
apability is due to the combination of the high quality of the
POGEE data on a star-by-star basis (high S/N, moderately high-

esolution spectra, obtained with two twin, single-configuration,
xceedingly stable spectrographs) with the targeting of a very large
nd homogeneous sample. The latter is a very important aspect of
he survey. 

After cleaning from contamination by foreground dwarfs (and
o a much lesser degree, by asymptotic giant branch (AGB) stars,
herever possible and necessary), the APOGEE main sample con-

ists entirely of first-ascent red giants and red-clump stars. Objects
NRAS 542, 76–95 (2025)
n these evolutionary stages cover a relatively narrow range of
ffective temperature, surface gravity, and micro-turbulent velocity.
uch a state of affairs simplifies the spectral analysis tremendously,
inimizing the errors due to uncertainties in model atmospheres

nd line opacities, and ultimately leading to the generation of a
assive data base of stellar parameters and chemical compositions

f unparalleled precision. 

.1.1 α-abundances 

irst, we compare the α-abundances in the Splash and high- α
opulation. This includes the first five elements in Fig. 9 , as well
s combining them all, i.e. the [ α/Fe] ratio. This abundance ratio
ffectively measures the relative contribution of SNe II and SNe
a to the gas that stars formed from. This is because α-element
nrichment originates from the explosions of massive ( ≥ 8 M�)
tars that undergo core collapse. Due to the very short lifetimes
 τ� � 3–30 Myr ) of these progenitors, the delay time distribution
DTD; distribution of times between star formation and the likely
ime of some event) of SNe II for a burst of star formation is very
arrow (see fig. 1 of de los Reyes et al. 2022 ). As a result, SN II are
hought to initially dominate chemical enrichment and thus being
trongly tied to ongoing star formation. Unlike SNe II, Type Ia SNe
re not thought to occur so promptly following star formation. This
s because the DTD of SNe Ia is set by the time-scales of both stellar
nd binary evolution as their progenitors are intermediate-mass stars
ndergoing mass transfer. This results in a much broader range of
elay times (Graur et al. 2014 ), so that SNe Ia are thought to dominate
e-enrichment at later times, contributing minimal α-elements. 
Consequently, the relation between [ α/Fe] and [Fe/H] is a useful

iagnostic of a galaxy’s history of star formation and chemical
nrichment. It thus is expected that, for an extended history of star
ormation, it should be characterized by a flat sequence of [ α/Fe] at
ow [Fe/H] connected to a declining sequence of [ α/Fe] at high [Fe/H]
y a so-called ‘ α-knee’. The knee is thought to indicate the point
n the chemical enrichment history when SNe Ia begin to contribute
ignificantly to the chemical enrichment and thus its absolute value in
Fe/H] is thought to constrain the early star formation rate. The slope
f a sequence in the α–Fe plane reflects the relative contributions
o chemical enrichment of SNe II and SNe Ia. A horizontal plateau
eflects the initial mass function-averaged yield of α-elements and Fe
ontributed by SNe II only . Conversely, a negative slope of the shin
ndicates the contribution of SNe Ia and SNe II. Outflows play a role
n determining the slope of the shin for a given formation history.
his is because if outflows are more efficient, by the time SNe Ia
egin to contribute more gas which was predominantly polluted by
Ne II will have been removed from the system (Tolstoy, Hill & Tosi
009 ; Andrews et al. 2017 ; Mason et al. 2024 ). 
For the full range of metallicities compared here, there are clear

ifferences between the Splash and the high- α populations. The
plash has higher α-abundances than the high- α disc, across all
lements and all metallicity bins, with the exception of [O/Fe] in
he lowest metallicity bin. This indicates that the Splash is an older
opulation, a result that is in agreement with other findings (Gallart
t al. 2019 ; Belokurov et al. 2020 ; Grand et al. 2020 ; Xiang & Rix
022 ). This also supports the hypothesis that the Splash is part of the
arly heated disc. However, could there be an alternative mechanism,
ther than heating by a single accretion event, which could result in
he higher α-abundance ratios of the Splash? We explore this question
n Section 4.3 . 
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.1.2 Carbon and nitrogen 

 and N abundances of stellar populations are useful diagnostics 
f the chemical evolution of a galaxy. The largest contributors of
 and N to the ISM are massive stars that explode as SNe II,

ollowed by AGB stars that form from intermediate-mass progenitors 
 M � 1 − 11 M�) (AGB through SAGB; Renzini & Voli 1981 ;
arakas 2010 ; Siess 2010 ). As stars evolve along the RGB, the

tellar envelope expands and it is shed (see Wiersma et al. 2009 ,
nd references therein). Prior to being shed into the interstellar 
edium, the stellar envelope is enriched in the products of hot- 

ottom burning, by convective dredge-up (Renzini & Voli 1981 ). 
herefore, abundances of C and N of a stellar population can 

eflect both contributions by SNe II and AGBs with different 
ifetimes. 

The differences in [C/Fe] and [N/Fe] are not as clear cut as what
e see for the α-abundances. For [C/Fe], there is a strong difference

t the lowest metallicity bin, but the difference is not significant 
n the other bins. On the other hand, while [N/Fe] is significantly
ifferent in all metallicity bins, it changes from being higher in the
plash in the lower metallicity bins to being higher in the high-
stars in the two most metal-rich bins. By combining [C/Fe] and 

N/Fe] we provide the comparison of [(C + N)/Fe], which minimizes 
he effect of CNO mixing. This abundance ratio does not exhibit a
ignificant difference in any of the metallicity bins. We also show 

he [C/N] ratio to provide an indication of the relative ages of the
wo populations, since it is observed that [C/N] correlates with age 
e.g. Martig et al. 2016 ). However, the reliability of this correlation
t low metallicities is poor. In the higher metallicity bins, the Splash
hows higher [C/N] ratios than the high- α disc, which indicates that 
t these metallicities it is an older population. To fully understand 
he result across all metallicity bins, chemical evolution models of 
C/N] against [Fe/H] for two systems, one with an early quenched 
tar formation and another one with an extended star formation, are 
equired. 

.1.3 Odd-Z elements 

dd-Z elements, such as aluminium, are mostly synthesized by 
ydrostatic burning in massive stars and are released into the ISM
y SNe II. At low [Fe/H], the MW’s in situ populations and
atellite galaxies show similar sub-solar odd-Z abundance ratios. At 
Fe/H] � –1, however, dwarf galaxies have characteristically depleted 
bundance ratios and the MW generally shows supersolar abundance 
atios (see e.g. Tolstoy et al. 2009 , and references therein). This
an be explained by a combination of the metallicity-dependent 
ields of odd-Z elements with a higher and more extended history
f star formation of the MW than those of its satellites. Much
ork has been done to characterize the accreted substructures of 

he MW using odd-Z abundances (e.g. Hawkins et al. 2015 ; Das,
awkins & Jofré 2020 ; Hasselquist et al. 2021 ; Horta et al. 2021 ;
ernandes et al. 2023 ). 
The two odd-Z elements for which we make a comparison are 

luminium and potassium. Both [Al/Fe] and [K/Fe] show a very 
imilar trend between the Splash and high- α populations. Other 
han the lower metallicity bin, where the two populations are the 
ame for these abundance ratios, the Splash consistently has a higher 
bundance than the high- α population and the difference increases 
t higher metallicities. The trend seen here indicates again that the 
plash is an older population, due to the higher contribution from
assive stars. A high value for [Al/Fe] supports the notion that the
plash does not originate from a dwarf galaxy. 
.1.4 Iron-peak 

he Fe-peak elements (e.g. Mn, Fe, and Co) are contributed to the
SM by both SNe II and SNe Ia (e.g. Portinari, Chiosi & Bressan
998 ; Iwamoto et al. 1999 , respectively). Some are also returned to
he ISM by AGB winds in the late-stage evolution of intermediate-

ass stars (Wiersma et al. 2009 ). As the relative contribution
f SNe II and SNe Ia varies element-by-element, comparing the 
elative abundances of some Fe-peak elements can help constrain 
he importance of each channel as a function of metallicity, which
laces further constraints on the star formation history, in addition 
o those we discussed in Section 4.1.1 . A detailed discussion of the
mportance of these comparisons can be found in Horta et al. ( 2023 ).

For the iron-peak elements we mainly focus on Mn and Ni, but
lso show the results for Cr. Throughout the whole metallicity range
he [Mn/Fe] ratio is lower for the Splash, by a significant amount,
hich agrees with what we see in the alpha elements that the Splash

s a less evolved population than the comparatively lower eccentricity 
igh- α disc. For Ni, while at the lower metallicity, it is lower for the
plash, at higher metallicities no significant difference between the 

wo populations exists. 

.1.5 Cerium 

eutron capture elements (Z � 30) are formed by the capture of
eutrons by the nuclei of the Fe-peak elements. Depending on the
elative time-scales of neutron capture and β-decay, such elements 
re termed slow or rapid ( s - or r -) process elements. s-process
lements originate from the atmospheres of intermediate-mass stars 
uring the AGB phase of their stellar evolution, the most massive
uch progenitors have lifetimes of the order of 100 Myr. 

From APOGEE we have only one s -process element with reliable
bundance ratios, Ce. In our comparison, Ce does not show a
lear trend between the Splash and high- α population. The Splash 
hows higher abundances ratios at the lower two metallicity bins, 
hereas the high- α disc shows higher abundances ratios at the higher
etallicity bins. This is in agreement with previous results, showing 

hat the star formation in the high- α disc is more extended than in
he Splash, as evidenced by the higher AGB contribution. 

.2 χ2 distribution results 

n this section, we show the results for the second method used to
ompare the Splash and high- α disc, as described in Section 3.2 .
his statistic compares the relation between the abundance ratio of a
iven element, [X/Fe] and [Fe/H]. The statistic corresponding to the 
ull hypothesis is estimated by running a comparison between 1000 
andomly selected disc samples with their parent population. 

Fig. 10 shows only those abundance ratios for which the difference
n χ2 is large. The χ2 value for the comparison between the Splash
nd the high- α disc is shown as the red vertical line and the median
f the distribution is shown as the black vertical line. The large
ifference between the chemistry of the Splash and high- α is seen
or 12 out of the 16 abundance ratios which we compare. There is a
lear difference for all of the α abundances shown, as well as a high
ifference in Mn, which highlights the distinction in the evolutionary 
tages of the two populations. There are also smaller but significant
ifferences in N, Al, K, Ni, and Ce. 
This method of checking the differences between our two pop- 

lations supports the findings in Section 4.1 , that the Splash has
 statistically ‘older’ chemistry than the high- α disc. Our results 
ighlight the level at which we can carry out statistical analysis to
MNRAS 542, 76–95 (2025)



86 S. Kisku et al.

M

Figure 10. Comparison of χ2 between the Splash and high- α disc (red 
lines) compared to the distribution of χ2 obtained from a random sample of 
the high- α disc (grey histograms), with the medians of distributions shown 
as black lines. These are computed in the range −1 . 1 < [Fe / H] < −0 . 3. 
See Section 3.2 for a full description and Section 4.2 for interpretation. 
Shown here are only the abundances for which the differences in χ2 for the 
Splash compared to high- α disc are large. All α-abundances show differences 
between the Splash and the disc, which confirms the result in the previous 
section. We also see differences for N, Al, K, Mn, Ni, and Ce. 
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erform chemical tagging with such large data sets. For example, in
he [Al/Fe]–[Fe/H] plane for the Splash and high- α (see Fig. 8 ) it is
ifficult to distinguish a large difference by eye. However, with such
 large high-precision data set, we can analyse them statistically and
easure the difference. 
NRAS 542, 76–95 (2025)

igure 11. Chemical abundance comparison for high- α disc similar to Fig. 9 , but 
ne bin (0 . 6 < e < 1) corresponding to Splash. Only shown for the metallicity rang
n black dotted lines, is subtracted from the others, including itself, which is why it
ith eccentricity. Most α abundances increase with eccentricity, whereas Mn decre
ost cases the Splash (0 . 6 < e < 1 . 0) has the most extreme abundances. 
.3 Is the Splash distinct from the high- α disc? 

esults from previous sections suggest that the Splash is a distinct
omponent from the rest of the disc in a wide range of chemical
bundances, in addition to previously known differences in terms
f Fe and α abundances or kinematics. Although the evidence is
trong, it is still possible that the chemical differences found here
re the result of the specific criteria adopted to define the Splash.
orrelations between chemical composition and kinematics are
nown to exist (Mackereth et al. 2019 ; Belokurov et al. 2020 ; Horta
t al. 2021 ), so there is a possibility that the different chemical imprint
f our Splash sample reflects the extension into a high-eccentricity
egime of the trends in chemical abundances with kinematics already
resent in the high- α disc. However, if the Splash is caused by the
erger with a single event such as GE/S (rather than being the

esult of secular heating of the high α disc), one could reasonably
xpect to find a clear signature in the relationship between chemistry
nd kinematics, in the form, for instance, of a discontinuity in such
elations. 

To test the hypothesis that the Splash is a smooth continuation of
he high- α disc into high eccentricities, we perform another chemical
bundance comparison similar to that discussed in Section 3.1 , but
his time splitting the high- α sample into four eccentricity bins. The
esults are shown in Fig. 11 , the highest eccentricity bin (0 . 6 < e <

) corresponding to the Splash population. A clear trend is seen for
ome of the abundances with eccentricity. Most α abundances show
 clear positive correlation with eccentricity, whereas Mn behaves in
he opposite way. In most cases, the Splash population (0 . 6 < e <

 . 0) shows the most extreme abundance differences. 
We note that Fig. 11 shows results only for the metallicity bin with

he largest number of stars ( −0 . 6 < [Fe/H] < −0 . 45), but similar
esults are obtained for other bins (in fact, at higher metallicities, the
rends in α abundances are stronger). However, three elements, N,
r, and Ce, appear to make an exception. While Cr and Ce do not

how the same trend with respect to eccentricity in all metallicity
ins, N shows a positive correlation with eccentricity at the lower
wo bins and a more negative correlation at the higher bins. In
able 1 we include the χ2 values, and the associated non-zero p -
alues for the comparison between adjacent eccentricity bins. These
now the sample is split into four eccentricity bins, three bins of size 0.2, and 
e with the largest sample. The lowest eccentricity bin (0 . 0 < e < 0 . 2), shown 
 is placed at a 	 [X/Fe] = 0. A clear trend is seen for some of the abundances 
ases. Though not shown, these trends are stronger at higher metallicities. In 
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Table 1. χ2 comparison between each eccentricity bin for adjacent metallicity bins. Non-zero p -values are shown in brackets. 

Comparison −1 . 1 < [Fe / H] < −0 . 8 −0 . 8 < [Fe / H] < −0 . 6 −0 . 6 < [Fe / H] < −0 . 45 −0 . 45 < [Fe / H] < −0 . 3 

0 . 0 < e < 0 . 2 versus 0 . 2 < e < 0 . 4 12.02 (0.44) 46.37 105.77 52.4 
0 . 2 < e < 0 . 4 versus 0 . 4 < e < 0 . 6 22.1 (0.11) 118.81 215.01 142.48 
0 . 4 < e < 0 . 6 versus 0 . 6 < e < 1 . 0 57.34 55.06 76.4 56.96 
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how correlations between abundances and eccentricities for some 
lements, particularly the α-abundances and Mn. 

These results suggest that chemistry of the Splash population 
laces it on the high end of the high- α disc distribution of [ α/Fe].
hile the Splash appears to be chemically distinct from the whole 

isc, it is because it is more similar with a subset of the high- α disc
ith high eccentricities. Differences between different eccentricity 
ins are also seen – this being made possible only by the high
recision of APOGEE data. If, as expected, stars with higher α-
bundances are older, this indicates that there is also an age corre-
ation with eccentricity, at least for the high- α disc. This correlation 
as observed by Belokurov et al. ( 2020 ), in the distribution of vφ

ersus [Fe/H], colour-coded by median [ α/Fe] and by median age. 
hese authors found that both the median [ α/Fe] and median age
orrelate with vφ in the thick disc region of the vφ – [Fe/H] plane, 
he Splash being the low-angular-momentum part of the thick disc 
nd therefore older than the disc. We discuss the ages of Splash and
igh- α disc further in Section 5.4 , in the context of comparisons with
imulations. 

However, we caution that, for a full understanding of the chemical 
bundance trends, one also needs to take into account the effects of
adial migration. Ratcliffe et al. ( 2023 ) studied the effects of radial
igration by deriving the birth radius of stars in the disc and showed,

n agreement with our findings, that the oldest stars of the MW disc
ave higher α-abundances. A study of radial migration is beyond 
he scope of this paper, and therefore we refer the reader to Sharma,
ayden & Bland-Hawthorn ( 2021 ) & Ratcliffe et al. ( 2023 ) for an

nsight into the time-dependent evolution of chemical abundances in 
elation to radial migration in the disc. 

Our results show commonalities between the chemo-dynamical 
roperties of the Splash and of the extreme end of the high- α disc.
oreover, this type of investigation may yield information on the 

ype of progenitor galaxy or galaxies responsible for the formation 
f the Splash. The general consensus is that the Splash is the result
f a single catastrophic event, with the GE/S progenitor. In this
ase, one would expect an abrupt change in the correlation between 
hemistry and kinematics (e.g. eccentricity or angular momentum) 
hen transitioning from the disc to the Splash. However, this would 
ot necessarily be the case if the Splash arises from several minor
ergers, which may dilute the signature of transition. To investigate 

he potential transition in chemo-dynamical properties, as well as the 
ossibility of more minor mergers generating Splash-like features, 
e turn to cosmological simulations. 

 SPLASH-LIKE  POPULATIONS  IN  

IMULATION S  

n this section we use the ARTEMIS cosmological simulations 
Font et al. 2020 ), a suite that contains 45 zoom-in hydrodynamical
imulations of MW-mass galaxies, run in a WMAP Lambda cold dark
atter cosmological model with the GADGET -3 code (last described 

n Springel 2005 ). The subgrid physics includes prescriptions for 
etal-dependent radiative cooling in the presence of a photoionizing 
V background, star formation, stellar and chemical evolution, for- 
ation of supermassive black holes, stellar feedback from supernova 
nd stellar winds, and from active galactic nuclei. The chemical 
nrichment model tracks 11 element species (H, He, C, N, O, Ne,
g, Si, and Fe). 
The dark matter particle mass is 1 . 17 × 105 M� h−1 , while the

nitial baryon particle mass is 2 . 23 × 104 M� h−1 . The total galaxy
asses of the MW-like haloes lie in the range 0 . 8 < M200 /1012 M� <

 . 2, where M200 is the mass enclosed within a volume of mean density
00 times the critical density at redshift z = 0. More details about
he simulations can be found in Font et al. ( 2020 ) (see also Font,

cCarthy & Belokurov 2021 ; Font et al. 2022 for more detailed
omparisons with observations of MW analogues). Merger trees 
or MW-mass hosts are generated using the D-HALOES code, which 
s based on algorithms of Srisawat et al. ( 2013 ) and Jiang et al.
 2014 ), to track the progenitors and descendents of each subhalo
n the simulations. Gravitationally bound structures (haloes and 
ubhaloes) are identified using the SUBFIND halo finding algorithm 

last described in Springel et al. 2001 ). 
In the following text, we make a distinction between two categories 

f MW-mass systems, based on the ratio between the mass of MMAP
nd that of its host galaxy. Specifically, one category comprises 
alaxies that experience a GE/S-like event at early times, denoted as
MW-GES’. These are systems where the mass ratio of MMAP/host 
s > 0 . 4 and accretion of the MMAP occurred > 8 Gyr ago, as
ndicated in fig. 7 of Dillamore et al. ( 2022 ). Four galaxies fall
nto this category: G29, G30, G34, and G42. The second category
onsists of galaxies whose mass ratio of MMAP/host is < 0 . 4, but
heir MMAP still occurs more than ∼ 8 Gyr ago, i.e. around the same
ime as the GE/S in the MW. These are called ‘MW-MA’, which
tands for ‘minor (early) accretion’. The MMAP/host mass ratios in 
he MW-MA systems are ∼ 0 . 1–0 . 2 (see fig. 7 of Dillamore et al.
022 ). We note, however, that all systems selected here have high
otal accreted fractions (specifically, the contributions to the accreted 
opulation of the more radially anisotropic fitted components by 
illamore et al. ( 2022 ) are > 40 per cent ). There are three galaxies

n the MW-MA category: G17, G19, and G44. Both MW-GES and
W-MA galaxies display a disc morphology at present time. 
With this subsample, we aim to check whether Splash populations 

xist in both or only in one of these categories (e.g. only in MW-GES),
nd to quantify the Splash fractions in each case. For more direct
omparisons with observations, we select star particles in the ‘solar 
eighbourhoods’ in these simulated discs, which are defined as before 
s regions with | Z| < 3 kpc and 5 < R < 11 kpc, in galactocentric
ylindrical coordinates. We also limit the metallicity to [Fe/H] > 

2 . 5, to best match the properties of the observed sample. 

.1 Relationship between chemistry and kinematics 

e first inspect the relationship between the chemistry, specifically 
he [Mg/Fe] ratios, and kinematics in simulated galaxies. The choice 
f [Mg/Fe] is motivated by the clear correlation found earlier between
he α-abundances and eccentricity in the high- α MW disc. An 
nvestigation of the simulations has the added bonus of being able
o establish unequivocally which stars are accreted or in situ . In
MNRAS 542, 76–95 (2025)
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RTEMIS , star particles are labelled as in situ if they formed within
he halo of the MW-mass host, and accreted if they formed inside
atellite galaxies prior to accretion (see Font et al. 2020 for details).

As a measure of kinematics, we use the angular momentum (Lz)
nstead of the eccentricity, which was adopted in the analysis of
POGEE data in previous sections. However, Lz correlates very well
ith eccentricity. 3 To select the high- α disc in the simulated galaxies,
e make a simple cut to the in situ population in the [Mg/Fe]–[Fe/H]
lane of each galaxy that best reproduces the separation between the
igh- and low- α discs in APOGEE. We thus remove the high-density
egion at low [Mg/Fe] and high [Fe/H] associated with the low- α
isc. Fig. 12 shows this selection for two simulated galaxies, G34
an MW-GES galaxy) and G44 (an MW-MA galaxy). 

Fig. 13 shows the [Mg/Fe]–Lz distribution for the high- α popula-
ions in these two galaxies and, for comparison, the same distribution
n the MW. All three galaxies show an anticorrelation between
Mg/Fe] and Lz. This is indicated more clearly by the running
edians, shown with red lines in this figure. The slopes of the

Mg/Fe]–Lz relations are similar for both MW-GES and MW-MA
alaxies, and also similar to the one in the MW itself. This suggests
hat the overall relation between chemistry (specifically, the α-
bundances) and kinematics is not sufficient to distinguish the mass
f the MMAP in a given host galaxy. In our sample of six simulated
alaxies, five have similar [Mg/Fe]–Lz trends (the exception is G30,
hich is an MW-GES galaxy). 
Interestingly, several of the simulated galaxies also display a

iscontinuity in the relation between [Mg/Fe] and kinematics (Lz),
ight at the transition between retrograde to prograde motions (see,
or example, Fig. 13 ). This discontinuity may be associated with
 burst of star formation around the time of the disc spin-up (see
lso Belokurov & Kravtsov 2022 ; Dillamore et al. 2024 ). However,
e note that MW does not display such a discontinuity in the α-

bundances, so further study is needed to understand this feature. 
Fig. 14 shows the vφ−[Fe/H] distribution of solar neighbourhood

isc stars in the G34 and G44 (main panels), with the normalized
istributions of stars in the Splash (orange), high- α disc (blue),
nd all disc stars (green) on the side sub-panels. Fig. 15 shows
he corresponding [Mg/Fe] distributions for the three simulated
omponents in these two galaxies. The Splash components are clearly
isible in both cases (MW-GES versus MW-MA), and are distinct
n terms of kinematics and chemical compositions from the high- α
iscs. Specifically, the Splash stars are more metal-poor and more α-
nhanced than the high- α disc stars, in agreement with our findings
or the MW data, discussed in Section 4 . In addition, as discussed in
ection 6, the Splash components are also predicted to be typically
lder than the high- α discs. 

.2 Correlations between the Splash and the retrograde 
ccreted fractions 

nder the assumption that the properties of the Splash depend on
hose of the MMAP (the putative cause of the Splash), several
orrelations have been investigated. For example, Grand et al. ( 2020 )
how a correlation between the Splash fractions and the masses of the
GE/S) MMAP (see their fig. 10), although the correlation is rather
eak (Crain R. A., et al., 2015 and Schaye J., et al., 2015 ). Similarly,
illamore et al. ( 2022 ) find a strong correlation (Pearson coefficient
f 0.8) between the mass fraction of the in situ retrograde stars (i.e.
NRAS 542, 76–95 (2025)

 We also verified that Lz correlates with orbital eccentricities in the simula- 
ions, and this turned out to be the case, as expected. 

a  

g  

s  

i

he Splash) versus the fraction of accreted stars within 5 < r < 30
pc (see their fig. 16). 
However, the total accreted component may include a mixture of

rograde and retrograde stars, resulting from multiple mergers. These
ould be major mergers (as in the case of GE/S), or more minor
nes. Here, we seek a clearer connection to the progenitor(s) that
ay have caused the Splash. We therefore plot the Splash fraction

gainst the fraction of retrograde accreted stars. To compute the
plash fractions, we select all in situ star particles on retrograde
rbits (Lz < 0) at redshift 0 and then compute the ratio between the
n situ retrograde and prograde populations. In addition, we study the
patial variations of the Splash fractions by splitting the simulated
solar neighbourhood’ annuli into six sections subtending the same
zimuthal angle from the galactic centre. We then calculate the Splash
ractions for each of them. 

Fig. 16 shows the results for the four MW-GES and three MW-
A galaxies, each with six measurements. This shows a strong linear

orrelation (Pearson coefficient of 0.92) between the Splash fractions
nd the fractions of accreted retrograde stars. This result should be
ontrasted with that by Dillamore et al. ( 2022 ), who showed that there
s a good correlation with a lower Pearson coefficient, with the total
ccreted fraction. The stronger correlation with retrograde accreted
ass suggests that accretions with that orientation can contribute
ore strongly to the formation of a Splash population. We also note

hat the fraction of retrograde accreted stars is computed in our study
ithin the same solar neighbourhood region as the Splash fraction,
hereas Dillamore et al. ( 2022 ) compute it globally in the host
alaxy. 

Fig. 16 shows that, on average, MW-GES galaxies have higher
plash fractions than MW-MAs. They also have, on average, higher
ccreted retrograde fractions. However, this is not always the case:
ne MW-MA galaxy, G44, also has a high Splash fraction, whereas
34, an MW-GES galaxy, has a low value. This is because G44
as more mergers on retrograde orbits, which increase the Splash
raction, despite their lower masses. Conversely, G34 has its MMAP
n a prograde orbit and, while it still heats up the disc considerably,
t does not produce a significant Splash, at least under the assumed
efinition for it. Therefore, our results suggest that Splash-like
eatures can be produced in a variety of ways: not only via GE/S-like
ergers on retrograde orbits, but also by repeated minor mergers

n retrograde orbits. We caution, however, that the orientation of
he disc could change over time, as the disc tends to align with the
rbital plane of a massive merger (see Dillamore et al. 2022 ); this
ay affect the classification of retrograde stars, particularly in cases
here the discs flips its orientation. We expect these cases to be rare

hough. 
We note also that some (MW-GES) galaxies may have their Splash

eatures located outside of the regions studied here (for example,
oncentrated within R < 5 kpc or beyond | Z| > 3 kpc). This also
aises the possibility that a significant population of stars from the
plash may lay undiscovered yet in the MW. We discuss the spatial
xtent of the simulated Splash features in Section 5.3 . 

Furthermore, by inspecting all azimuthal regions individually, it
s clear that the Splash fractions vary significantly from section to
ection. This suggests that the impact of the MMAP is often local in
he disc. Interestingly, the two sections of G44 that have high fractions
re situated opposite each other. This suggests that measurements
cross various radial directions in the disc could provide information
bout the shape of the Splash. Note also the grouping of the three
alaxies around (0 . 04 , 0 . 07), which indicates the magnitude of the
catter in this relation. We discuss the possible causes of this scatter
n the next section. 
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Figure 12. Examples of our selection of the high- α disc in the [Mg/Fe]–
[Fe/H] plane for a simulated MW-GES galaxy (G34, left panel ) and an MW- 
MA galaxy (G44, right panel ). Data points above and to the left of the red line 
are referred to as high- α. The selection is made only for the in situ populations 
which is shown as 2D histograms. Also shown are the contours for the in situ 
populations, to highlight the dividing line between the high- and low- α stars. 
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.3 Spatial distribution of Splash features 

o illustrate the extent of Splash-like features in simulations, we also 
onstruct confusion maps as it was done for the MW (see Fig. 7 ).
hese are shown in Fig. 17 . Generally speaking, we find that the
plash fractions follow the same trends across all galaxies, with 
igher values at lower R and/or higher Z. Notably, this behaviour is
resent regardless of whether galaxies have had a GE/S-like event or
ot. 
There are, however, distinct differences between the confusion 
aps of MW-GES and MW-MA galaxies, in that the former have, on

verage, higher Splash fractions. The extent of the Splash population 
n MW-GES galaxies is also wider across the solar neighbourhood 
egions than in the MW-MA ones, both radially and in height. The
patial distribution of Splash fractions in the simulated MW-GES 

alaxies is also in good qualitative agreement with the one measured 
igure 13. Top panel: [Mg/Fe]–Lz distribution for the MW’s high- α disc in the 
hown in Fig. 12 , G34 (MW-GES) and G44 (MW-MA), this time shown in the [M
s restricted to a narrow range, to avoid any evolutionary biases. The running media
z are similar between the MW-GES and MW-MA galaxies, and with the MW. 
n the MW (compare Fig. 17 with Fig. 7 ). On a case-by-case basis,
owever, some MW-GES simulated galaxies display more extended 
egions (both in R and | Z| ) and with higher Splash fractions (e.g.
29, G30), while in others, the Splash population is confined to

maller regions and the Splash fractions are lower (e.g. G42). These
ariations may be explained by the difference in the merger histories
e.g. the masses of progenitors, the times of accretion, or their orbits).

.4 Merger histories and the onset of the Splash 

n this section, we investigate in more detail the evolution of the
plash components in relation to past mergers and seek to identify the
pecific merger(s) responsible for their onset. We also investigate the 
ossible starbursts associated with these mergers in the composition 
f the Splash and the disc. 
Fig. 18 shows the evolution of the rotational velocity vφ for the

plash and disc stars in the simulated solar neighbourhoods in our
ample. For this, we select all star particles in the two components
t z = 0 and trace them back in time in the simulations. At every
napshot, we re-orient the particles in the coordinate frame of the
isc at that time, so that rotational velocities are always in the
lane of the disc. The top sub-panels show the corresponding merger
istories for these galaxies, expressed as stellar masses of progenitors 
measured at the time of accretion on to their hosts) versus the
ccretion lookback-time (and also versus redshift). Galaxies have 
ultiple mergers of stellar masses > 108 M�, some on prograde and

ome on retrograde orbits relative to the axis of rotation of disc stars
at that time). Note though that not all mergers may leave an imprint
n the solar neighbourhood analysed here, as their impacts could 
e quite localized. Moreover, prograde mergers can still heat up the
MNRAS 542, 76–95 (2025)

range of −0 . 6 < [Fe/H] < −0 . 4. Bottom panels: the two simulated galaxies 
g/Fe]–Lz plane. The high- α population is shown as 2D-histograms. [Fe/H] 
ns, shown with red lines, suggest that the correlations between [Mg/Fe] and 

/1/76/8223408 by Sarah D
akin user on 19 January 2026
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M

Figure 14. vφ− [Fe/H] distributions in the G34 and G44 solar neighbourhoods ( main panels, on the left and right, respectively) . Side sub-panels show the 
normalized distributions of the Splash (orange), high- α disc (blue), and all disc stars (green). The Splash components are more metal-poor and more α-enhanced 
than the corresponding high- α discs. 

Figure 15. Normalized [Mg/Fe] distributions for the Splash, high- α disc, and all disc stars in the solar neighbourhoods of G34 and G44. 
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isc significantly, but their effects are not fully captured in the Splash
opulation, as defined in this analysis. 
This figure clearly shows that the Splash populations originate

n the disc, as expected. However, the turnover towards retrograde
rbits is not always coincident with the accretion of the MMAP
see also Dillamore et al. 2022 , e.g. their fig. 15 ). This could be
ecause the MMAP is on a prograde orbit, or even if it is on a
etrograde one, its associated Splash may not be near the solar
eighbourhood. Nevertheless, we see that Splash-like features are
biquitous in systems with mergers above ∼ 108 M� in stellar
ass. 
We can now put more context into the unusual difference between

34 and G44 seen in Fig. 16 (the former, an MW-GES galaxy with
ow Splash fraction, and the latter, an MW-MA with a higher Splash
raction). G34’s MMAP, with a mass of the order of 109 M�, occurs
t around a redshift of 3; however, the number of other massive
ccretions is relatively small. On the other hand, while the progenitor
hat generates the Splash in G44 is of lower mass and occurs early on
at redshift ∼ 4), there are four more massive mergers (with masses
f ∼ 109 M�) since redshift of 2, some of which may contribute to
he final Splash fraction. 
NRAS 542, 76–95 (2025)
Fig. 19 shows the distribution in the ages of stars in the Splash
omponents (in orange), contrasted with the ages of retrograde
ccreted stars (empty black histograms) and of the high- α disc (blue),
espectively. Focusing first on Splash versus retrograde accreted
tars, we see that, in general, there is a sharp decrease in the
istribution of retrograde accreted stars – which likely signals the
nd of star formation in the accreted progenitor due to ram-pressure
tripping – followed shortly by a peak in the Splash distribution.
his adds more evidence to the association of the two events. In
ome cases (e.g. G30, G44), the distribution of ages in the retrograde
opulation is spread more widely, and this appears to be associated
ith another Splash episode later on. 
This figure also shows that the Splash population is generally

lder than its high- α disc counterparts. This result supports our
revious discussion of the differences in ages between these two MW
opulations, as inferred from the differences in chemical abundances.
nterestingly, the peak of star formation in the high- α disc usually
ccurs later than in the Splash, suggesting that some mergers may
nduce starbursts in the disc. 

Finally, we note that the simulated galaxies tend to display a high
umber of retrograde stars, in some case much higher than what is
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Figure 16. The relation between the Splash fractions and the accreted 
retrograde fractions for four MW-GES galaxies (circles) and three MW-MA 

galaxies (triangles), each galaxy having six measurements in equally spaced 
azimuthal sections. Each colour represents a galaxy with the associated error 
bars. The Splash fractions show a strong positive correlation with the accreted 
retrograde fractions, confirmed by the Pearson correlation coefficient of 0.92, 
shown in the bottom right of the plot. 
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ound in the APOGEE data for the MW. That is also the case for G44
an MW-MA galaxy) shown in Fig. 13 and, to a lesser extent, for G34
MW-GES). This result is likely related to the much higher fractions
f accreted stars obtained in A RTEMIS than the value estimated for
he MW, as described in Dillamore et al. ( 2024 ). However, as also
iscussed by these authors, the simulated galaxies that experienced 
 GE/S-like event, such as G34, tend to have lower (total) accreted
ractions than those without a GE/S. This is because galaxies without 
 GE/S-like event are likely to experience more major mergers at a
ater time (Dillamore et al. 2022 ). Also, at least two galaxies in
he entire A RTEMIS sample, G38 and G19, have accreted fractions
omparable to the MW, while G34 also provides a relatively good 
atch (see fig. 2 of Dillamore et al. 2024 ). 

 DISCUSSION  A N D  C O N C L U S I O N S  

he results presented in this paper make use of observational data 
rom APOGEE as well as the ARTEMIS simulations to help constrain
he origin of the Splash population. The APOGEE data allow us to
ake a comparison between the Splash and the rest of the high- α

isc for 16 different chemical abundance ratios, as well as to study
he distribution of stars in the solar neighbourhood in a way that

inimizes the effects of the selection function. These results along 
ith the analysis of the simulations give us a clearer picture of how

o tackle the problem of understanding the true origin of the Splash. 
From the results obtained on the basis of APOGEE, we find that

ur simple selection of the Splash agrees with previous works (e.g. 
elokurov et al. 2020 ) and behaves kinematically as expected, as a
alo-like component, considering our selection (see Fig. 5 ). We also 
tudied the spatial distribution of the Splash by calculating the Splash 
raction in different ( R , | Z | ) regions. We found that the Splash frac-
ions in the MW are higher at smaller radial distances and at higher
ertical heights, in qualitative agreement with previous observational 
esults (e.g. Belokurov et al. 2020 ) and with results from the A uriga
imulations (Grand et al. 2020 ). We also performed more quantitative
omparisons with the Splash fractions in the A RTEMIS simulations, 
nd found good agreement between measurements in the MW and 
he predicted values in simulated galaxies with GE/S-like events (see 
igs 7 and 17 ). 
As described in Section 3.1 , we compared in detail the chemical

ompositions of the Splash and high- α disc populations. The results, 
resented in Section 4.1 , revealed two populations that are statisti-
ally distinct from one another, as seen from the χ2 and p -values
n Fig. 9 . Moreover, we found chemical signatures that suggest that
he Splash is an older population than the high- α disc, in agreement
ith the hypothesis that the Splash is the oldest disc population,
eated up by the collision with the GE/S system. As a consistency
heck, we performed another test, described in Section 3.2 . The
esults presented in Section 4.2 uncover which elements have the 
argest contribution to the differences we see in the first test. These
re shown in Fig. 10 . 

We also examined the distribution of Splash and high- α stars in
he [X/Fe]–[Fe/H] plane for these elements (Fig. 8 ). For example, Al
hows a small difference between the running median of the Splash
nd high- α disc, at most 0.05 dex, yet we still find that the two
opulations differ at a statistically significant level. We note that the
easurement of such small, yet statistically different, measurements 

f chemical compositions across a variety of elements is only possible 
ecause of the high-precision data from APOGEE. 
Although the chemistry of the Splash is significantly different from 

he rest of the high- α disc, as shown in Figs 9 and 10 , we find there
s a relatively smooth variation of the α-abundances with respect to
ccentricity (Fig. 11 ) and angular momentum (top panel of Fig. 13 ).
he latter negative correlation is also seen in both simulated galaxies

hat had a GE/S-like merger and those that had only minor mergers
see examples in the bottom panel of Fig. 13 ). 

Some simulated galaxies also show a discontinuity in [Mg/Fe] just 
t the onset of the disc spin-up, at Lz � 0 (see Fig. 13 ). This behaviour
s observed in other simulated galaxies, of both MW-GES and MW-

A types. This discontinuity could be associated with a burst of star
ormation around the time of the disc spin-up as seen, for example,
n Belokurov & Kravtsov ( 2022 ). We leave the investigation of this
nteresting feature for a future study. 

To further identify the differences between galaxies with and 
ithout a GE/S-like event, we separated the retrograde and prograde 

tars in the six simulated galaxies and calculate the ratio between
he two. For the in situ stars, this corresponds to the Splash fraction,
hile for the accreted stars this is the accreted retrograde fraction.
ig. 16 shows a strong positive correlation between the Splash and

he accreted retrograde fractions. This result is similar to figs 10 and
6 from Grand et al. ( 2020 ) and Dillamore et al. ( 2022 ), respectively.
owever, here we chose the accreted retrograde ratio rather than the

ccreted ratio, because we find it correlates more strongly with the
plash fraction. This type of diagnostic can be used in the future to
elp identify other potential contributors to the Splash. 
There is, however, some scatter in this relation, as we can see from

he distribution of G29, G42, and G44 in this plane. A more in-depth
nalysis of the simulations, including the entire A RTEMIS sample 
f MW-mass hosts, is required to pinpoint the origin of this scatter.
lthough this is beyond the scope of this paper, we note that multiple

actors may lead to variations in the measured fractions, such as the
ass ratio of MMAP to its host, the time when MMAP merges with

he host, the orientation of the satellite orbital plane with respect to
he disc, or the dynamical state of the disc at that time. 

We have shown that multiple minor mergers are also capable of
ontributing to the overall Splash fraction, as well as to the accreted
MNRAS 542, 76–95 (2025)
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M

Figure 17. Confusion maps for the four of the MW-GES galaxies (G29, G30, G34, and G42) for three MW-MA ones (G17, G19, and G44). Splash fractions 
are computed in the solar neighbourhood regions, in a similar way as it was done for the MW (see Fig. 7 ). 
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etrograde fraction, as long as these progenitors are on retrograde
rbits. This is exemplified in Figs 16 and 17 , where it is shown that
W-MA galaxies, i.e. without a GE/S-like event, may also contain

arge Splash fractions. The case of G44, which is an MW-MA galaxy
ith a higher Splash fraction than two MW-GES galaxies (G34 and
42), suggests that GE/S-like mergers are not a necessary condition

or a Splash population to exist. The most predictive factor for the
xistence of a Splash is the total mass of the accreted population that
s in retrograde motion. Figs 18 and 19 show how Splash populations
an form in a variety of merger histories. 

So far in the literature, the Splash has been regarded as the result
f MW’s merger with the GE/S progenitor (Gallart et al. 2019 ;
NRAS 542, 76–95 (2025)
elokurov et al. 2020 ; Grand et al. 2020 ; Belokurov & Kravtsov
022 ; Xiang & Rix 2022 ; Ciucă et al. 2023 ; Lee et al. 2023 ). In
his paper, we asked whether there is a chemo-dynamical difference
etween galaxies that have undergone a GE/S-like merger (MW-
ES) and those that did not (MW-MA). While previous simulations
ave shown that a GE/S-mass merger results in a Splash-like
opulation (Belokurov et al. 2020 ; Grand et al. 2020 ), our results
rompt the question of whether a Splash component can form via
ore minor mergers. While we found that to be the case, we note that

revious studies also show that Splash populations are ubiquitous in
imulations. For example, Dillamore et al. ( 2022 ) found that discs can
lso be perturbed by mergers other than with the MMAP (see their
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Figure 18. Evolution versus lookback time (and redshift) of the rotational velocity ( vφ ) of the Splash (light/orange) and other disc stars (dark/grey) in the solar 
neighbourhood today. The top subpanels indicate the accretion history of each galaxy, with black circles corresponding to lookback time/redshift of accretion of 
progenitors and their stellar masses (measured at accretion). The four panels on the left show the MW-GES galaxies, and the three on the right, the MW-MAs. 
The Splash population originates in the disc, and its onset is associated with a massive (stellar mass > 108 M�) merger. However, this merger is not always the 
MMAP, as seen from the Splash turnover towards retrograde orbits not always being coincident with the merger of the MMAP. 

Figure 19. The distribution of ages in the Splash (orange), high- α disc (blue), and the retrograde accreted fraction (black histograms) in the simulated solar 
neighbourhoods. As before, MW-GES are shown on the left, and MW-MA on the right. In most cases, a clear association can be seen between the sharp decrease 
from the peak distribution in the retrograde stars (likely corresponding to the end of star formation in the progenitor, and the onset of the Splash). Also, Splash 
stars are typically older than the high- α stars, indicating that they originate from the oldest population of the high- α disc. 
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g. 14 and associated discussion). Grand et al. 2020 also show that
plash populations may also be produced by lower mass ( ∼ 108 M�)
vents (see their fig. 10). While these events are still classified as
GES’ in their study, their results are consistent with our findings that
ore minor events may generate Splash-like features. Furthermore, 

t is not inconceivable that even less massive progenitors may 
reate a Splash, as long as they are retrograde and the conditions
or impacting the disc are in place. Our results further emphasize 
hat, in some cases, there are no strong chemo-dynamical differ- 
nces between Splash populations between MW-GES and MW-MA 

alaxies. 
We note, though, that the results presented here give only an indi-

ation of the contribution of the Splash in the solar neighbourhood.
o form a full picture of the extent of the Splash, the analysis should
e carried out across larger regions of a galaxy. However, while this is
ossible for the simulations, we need to be cautious of any selection
ffects that may play a part when studying the MW. 

Our conclusions can be summarized as follows: 
MNRAS 542, 76–95 (2025)
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(i) In this study, we selected a sample of high- α stars in the MW’s
olar neighbourhood ( d� < 3 kpc), which was then split on the
asis of eccentricity. Stars with e > 0 . 6 were selected as the Splash
opulation, while the rest were the remaining high- α population.
he ( vR , vφ, vZ ) distributions of the Splash population in our sample
atch the findings of previous studies. As expected, the Splash is a

ow vφ component, and has a more extended distribution in both the
Z and vR components compared to the disc. 

(ii) We also examined the spatial distribution of the Splash
opulation in the solar neighbourhood, and found a larger con-
ribution from the Splash at smaller radial ( R � 5 − 7 kpc) and
arger heights ( | Z| � 2 − 3 kpc) from the Galactic centre. This is
n qualitative agreement with previous analyses in the MW, and in
ood quantitative agreement with the spatial distribution of Splash-
ike features in the ARTEMIS simulations. 

(iii) Employing two different methods, we found systematic
ifferences in the chemical abundances of the Splash population
ompared with those of the high- α disc. Out of 16 individual element
bundances studied here, 12 show statistically significant differences.
n particular, Splash stars are enhanced in [ α/Fe] than their high α-
isc counterparts, suggesting that they are older. This result brings
dditional evidence in support of the Splash being comprised of
tars belonging to the early Galactic disc, which were heated up by
nteraction with one or more accreted satellites. 

(iv) When we split the high- α population into multiple eccentricity
ins and look for correlations with abundance ratios, we find a
orrelation between the abundance ratios and eccentricity for most of
he elements, especially for the α abundances. The chemistry of each
ccentricity bin is statistically distinct from all others. This highlights
he correlation between chemistry and the kinematics in the Galaxy
nd how comparing kinematically selected populations can result in
arge chemical differences. 

(v) Using simulations, we investigated whether the merger(s)
ssociated with the Splash leave a signature in the form of a
iscontinuity in the relation between chemistry and kinematics. In
articular, we focused on the [Mg/Fe]–Lz plane of the ‘high- α’
isc, where we identified a sharp decrease in [Mg/Fe] at Lz � 0.
nterestingly, we find a discontinuity and a negative correlation in
oth MW-GES and MW-MA galaxies, with no clear difference
etween the two types. However, this discontinuity is not clearly
een in our MW sample. 

(vi) We also explored the relation between the Splash fractions
nd accreted retrograde fractions in the simulations and we found
 strong positive correlation between the two. We also found cases
here MW-MA galaxies have higher Splash fraction than some MW-
ES galaxies, which suggests that a Splash may be created by less
assive mergers as long as they are on retrograde orbits. 
(vii) While it has previously been shown that the Splash fraction

orrelates with accreted mass fraction (e.g. Grand et al. 2020 ;
illamore et al. 2022 ), our results show that there is an even stronger

orrelation between the Splash fraction and the retrograde accreted
raction. This is an important distinction, which implies that the
mpact of a given accretion on disc kinematics is dependent on the
rbital orientation of the accreted systems. A relatively low-mass
etrograde accretion can be as impactful, if not more, than a more
assive accretion that happens to be prograde. 
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