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ABSTRACT

Galactic haloes in a A-CDM universe are predicted to host today a swarm of debris resulting
from cannibalised dwarf galaxies. The chemo-dynamical information recorded in/their stellar
populations helps elucidate their nature, constraining the assembly histofy of the*Galaxy. Using
data from APOGEE and Gaia, we examine the chemical properties of various halo substructures,
considering elements that sample various nucleosynthetic pathways. The Systems studied are
Heracles, Gaia-Enceladus/Sausage (GES), the Helmi stream, Sequoia, Thamnos, Aleph, LMS-
1, Arjuna, I’itoi, Nyx, Icarus, and Pontus. Abundance patterns of\all substructures are cross-
compared in a statistically robust fashion. Our main findings include: i) the chemical properties
of most substructures studied match qualitatively those ofsdwarf'Milky Way satellites, such as
the Sagittarius dSph. Exceptions are Nyx and Alephgwhich are chemically similar to disc stars,
implying that these substructures were likely formed in'situy’ii) Heracles differs chemically from
in situ populations such as Aurora and its inner halo| counterparts in a statistically significant
way. The differences suggest that the star formation.rate was lower in Heracles than in the early
Milky Way; iii) the chemistry of Arjuna; LMS-1, and I’itoi is indistinguishable from that of
GES, suggesting a possible common origingiv) all three Sequoia samples studied are qualitatively
similar. However, only two of those§amples present chemistry that is consistent with GES in a
statistically significant fashion; v)/the abundance patterns of the Helmi stream and Thamnos are

different from all other halo substructures.

Key words: Galaxy: general;"Galaxy: formation; Galaxy: evolution; Galaxy: halo; Galaxy:
abundances; Galaxy: kinématics and dynamics

1 INTRODUCTION

"How did the Milky Way form?" is likely the most fundamental ques-
tion facing the Field of Galactic archaeology. When pesed in a cosmo-
logical context, the A-CDM model predicts that the Galaxy formed in
great measure via the process of hierarchical mass assembly. In this
scenario, nearby satellite galaxiestate consumed by the Milky Way
due to them being attracted to(its deeper gravitational potential, and
as a result merge with the Galaxy. Injsuch cases, these merger events
shape the formation and”evolution’of the Milky Way. Therefore, an
understanding of the assembly:history of the Milky Way in the context
of A-CDM depends critically on the determination of the properties
of the systemscacereted during the Galaxy’s history, including their
masses and chemical*compositions. Moreover, the merger history of
the GalaxXy has a difect impact on its resulting stellar populations at
present;time, and plays a vital role in shaping its components.

* E-mail: D.HortaDarrington@2018.ljmu.ac.uk

Since the seminal work by Searle & Zinn (1978), many studies
have aimed at characterising the stellar populations of the Milky
Way, linking them to either an "in sifu" or accreted origin. Albeit
detection of substructure in phase space has worked extremely well
for the identification of on-going and/or recent accretion events (e.g.
Sagittarius dSph, Ibata et al. 1994; Helmi stream, Helmi et al. 1999),
the identification of accretion events early in the life of the Milky Way
has proven difficult due to phase-mixing. A possible solution to this
conundrum resides in the use of additional information, typically in
the form of detailed chemistry and/or ages (e.g., Nissen & Schuster
2010; Hawkins et al. 2015; Hayes et al. 2018; Haywood et al. 2018;
Mackereth et al. 2019; Das et al. 2020; Montalban et al. 2020; Horta
et al. 2021; Hasselquist et al. 2021; Buder et al. 2022; Carrillo et al.
2022).

The advent of large spectroscopic surveys such as APOGEE
(Majewski et al. 2017), GALAH (De Silva et al. 2015), SEGUE
(Yanny et al. 2009a), RAVE (Steinmetz et al. 2020), LAMOST (Zhao
etal. 2012), H3 (Conroy et al. 2019), amongst others, in combination
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with the outstanding astrometric data supplied by the Gaia satellite
(Gaia Collaboration et al. 2018, 2020a), revolutionised the field of
Galactic archaeology, shedding new light into the mass assembly
history of the Galaxy.

The core of the Sagittarius dSph system and its still forming
tidal stream (Ibata et al. 1994) have long served as an archetype for
dwarf galaxy mergers in the Milky Way. Moreover, in the past few
years, several phase-space substructures have been identified in the
Field of the Galactic stellar halo that are believed to be the debris
of satellite accretion events, including the Gaia-Enceladus/Sausage
(GE/S, Helmi et al. 2018; Belokurov et al. 2018; Haywood et al. 2018;
Mackereth et al. 2019), Heracles (Horta et al. 2021), Sequoia (Barb4
etal. 2019; Matsuno et al. 2019; Myeong et al. 2019), Thamnos 1 and
2 (Koppelman et al. 2019a), Nyx (Necib et al. 2020), , LMS-1 (Yuan
etal. 2020)!, the substructures identified using the H3 survey: namely
Aleph, Arjuna, and I’itoi (Naidu et al. 2020), Icarus (Re Fiorentin et al.
2021), Cetus (Newberg et al. 2009), and Pontus (Malhan et al. 2022).
While the identification of these substructures is helping constrain
our understanding of the mass assembly history of the Milky Way,
their association with any particular accretion event still needs to be
clarified. Along those lines, predictions from numerical simulations
suggest that a single accretion event can lead to multiple substructures
in phase space (e.g., Jean-Baptiste et al. 2017; Koppelman et al. 2020).
Therefore, in order to ascertain the reality and/or distinction of these
accretion events, one must combine phase-space information with
detailed chemical compositions for large samples.

Previous studies dedicated to characterising the chemical prop-
erties of halo substructures have been based on either large samples
from spectroscopic surveys, focusing on a relatively small number of
elemental abundances (e.g., Hayes et al. 2020; Feuillet et al. 2021;
Hasselquist et al. 2021; Buder et al. 2022), or more detailed studies
of smaller samples from follow-up programs at an even higher reso-
lution (e.g., Monty et al. 2020; Limberg et al. 2021; Matsuno et al.
2022a,b; Naidu et al. 2022). This is the first attempt at mapping the
detailed abundance patterns of all halo substructures reported thus
far in the literature.

In this work we set out to combine the latest data releases from
the APOGEE and Gaia surveys in order to dynamically determine
and chemically characterise previously identified halo substructures
in the Milky Way. We attempt, where possible, to define the halo sub-
structures using kinematic information only, so that the distributions
of stellar populations in various chemical planes can be studied in
an unbiased fashion. This allows us to understand in more detail the
reality and nature of these identified halo substructures, as"chemical
abundances encode more pristine fossilised records of the formation
environment of stellar populations in the Galaxy.

For the convenience of the reader we hope tofacilitate navigation
of the paper by supplying a detailed list of its contents, as follows:

e Section 2 describes the data and the selection criteria adopted
to select the parent sample upon which this'work is based. This is
followed in Section 2.1 by a detailed account of the criteria adopted to
define each substructure, building on techniques from previous work.
For the keen reader interested solely onthe study of the substructures’
chemical compositions, we suggest jumping straight into Section 4.

o Section 3 very briefly presents the resulting distributions of the
various structures in the orbital energy vs angular momentum plane.

o Section 4 presents a qualitative examination of the halo sub-
structures in.different'chemical planes. Specifically, we show the «
elements in Section'4.1, the iron-peak elements in Section 4.2, the
odd-Z elements in Section 4.3, the carbon and nitrogen abundances
in Section 4.4, a neutron capture element (namely, Ce) in Section 4.5,
and the [Mg/Mn]-[Al/Fe] chemical composition plane in Section 4.6.

1 This structure also goes by the name of Wukong (Naidu et al. 2020).

Readers interested in the quantitative results may skip this section and
go straight to Section 5.

e Section 5 describes a statistical technique we developed to cal-
culate a quantitative estimate of the chemical similitude between any
two substructures. We run comparisons between all possible pairs
of substructures and the results are encapsulated in the form of a
confusion matrix in Fig 18.

e We then discuss our results in the context of previous work in
Section 6, and summarise our conclusions in Section 7.

2 DATA AND SAMPLE

This paper combines the latest data release (DR17, Abdurro’uf et al.
2021) of the SDSS-III/IV (Eisenstein et al. 2011; Blanton et al. 2017)
and APOGEE survey (Majewski et al. 2017) with distances and as-
trometry determined from the early third data release from the Gaia
survey (EDR3, Gaia Collaboration et al. 2020b). The celestial coordi-
nates and radial velocities supplied by APOGEE (Nidever etal. 2015,
Holtzman et al, in prep), when combined with the proper motions and
inferred distances (Leung & Bovy 2019b) based on.Gaia data, pro-
vide complete 6-D phase space information for over ~700,000 stars
in the Milky Way, for most of which exquisite-abundances for up to
~20 different elements have been determined.

All data supplied by APOGEE are/based on_ observations col-
lected by (almost) twin high-resolution multi-fibre spectrographs
(Wilson et al. 2019) attached to th¢ 2.5m"Sloan telescope at Apache
Point Observatory (Gunn et al<2006) and the du Pont 2.5 m tele-
scope at Las Campanas Observatory (Bowen & Vaughan 1973). El-
emental abundances are derived from automatic analysis of stellar
spectra using the ASPCAP pipeline (Garcia Pérez et al. 2016) based
on the FERRE? code (Allende Prieto et al. 2006) and the line lists
from Cunha et al(2017) and Smith et al. (2021). The spectra them-
selves were reduced’by-a customized pipeline (Nidever et al. 2015).
For details ontarget selection criteria, see Zasowski et al. (2013)
for APOGEE, Zasowski et al. (2017) for APOGEE-2, Beaton et al.
(2021) for"APOGEE north, and Santana et al. (2021) for APOGEE
south.

We make use of the distances for the APOGEE DR17 catalogue
generated by Leung & Bovy (2019a), using the astroNN python pack-
age (for a full description, see Leung & Bovy 2019b). These distances
are determined using a re-trained astroNN neural-network software,
which predicts stellar luminosity from spectra using a training set
comprised of stars with both APOGEE DR17 spectra and Gaia EDR3
parallax measurements (Gaia Collaboration et al. 2020b). The model
is able to simultaneously predict distances and account for the paral-
lax offset present in Gaia-EDR3, producing high precision, accurate
distance estimates for APOGEE stars, which match well with external
catalogues (Hogg et al. 2019) and standard candles like red clump
stars (Bovy et al. 2014). We note that the systematic bias in distance
measurements at large distances for APOGEE DR16 as described in
Bovy et al. (2019) have been reduced drastically in APOGEE DR17.
Therefore, we are confident that this bias will not lead to unforeseen
issues during the calculation of the orbital parameters. Our samples
are contained within a distance range of ~20 kpc and have a mean
derr/d ~0.13 (except for the Sagittarius dSph, which extends up to
~30 kpc and has a mean derr/d ~0.16).

We use the 6-D phase space information’ and convert between
astrometric parameters and Galactocentric cylindrical coordinates,
assuming a solar velocity combining the proper motion from Sgr A*
(Reid & Brunthaler 2020) with the determination of the local standard
of rest of Schonrich et al. (2010). This adjustment leads to a 3D

2 github.com/callendeprieto/ferre
3 The positions, proper motions, and distances are taken/derived from Gaia
EDR3 data, whilst the radial velocities are taken from APOGEE DR17.
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velocity of the Sun equal to [Ug, Vo, We] = [-11.1, 248.0, 8.5]
km s~!. We assume the distance between the Sun and the Galactic
Centre to be Ry = 8.178 kpc (Gravity Collaboration et al. 2019),
and the vertical height of the Sun above the midplane zg = 0.02 kpc
(Bennett & Bovy 2019). Orbital parameters were then determined
using the publicly available code galpy* (Bovy 2015; Mackereth
& Bovy 2018), adopting a McMillan (2017) potential and using the
Stickel approximation of Binney (2012).

The parent sample employed in this work is comprised of stars
that satisfy the following selection criteria:

o APOGEE-determined atmospheric parameters: 3500 < Tef <
5500 K and log g < 3.6,

o APOGEE spectral S/N > 70,

e APOGEE STARFLAG = 0,

o astroNN distance accuracy of do,err/de < 0.2,

where dg and dgerr are heliocentric distance and its uncertainty, re-
spectively. The S/N criterion was implemented to maximise the qual-
ity of the elemental abundances. The Teg and log g criteria aimed to
minimise systematic effects at high/low temperatures, and to minimise
contamination by dwarf stars. We also removed stars with STARFLAG
flags set, in order to not include any stars with issues in their stellar
parameters. A further 7,750 globular cluster stars were also removed
from consideration using the APOGEE Value Added Catalogue of
globular cluster candidate members from Schiavon et al. (2022, in
prep.), (building on the method from Horta et al. 2020, using pri-
marily radial velocity and proper motion information). Finally, stars
belonging to the Large and Small Magellanic clouds were also ex-
cluded using the sample from Hasselquist et al. (2021) (removing
3,748 and 1,002 stars, respectively). The resulting parent sample con-
tains 199,030 stars.

In the following subsection we describe the motivation behind
the selection criteria employed to select each substructure in the stellar
halo of the Milky Way. The criteria are largely built on selections
employed in previous works and are summarised in Table 1 and in
Figure 1.

2.1 Identification of substructures in the stellar halo

We now describe the method employed for identifying known sub-
structures in the stellar halo of the Milky Way. We set out to select
star members belonging to the various halo substructures.

We strive to identify substructures in the stellar halo by employ-
ing solely orbital parameter and phase-space information where pos-
sible, with the aim of obtaining star candidates for each substructure
population that are unbiased by any chemical compositionselection.

We take a handcrafted approach and select substructures, based
on simple and reproducible selection criteria that are physieally mo-
tivated by the data and/or are used in previous{works, instead of
resorting to clustering software algorithms, which we find cluster the
n-dimensional space into too many fragments and vary,wildly depend-
ing on the input parameters to the clustering model. In the following
subsections we describe the selection’procedure for identifying each
substructure independently.

We note that our samples for ‘the various substructures are de-
fined by a strict application to the APOGEE survey data of the criteria
defined by other groups,.oftenronsthe basis of different data sets. The
latter were per force collected as part of a different observational ef-
fort, based on specific target selection criteria. It is not immediately
clear whether or{ how “differences between the APOGEE selection
function and”thosenef-other catalogues may imprint dissimilarities
between our samples and those of the original studies. We neverthe-
less do notiexpeet such effects to influence our conclusions, regarding
the/chemical eompositions of these structures, in an important way.

4 https:/docs.galpy.org/en/v1.6.0/.

Substructure in the Galactic stellar halo 3

2.1.1 Sagittarius

Since its discovery (Ibata et al. 1994), many studies have sought to
characterise the nature of the Sagittarius dwarf spheroidal (hereafter
Sgr dSph; e.g., Ibata et al. 2001; Majewski et al. 2003; Johnston
et al. 2005; Belokurov et al. 2006; Yanny et al. 2009b; Koposov
et al. 2012; Carlin et al. 2018; Antoja et al. 2020; Ibata et al. 2020;
Vasiliev & Belokurov 2020), as well as interpret its effect on the
Galaxy using numerical simulations (e.g., Johnston et al. 1995; Ibata
et al. 1997; Law et al. 2005; Law & Majewski 2010; Purcell et al.
2011; Goémez et al. 2013). More recently, the Sgr dSph has been the
subject of comprehensive studies on the basis of APOGEE data. This
has enabled a detailed examination of its chemical compositions,
both in the satellite’s core and in its tidal tails (e.g., Hasselquist
et al. 2017, 2019; Hayes et al. 2020). Moreover, in a more recent
study, Hasselquist et al. (2021) adopted chemical evolution models
to infer the history of star formation and chemical evolution of the
Sgr dSph. Therefore, in this paper the Sgr dSph is considered simply
as a template massive satellite whose chemical properties can be
contrasted to those of the halo substructures that are the focus of our
study.

While it is possible to select high confidence Sgr dSph.star
candidates using Galactocentric positions and velocities (Majewski
et al. 2003), Hayes et al. (2020) showed it is possible t6 make an.€ven
more careful selection by considering the motion-of starsin-a well-
defined Sgr orbital plane. We identify Sgr star members by following
the method from Hayes et al. (2020). Altheugh, the method is fully
described in their work, we summarise the key"steps for clarity and
completeness. We take the Galactocentric\positions and velocities of
stars in our parent sample and rotateithem into the Sgr orbital plane
according to the transformations described/in Majewski et al. (2003).
This yields a set of position-and«wvelocity coordinates relative to the
Sgr orbital plane, but still centered on the Galactic Centre. As pointed
out in Hayes et al. (2020), Sge, star members should stand out with
respect to other halofpopulations in different Sgr orbital planes. Using
this orbital plane transformation, we select from the parent sample
Sgr star members if'they satisfy the following selection criteria:

* B¢l <30 (°),

o I8 L, gor < 14 (x10 kpc kms™!),
—150 9V, sor < 80 (kms™),

Xsgr > 0 or Xggr < ~15 (kpe),

Ysgr > =5 (kpc) or Yggr < -20 (kpe),
Zggr > —10 (kpo),

pmg > -4 (mas),

do > 10 (kpc),

where Bgc is the angle subtended between the Galactic Centre and
the Sgr dSph, L, s is the azimuthal component of the angular mo-
mentum in the Sgr plane, V, so; is the vertical component of the
velocity in the Sgr plane, (Xsgr, Ysgr, Zsgr) are the cartesian coor-
dinates centred on the Sgr dSph plane, pm,, is the right-ascension
proper motion, and d is the heliocentric distance, which for Sgr has
been shown to be ~ 23 kpc (Vasiliev & Belokurov 2020) (although
we follow the distance cut from Hayes et al. (2020) for this work, to
prevent the exclusion of more nearby parts of the Sgr stream). Our
selection yields a sample of 266 Sgr star members, illustrated in the
L, ser V8 Vy,sgr plane in Fig 2.

2.1.2 Heracles

Heracles is a recently discovered metal-poor substructure located in
the heart of the Galaxy (Horta et al. 2021). It is characterised by stars
on eccentric and low energy orbits. Due to its position in the inner few
kpc of the Galaxy, it is highly obscured by dust extinction and vastly
outnumbered by its more abundant metal-rich (in situ) co-spatial
counterpart populations. Only with the aid of chemical compositions
has it been possible to unveil this metal-poor substructure, which is
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Figure 1. Distribution of the identifed substructures in the Kiel diagram. The parent sample, as defined in Seetion2is'plotted as a 2D histogram, where white/black
signifies high/low density regions. The coloured markers illustrate the different halo substructures studied in this work. For the bottom right panel, green points
correspond to Pontus stars, whereas the purple point is associated with Icarus. Additionally, in the Aleph and Nyx panels, we also highlight with purple edges
those stars that overlap between the APOGEE DR17 sample and the samples determined in Naidu et.al. (2020) and Necib et al. (2020), respectively, for these halo
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Figure 2. Parent sample“used in this' work in the L, sgr V8 V s¢r plane (see
Section 2.1.1 for details). Here, Sgt stars clearly depart from the parent sample,
and are easily distinguishable by applying the selection criteria from Hayes
et al. (2020), demarked in this illustration by the orange markers.

diseernible in the [Mg/Mn]-[Al/Fe] plane. It is important at this stage
that we. mention a couple of recent studies which, based chiefly on
the properties of the Galactic globular cluster system, proposed the
occurrence of an early accretion event whose remnants should have
similar properties to those of Heracles (named Kraken and Koala,
by Kruijssen et al. 2020; Forbes 2020, respectively). In the absence

of a detailed comparison of the dynamical properties and detailed
chemical compositions of Heracles with these putative systems, and
recent’ results by Pagnini et al. (2022), a definitive association is
impossible at the current time.

In this work we define Heracles candidate star members follow-
ing the work by Horta et al. (2021), and select stars from our parent
sample that satisfy the following selection criteria:

e ¢>0.6,

e —2.6<E<-2(x10° km?Zs72),

e [Al/Fe] <-0.07 & [Mg/Mn] > 0.25,

o [Al/Fe] > -0.07 & [Mg/Mn] > 4.25x[Al/Fe] + 0.5475.

Moreover, we impose a [Fe/H] > —1.7 cut to select Heracles candidate
star members in order to select stars from our parent sample that have
reliable Mn abundances in APOGEE DR17. Our selection yields a
resulting sample of 300 Heracles star members.

2.1.3  Gaia-Enceladus/Sausage

Recent studies have shown that there is an abundant population of stars
in the nearby stellar halo (namely, Rgc < 20-25 kpc) belonging to the
remnant of an accretion event dubbed the Gaia-Enceladus/Sausage
(GES, e.g., Belokurov et al. 2018; Haywood et al. 2018; Helmi et al.
2018; Mackereth et al. 2019). This population is characterised by
stars on highly radial/eccentric orbits, which also appear to follow a
lower distribution in the a-Fe plane, presenting lower [a/Fe] values
for fixed metallicity than in situ populations.

For this paper, we select GES candidate star members by em-
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ploying a set of orbital information cuts. Specifically, GES members
were selected adopting the following criteria:

o |L.| <0.5(x10% kpc km™1),
e 1.6 <E <—1.1(x10° km?2s~2).

This selection is employed in order to select the clump that becomes
apparent in the E-L, plane at higher orbital energies and roughly
L; ~ 0 (see Fig 4), and to minimise the contamination from high-
a disc stars on eccentric orbits (namely, the "Splash" Bonaca et al.
2017; Belokurov et al. 2020), which sit approximately at E~—1.8x1 0’
kmZs~2 (see Kisku et al, in prep). The angular momentum restriction
ensures we are not including stars on more prograde/retrograde orbits.
We find that by selecting the GES substructure in this manner, we
obtain a sample of stars with highly radial J g ~1x10% kpc kms~!) and
therefore highly eccentric (e~0.9) orbits, in agreement with selections
employed in previous studies to identify this halo substructure (e.g.,
Mackereth & Bovy 2020; Naidu et al. 2020; Feuillet et al. 2021; Buder
et al. 2022). The final GES sample is comprised of 2,353 stars.

We note that in a recent paper, Hasselquist et al. (2021) under-
took a thorough investigation into the chemical properties of this halo
substructure and compared it to other massive satellites of the Milky
Way (namely, the Magellanic Clouds, Sagittarius dSph, and Fornax).
Although their selection criteria differs slightly from the one em-
ployed in this study, we find that their sample is largely similar to the
one employed here, as both studies employed APOGEE DR17 data.

2.1.4 Retrograde halo: Sequoia, Thamnos, Arjuna, and I'ltoi

A number of substructures have been identified in the retrograde halo.
The first to be discovered was Sequoia (Barb4 et al. 2019; Matsuno
etal. 2019; Myeong et al. 2019), which was suggested to be the rem-
nant of an accreted dwarf galaxy. The Sequoia was identified given
the retrograde nature of the orbits of its stars, which appear to form
an arch in the retrograde wing of the Toomre diagram. Separately,
an interesting study by Koppelman et al. (2019a) showed that the
retrograde halo can be further divided into two components, sepa-
rated by their orbital energy values in the E-L, plane. They suggest
that the high energy component corresponds to Sequoia, whilst the
lower energy population would be linked to a separate accretion event,
dubbed Thamnos. In addition, Naidu et al. (2020) proposed the exis-
tence of additional retrograde substructure overlapping with Sequoia,
characterised by different metallicities, which they named Arjuna and
I'Itoi.

As the aim of this paper is to perform a comprehensive study
of the chemical abundances of substructures identified in thehalo,
we utilise all the selection methods used in prior work and select the
same postulated substructures in multiple ways, in order to compare
their abundances later. Specifically, we build on previous werks (€.g.,
Myeong et al. 2019; Koppelman et al. 2019a; Naidu et al: 2020)
that have aimed to characterise the retrograde halo and select the
substructures following a similar selection criteria.

For reference, throughout this work we will refer to the different
selection criteria of substructures in the'retrograde halo as the "M19",
"K19", and "N20" selections, in reference to.the Myeong et al. (2019),
Koppelman et al. (2019c), and Naidu'et.al. (2020) studies that deter-
mined the Sequoia substructure, respectively. We will now go through
the details of each selection.method independently.

The M19 method«(used, in Myeong et al. 2019) selects Sequoia
star candidates by jidentifying’stars that satisfy the following condi-
tions:

o E>—1.5 (x10%kmZs2),
[ ] J¢/Jmt < —0.5,
. J(JZ—JR)/Jtot <0.1.

Here, J4, JR, and J; are the azimuthal, radial, and vertical actions,
and Jyo.d$ the quadrature sum of those components. This selection
yields a total of 116 Sequoia star candidates.
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Figure 3. Metallicity distribution function of the high-energy retrograde sam=
ple determined using the selection criteria from Naidu et al. (2020).7The
dashed black vertical lines define the division of this sample used by, Naidu
et al. (2020) to divide the three high-energy retrograde substructures: Arjuna,
Sequoia, and I’itoi. This MDF dissection is based both on’the values.used
in Naidu et al. (2020), and the distinguishable peaks in this<plane-(we do
not use a replica value of the [Fe/H] used in Naidu et al. (2020)-in order to
account for any possible metallicity offsets between the APOGEE and H3 sur-
veys). We note that by purely selecting the high-energy:retrograde structures
in APOGEE DR17-Gaia-DR3 as done so inNaidu'et al; (2020) leads to some
contamination from Magellanic Cloud stars notiincluded in the sample from
Hasselquist et al. (2021) that we removediearlier. We exclude these stars by
performing an additional [Fe/H]<-0.7 and d5<20 kpc cut.

The K19 method (used"in,Koppelman et al. 2019c¢) identifies
Sequoia star members,based on the following selection criteria:

o —0.65 < n'<=0.4,
o —1.35 <E < = (x10° km?s72),
e L <0 (kpc ks,

whete n isithe’ circularity. These selection criteria yield a total of 45
Sequoia stars.

Lastly, we select the Sequoia based on the N20 selection criteria
(used in Naidu et al. 2020) as follows:

e 1 <-0.15,
e E>—1.6(x10° km%s72),
o L, <-0.7 (10% kpc kms™1).

This selection produces a preliminary sample comprised of 478 stars.
However, we note that by purely selecting the high-energy retrograde
structures in APOGEE DR17-Gaia-DR3 as done so in Naidu et al.
(2020) leads to some contamination from Magellanic Cloud stars not
included in the sample from Hasselquist et al. (2021) that we removed
earlier. We further exclude these stars by performing an additional
[Fe/H]>-0.7 and d5<20 kpc cut. This leads to a high-energy retro-
grade sample comprising of 227 Sequoia stars. Furthermore, Naidu
et al. (2020) used this selection to define not only Sequoia, but all the
substructures in the high-energy retrograde halo (including the Ar-
juna and I’itoi substructures). In order to distinguish Sequoia, I’itoi,
and Arjuna, Naidu et al. (2020) suggest performing a metallicity cut,
motivated by the observed peaks in the metallicity distribution func-
tion (MDF) of their retrograde sample. Thus, we follow this procedure
and further refine our Sequoia, Arjuna and I’itoi samples by requiring
—1.6 < [Fe/H] cut for Arjuna, -2 < [Fe/H] < —1.6 for Sequoia, and
[Fe/H] < -2 for Iitoi, based on the distribution of our initial sample
in the MDF (see Fig 3). This further division yields an N20 Sequoia
sample comprised of 72 stars, an Arjuna sample constituted by 132
stars, and an I’itoi sample comprised of 25 stars.
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Following our selection of substructures in the high-energy ret-
rograde halo, we set out to identify stars belonging to the intermediate-
energy and retrograde Thamnos 1 and 2 substructures. Koppelman
et al. (2019c¢) state that Thamnos 1 and 2 are separate debris from
the same progenitor galaxies. For this work we consider Thamnos as
one overall structure, given the similarity noted by Koppelman et al.
(2019c) between the two smaller individual populations in chemistry
and kinematic planes. Stars from our parent sample were consid-
ered as Thamnos candidate members if they satisfied the following
selection criteria:

o —1.8<E<-1.6(x10° km?s72),
o L, <0 (kpckms™),
e ¢<0.7,

These selection cuts are performed in order to select stars in our parent
sample with intermediate orbital energies and retrograde orbits (see
Fig 4 for the position of Thamnos in the E-L), motivated by the
distribution of the Thamnos substructure in the E-L; plane illustrated
by Koppelman et al. (2019c¢). This selection yields a Thamnos sample
comprised of 121 stars.

2.1.5 Helmi stream

The Helmi stream was initially identified as a substructure in or-
bital space due to its high V, velocities (Helmi et al. 1999). More
recent work by Koppelman et al. (2019b) characterised the Helmi
stream in Gaia DR2, and found that this stellar population is best
defined by adopting a combination of cuts in different angular mo-
mentum planes. Specifically, by picking stellar halo stars based on the
azimuthal component of the angular momentum (L;), and its perpen-

dicular counterpart (L, = 4 IL%C + L%), the authors were able to select
a better defined sample of Helmi stream star candidates. We build on
the selection criteria from Koppelman et al. (2019b) and define our
Helmi stream sample by including stars from our parent population
that satisfy the following selection criteria:

e 0.75 <L, < 1.7 (x103 kpc kms™1),
e 1.6 <Ly <3.2(x103 kpc kms™1).

Our final sample is comprised of 85 Helmi stream stars members.

2.1.6 Aleph

Aleph is a newly discovered substructure presented in a detailed study
of the Galactic stellar halo by Naidu et al. (2020) on the basis of the H3
survey (Conroy et al. 2019). It was initially identified as a'sequence
below the high a-disc in the a-Fe plane. It is comptised by ‘stars on
very circular prograde orbits. For this paper, we follow,the method
described in Naidu et al. (2020) and define“Aléphsstar candidates as
any star in our parent sample which satisfies the following selection
criteria:

175 < V4 < 300 (kms™!),
Vgl <75 (kms™!),
[Fe/H] > -0.8,

[Mg/Fe] < 0.27,

where V4 and Vg, are the azimuthal and radial components of the
velocity vectord(in ‘Galactocentric cylindrical coordinates), and we
use Mg as our.« tracer¢lement. The selection criteria yield a sample
comprised of 128,578 stars. We find that the initial selection criteria
determine a preliminary Aleph sample that is dominated by in situ
disesstars;likely obtained due to the prograde nature of the velocity
cuts employed as well as the chemical cuts. Thus, in order to remove
disc contamination and select true Aleph star members, we employ
two further cuts in vertical height above the plane (namely, |z| > 3
kpc) and in vertical action (i.e., 170 < J, < 210 kpc kms™!), which
are motivated by the distribution of Aleph in these coordinates (see

Section 3.2.2 from Naidu et al. 2020). We also note that the vertical
height cut was employed in order to mimic the H3 survey selection
function. After including these two further cuts, we obtain a final
sample of Aleph stars comprised of 28 star members.

2.1.7 LMS-1

LMS-1 is a newly identified substructure discovered by Yuan et al.
(2020). It is characterised by metal poor stars that form an overdensity
at the foot of the omnipresent GES in the E-L, plane. This substruc-
ture was later also studied by Naidu et al. (2020), who referred to it
as Wukong. We identify stars belonging to this substructure adopting
a similar selection as Naidu et al. (2020), however adopting different
orbital energy criteria to adjust for the fact that we adopt the McMillan
(2017) Galactic potential (see Fig 23 from Appendix B in that study).
Stars from our parent sample were deemed LMS-1 members if they
satisfied the following selection criteria:

e 02<L; <1(x10%kpec kms™),
e —1.7 <E <-12(x10° km™2s72),
e [Fe/H] < -1.45,

e 04<e<0.7,

e |z| > 3 (kpc).

We note that the ¢ and z cuts were added to.the selection criteria listed
by Naidu et al. (2020). This is because/we conjectured that instead
of eliminating GES star members from ‘our selection (as Naidu et al.
(2020) do), it is more natural in principle to find additional criteria
that distinguishes these two overlapping substructures. Thus, we select
stars on less eccentric orbitsithan those belonging to GES, but still
more eccentric than most of the.Galactic disc (i.e., 0.4 < e < 0.7).
Furthermore, in order torensure we are observing stars at the same
distances above the Galactic plane as in Naidu et al. (2020) (defined
by the selection function of the H3 survey), we add a vertical height
cut of |z] > 3({(kpc).{Our selection identifies 31 stars belonging to the
LMS-1 substructure.

2.1.8 “Nyx

Nyx has recently been put forward by Necib et al. (2020), who iden-
tified a stellar stream in the solar neighbourhood, that they suggest
to be the remnant of an accreted dwarf galaxy (Necib et al. 2020).
Similar to Aleph, it is characterised by stars on very prograde orbits,
at relatively small mid-plane distances (]Z] < 2 kpc) and close to the
solar neighbourhood (i.e., |Y| < 2 kpc and [X]| < 3 kpc). The Nyx
structure is also particularly metal-rich (i.e., [Fe/H] ~ —0.5). Based
on the selection criteria used in Necib et al. (2020), we select Nyx
star candidates employing the following selection criteria:

e 110 <V, <205 (kms™)),
® 90 <V < 195 (kms™!),
e [X| <3 (kpe), [Y] < 2 (kpe), IZ] < 2 (kpc).

The above selection criteria yield a sample comprising of 589 Nyx
stars.

2.1.9 Icarus

Icarus is a substructure identified in the solar vicinity, comprised by
stars that are significantly metal-poor ([Fe/H] ~ —1.45) with circular
(disc-like) orbits (Re Fiorentin et al. 2021). In this work, we select
Icarus star members using the mean values reported by those authors
and adopting a two sigma uncertainty cut around the mean. The
selection used is listed as follows:

e [Fe/H] <-1.05,

e [Mg/Fe] <0.2,
o 1.54 <L, <221 (x103 kpc kms™1),
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o L, <450 (kpc kms™1),
e ¢<0.2,
® Zmax < 1.5 (kpc).

These selection criteria yield an Icarus sample comprised of one
star. As we have only been able to identify one star associated with
this substructure, we remove it from the main body of this work and
focus on discerning why our selection method only identifies 1 star
in Appendix A. Furthermore, we combine the one Icarus star found
in APOGEE DR17 with 41 stars found by Re Fiorentin et al. (2021)
in APOGEE DR16, in order to study the nature of this substructure
in further detail. Our results are discussed in Appendix A.

2.1.10 Pontus

Pontus is a halo substructure recently proposed by Malhan et al.
(2022), on the basis of an analysis of Gaia EDR3 data for a large
sample of Galactic globular clusters and stellar streams. These authors
identified a large number of groupings in action space, associated with
known substructures. Malhan et al. (2022) propose the existence of a
previously unknown susbtructure they call Pontus, characterised by
retrograde orbits and intermediate orbital energy. Pontus is located
just below Gaia-Enceladus/Sausage in the E-Lz plane, but displays
less radial orbits (Pontus has an average radial action of Jg~500 kpc
kms™!, whereas Gaia-Enceladus/Sausage displays a mean value of
Jr~1,250 kpc kms_l), In this work, we utilise the values listed in
Section 4.6 from Malhan et al. (2022) to identify Pontus candidate
members in our sample. We note that because both that study and ours
use the McMillan (2017) potential to compute the IoM, the orbital
energy values will be on the same scale. Our selection criteria for
Pontus are the following:

-1.72 <E < -1.56 (x10° km~2s72),
470 < L, <5 (x10? kpc kms™1),
245 < Jg < 725 (kpc kms™1),

115 < J, < 545 (kpc kms™1),

390 < L, < 865 (kpc kms™!),
05<e<0.8,

I< Rperi < 3 (kpc),

8 < Rapo < 13 (kpo),

[Fe/H] < -1.3,

where Rperi and Rapo are the perigalacticon and apogalacticon-fadii,
respectively. Using these selection criteria, we identify two Pontus
candidate members in our parent sample. As two stars,comprise, a
sample too small to perform any statistical comparison, ‘we refrain
from comparing the Pontus stars in the main body of“this work.
Instead, we display and discuss the chemistry of ‘these_two Pontus
stars in Appendix B, for completeness.

2.1.11 Cetus

As a closing remark, we note that\we attempted to identify candidate
members belonging to.the Cetus (Newberg et al. 2009) stream. Using
the selection criteria*defined in Table 3 from Malhan et al. (2022),
we found no stars/associated with this halo substructure that satisfied
the selection.€riteria of/our parent sample. This is likely due to a
combinationyof two factors: (i) Cetus is a diffuse stream orbiting
at large“heliocentric distances (do 230 kpc, Newberg et al. 2009),
which APOGEE does not cover well; (ii) it occupies a region of the
sky around the southern polar cap, where APOGEE does not have
manyfield pointings, at approximately /~143° and b~-70° (Newberg
et al. 2009).
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3 KINEMATIC PROPERTIES

In this Section, we present the resulting distributions of the identified
halo substructures in the orbital energy (E) versus the azimuthal com-
ponent of the angular momentum (L) plane in Fig 4. The parent sam-
ple is illustrated as a density distribution and the halo substructures
are shown using the same colour markers as in Fig 1. By construction,
each substructure occupies a different locus in this plane. However,
we do notice some small overlap between some of the substructures
(for example, between GES and Sequoia, or GES and LMS-1), given
their similar selection criteria. More specifically, we find that Hera-
cles dominates the low energy region (E < —2x10 km~2s~2), whereas
all the other substructures are characterised by higher energies. As
shown before (e.g., Koppelman et al. 2019c; Horta et al. 2021), we
find that GES occupies a locus at low L, and relatively high E, which
corresponds to very radial/eccentric orbits. We find the retrograde
region (i.e., L; < 0 x10% kpc kms™') to be dominated by Thamnos
at intermediate energies (E ~ —1.7x 10° km~2s~2), and by Sequoia,
Arjuna and I’itoi at higher energies (E > —1.4x10% km~2572); on the
other hand, in the prograde region (L, > 0 x10° kpc kms™!), we
find the LMS-1 and Helmi stream structures, which occupy a<locus
at approximately E ~ ~1.5x10° km~2s2 and L, ~ 500 kp¢ kms ™!,
and E ~ —1.4x10° km~2s~2 and L, ~ 1,000 kpc kms_l, respectively.
Furthemore, the loci occupied by the Aleph and NyX substructures
closely mimic the region defined by disc orbits. Lastly; sitting above
all other structures we find the Sagittarius dSph, whichyoccupies a
position at high energies and spans a range.of\angular momentum
between 0 < L, < 2,000 kpc kms™!,

4 CHEMICAL COMPOSITIONS

In this Section we turn our attention to the main focus of this work: a
chemical abundance study of.substructures in the stellar halo of the
Milky Way. In this Section, we seek to first characterise these sub-
structures qualitatively‘in multiple chemical abundance planes that
probe different nucleosynthetic pathways. In Section 5 we then com-
pare mean.chemical compositions across various substructures in a
quantitative fashion. Our aim is to utilise the chemistry to further un-
ravel‘the nature and properties of these halo substructures, and in turn
place constraints on their star formation and chemical enrichment his-
toriesy, We also aim to compare their chemical properties with those
ftom in situ populations (see Fig 5 for how we determine in situ popu-
lations). By studying the halo substructures using different elemental
species we aim to develop an understanding of their chemical evolu-
tion contributed by different nucleostynthetic pathways, contributed
either by core-collapse supernovae (SNII), supernovae type la (SNIa),
and/or Asymptotic Giant Stars (AGBs). Furthermore, as our method
for identifying these substructures relies mainly on phase space and
orbital information, our analysis is not affected by chemical composi-
tion biases (except for the case of particular elements in the Heracles,
Aleph, LMS-1, Arjuna, I’itoi, and (H3) Sequoia sample).

Our results are presented as follows. In Section 4.1 we present
the distribution of the halo substructures in the a-Fe plane, using
Mg as our @ element tracer. In Section 4.2, we show the distribution
of these substructures in the Ni-Fe abundance plane, which provides
insight into the chemical evolution of the iron-peak elements. Section
4.3 displays the distribution of the halo substructures in an odd-Z-Fe
plane, where we use Al as our tracer element. Furthermore, we also
show the C and N abundance distributions in Section 4.4, the Ce abun-
dances (namely, an s-process neutron capture element) in Section 4.5,
and the distribution of the halo substructures in the [Mg/Mn]-[Al/Fe]
plane in Section 4.6 3. This last chemical composition plane is in-

5 For each chemical plane, we impose a further set of cuts of X_FE_FLAG=0
and [X/Felerror<0.15 to ensure there are no unforeseen issues when determin-
ing the abundances for these halo substructures in ASPCAP.
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Name Selection criteria Ntars

Heracles e >06; 2.6 < E < -2 (x10° km?s~2); [Al/Fe] < -0.07 & [Mg/Mn] > 0.25; 300
[Al/Fe] > -0.07; [Mg/Mn] > 4.25x[Al/Fe] + 0.5475; [Fe/H] > -1.7

Gaia-Enceladus/Sausage IL.| < 0.5 (x103 kpc km s™1) ; 1.6 < E < —1.1 (x10° km?s~2) 2353

Sagittarius IBocl < 30 (°); 1.8 < L gor < 14 (x103 kpe kms™!); —150 < V_ gor < 80 (kms™!); 266
Xsgr > 0 (kpc) or Xggr <—15 0 (kpc); Ysgr > =5 (kpc) or Ysgr < =20 (kpc); Zsgr >
-10 (kpc); pmg, > —4 (mas); do > 10 (kpc)

Helmi stream 0.75 <L, < 1.7 (x10% kpc kms™1); 1.6 < L, < 3.2 (x10? kpc kms™!) 85

(M19) Sequoia E>-1.5 (x10° km?s72); J /Ji01<=0.5; J1__y ) it <0.1 116

(K19) Sequoia 0.4<1<0.65; —1.35<E<—1 (x10° km?s~2); L. <0 (kpc kms™") 45

(N20) Sequoia 7>0.15; E>—1.6 (x10° km?s™2); L, <-0.7 (x10 kpc kms™1); -2 < [Fe/H] < -1.6 72

Thamnos ~1.8 <E <—1.6 (x10° km?s72); L, < 0 (kpc kms™!); e < 0.7 121

Aleph 175 < V4 <300 (kms™); [Vg| < 75 (kms™'); Fe/H > -0.8; Mg/Fe < 0.27; |z| > 3 28
(kpe); 170 < J, < 210 (kpc kms™!)

LMS-1 0.2 <L, < 1(x10% kpc kms™); 1.7 < E < —1.2 (x10° km~2s~2); [Fe/H] < —1.45; 31
04 <e<0.7;]z] > 3 (kpc)

Arjuna 7> 0.15;E > -1.6 (x10° km?s~2); L. < 0.7 (x10% kpc kms™); —1.6 < [Fe/H] 132

Titoi 7>0.15;E > -1.6 (x10° km2s~2); L. < 0.7 (x10% kpc kms™!); [Fe/H] < -2 25

Nyx 110 < Vg <205 (kms™1); 90 Vg <195 (kms_l); IX| < 3 (kpe), Y] < 2 (kpe), IZ] < 589
2 (kpe)

Icarus [Fe/H] < -1.45; [Mg/Fe] < 0.2; 1.54 < L, < 2.21 (x10% kpc kms™1); L <450 1
(kpc kms™1); e < 0.2; zmax < 1.5

Pontus ~1.72 < E < -1.56 (x10° km~2572); 470 < L < 5 (x10? kpc kms 1245 < I < 2

725 (kpe kms™); 115 < J, < 545 (kpc kms™); 390 < E{"&865:(kpc kms~!); 0.5
<e<0.8; 1< Rperi <3 (kpc); 8 < Rapo < 13 (kpe); [Fe/H] <.—1.3

Table 1. Summary of the selection criteria employed to identify the halo substructures, and the number of stars obtained for each sample. For a more thorough
description of the selection criteria used in this work, see Section 2.1. We note that all the orbital patameter values used are obtained adopting a McMillan (2017)
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Figured. Distribution of the identified halo substructures in the orbital energy (E) versus angular momentum w.r.t. the Galactic disc (L) plane. The parent sample
is plotted‘as a 2D histogram, where white/black signifies high/low density regions. The coloured markers illustrate the different structures studied in this work, as
denoted by the arrows (we do not display Pontus(Icarus) as we only identify 2(1) stars, respectively). The figure is split into two panels for clarity.
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Figure 5. Parent sample in the Mg-Fe plane. The solid red lines indicate
cut employed to select the in situ high- and low-a samples that we use in
our y? analysis, where the diagonal dividing line is defined as [Mg/Fe] >
—0.167[Fe/H] + 0.15.

teresting to study as it has recently been shown to help distinguish
stellar populations from "in situ" and accreted origins (e.g., Hawkins
et al. 2015; Das et al. 2020; Horta et al. 2021). Upon studying the
distribution of the substructures in different chemical composition
planes, we finalise our chemical composition study in Section 5 by
performing a quantitative comparison between the substructures stud-
ied in this work for all the (reliable) elemental abundances available
in APOGEE. For simplicity, we henceforth refer to the [X/Fe]-[Fe/H]
plane as just the X-Fe plane.

As mentioned in Section 2, we exclude the Pontus and Icarus sub-
structures from our quantitative chemical comparisons as the number
of candidate members of these substructures in the APOGEE cata-
logue is too small. The properties of Icarus and Pontus are briefly
discussed in Appendices A and B, respectively.

4.1 a-elements

We first turn our attention to the distribution of the substructures in
the a-Fe plane. This is possibly the most interesting chemical compo-
sition plane to study, as it can provide great insight into the star forma-
tion history and chemical enrichment processes of each subtructute
(e.g., Matteucci & Greggio 1986; Wheeler et al. 1989; McWilliam
1997; Tolstoy et al. 2009; Nissen & Schuster 2010; Bensby et al.
2014). Specifically, we seek to identify the presence of the'@=Fe knee.
For this work, we resort to magnesium as our primary & element, as
this has been shown to be the most reliable”@, element in previous
APOGEE data releases (e.g., DR16; Jonsson etwal? 2020). For the
distributions of the remaining @ elements determined by ASPCAP
(namely, O, Si, Ca, S, and Ti), we refer the reader to Fig D1-Fig. DS
in Appendix D.

Figure 6 shows the distribution of each substructure in the Mg-Fe
plane (coloured markers) compared to the parent sample (2D density
histogram). We find that allthe substructures —except for Aleph and
Nyx— occupy a locus'in this plane which is typical of low mass satel-
lite galaxies and accreted,populations of the Milky Way (e.g., Tolstoy
et al. 2009; Hayesiet al..2018; Mackereth et al. 2019), characterised
by low metallicity,and lower [Mg/Fe] at fixed [Fe/H] than in situ disc
populations..Moreover, we find that different substructures display
distinct [Mg/Ee] values, implying certain differences despite their
overlap in [Fe/H]. However, we also note that at the lowest metallici-
ties ([Fe/H] < —1.8), the overlap between different halo substructures
increases.
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Next we discuss the distribution on the Mg-Fe plane of stars in
our sample belonging to each halo substructure.

e Sagittarius: As shown in previous studies ( e.g., Monaco et al.
2005; Sbordone et al. 2007; Carretta et al. 2010; McWilliam et al.
2013; Hasselquist et al. 2017, 2019; Hayes et al. 2020; Minelli et al.
2021), the stellar populations of the Sgr dSph galaxy are charac-
terised by substantially lower [Mg/Fe] than even the low-a disc at
the same [Fe/H] and traces a tail towards higher [Mg/Fe] with de-
creasing [Fe/H]. Conversely, at the higher [Fe/H] end, we find that
Sgr stops decreasing in [Mg/Fe] and shows an upside-down "knee",
likely caused by a burst in SF at late times that may be due to its
interaction with the Milky Way (e.g., Hasselquist et al. 2017, 2021).
Such a burst of star formation intensifies the incidence of SNe II,
with a consequent boost in the ISM enrichment in its nucleosynthetic
by-products, such as Mg, over a short timescale (~ 107 yr). Because
Fe is produced predominantly by SN Ia over a considerably longer
timescale (~ 108 — 10° yr), Fe enrichment lags behind, causing a
sudden increase in [Mg/Fe].

e Heracles: The [Mg/Fe] abundances of the Heracles structure
occupy a higher locus than that of other halo substructures of/$imilar
metallicity, with the exception of Thamnos. As discussed in‘Horta
etal. (2021), the distribution of Heracles in the a-Fe plane is peculiar,
differing from that of GES and other systems by thé absence of the
above-mentioned a-knee. As conjectured in Horta‘et ak. (2021), we
suggest that this distribution results from an early quenching of star
formation, taking place before SN Ia could Contribute-Substantially to
the enrichment of the interstellar medium (ISM).

e Gaia-Enceladus/Sausage: Taking intosaccount the small yet
clear contamination from the high-a disc at'higher [Fe/H] (see Fig 7
for details), the distribution of GES,dominates the metal-poor and
a-poor populations of the Mg-Fe plane (as pointed out in previous
studies e.g., Helmi et al32018; Hayes et al. 2018; Mackereth et al.
2019), making it easily distingwishable from the high-/low-a discs.
We find that GES reaches ‘almost solar metallicities, displaying the
standard distribution in the Mg-Fe plane with a change of slope —the
so-called “a-knee’— occurring at approximately [Fe/H]~-1.2 (Mack-
ereth et al?2019). The metallicity of the “knee’ has long been thought
to be anvindicator of the mass of the system (e.g., Tolstoy et al. 2009),
and'indeediitoccurs at [Fe/H]>-1 for both the high- and low-« discs.
As aresult, GES stars in the shin part of the a-knee are characterised
by lower [Mg/Fe] at constant metallicity than disc stars. Interest-
ingly, even at the plateau ([Fe/H]<-1.2), GES seems to present lower
[Mg/Fe] than the high- disc, although this needs to be better quan-
tified. Furthermore, we note the presence of a minor population of
[Mg/Fe] < O stars at —1.8 < [Fe/H] < —1.2, which could be contami-
nation from a separate halo substructure, possibly even a satellite of
the GES progenitor (see Fig 7 for details).

Based purely on the distribution of its stellar populations on the Mg-
Fe plane, one would expect the progenitor of GES to be a relatively
massive system (see Mackereth et al. 2019, for details). The fact
that the distribution of its stellar populations in the Mg-Fe plane
covers a wide range in metallicity, bracketing the knee and extending
from [Fe/H]<-2 all the way to [Fe/H]~—0.5 suggests a substantially
prolonged history of star formation.

e Sequoia: The distribution of the M19, K19, and N20 selected
samples (selected on the criteria described in Myeong et al. (2019),
Koppelman et al. (2019c¢), and Naidu et al. (2020), respectively) oc-
cupy similar [Mg/Fe] values ([Mg/Fe]~0.1) at lower metallicities
([Fe/H] <-1). More specifically, we find that all three Sequoia sam-
ples occupy a similar position in the Mg-Fe plane, one that overlaps
with that of GES and other substructures at similar [Fe/H] values.
Along those lines, we find that the K79 and M19 Sequoia samples
seem to connect with the N20 Sequoia sample, where the N20 sample
comprises the lower metallicity component of the K79/M 19 samples.
We examine in more detail the distribution of the Sequoia stars in the
a-Fe plane in Section 6.1.3.
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Figure 6. The resulting parent sample and identified structures from Fig 4 in the Mg-Fe plane. The mean uncertainties in the abundance measurements for halo
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Figure 7. Gaia-Enceladus/Sausage.(GES) sample in the Mg-Fe plane, colour
coded by the [Al/Fe] abundance'values. The low [Al/Fe] stars are true GES star
candidates, which display the expected low [Al/Fe] abundances observed in
accreted populations (see Section 4.3 for details). Conversely, the high [Al/Fe]
stars are clear contamination from the high- disc, likely associated with disc
stars on very eccentriciand high energy orbits (Bonaca et al. 2017; Belokurov
etal. 2020). A striking feature becomes apparent in this plane: at—1.8 < [Fe/H]
< —0.8] thereuis, a-population of very [Mg/Fe]-poor stars (i.e., [Mg/Fe] below
~0); that could possibly be contamination from a separate halo substructure
(although,these could also be due to unforeseen problems in their abundance
determination).

o Helmi stream: Despite the lower number of members associ-
atedto this substructure, its chemical composition in the Mg-Fe plane
appears to follow a single sequence, with slope and scatter similar to
that ofGES, with the addition of a small number of likely contami-
nants overlapping with the low- and high-alpha disk. Furthermore, it
is confined to low metallicities ([Fe/H]<—1.2) and intermediate mag-
nesium values ([Mg/Fe]~0.2). However, we do note that the stars
identified for this substructure appear to be scattered across a wide
range of [Fe/H] values. Specifically, the Helmi stream occupies a lo-
cus that overlaps with the GES for fixed [Fe/H]. In Fig 20 we show
that the best-fitting piece-wise linear model prefers a knee that is "in-
verted" similar to, although less extreme than, the case of Sgr dSph.
We discuss this in more detail in Section 6.1.4.

o Thamnos: The magnesium abundances of Thamnos suggest that
this structure is clearly different from other substructures in the retro-
grade halo (namely, Sequoia, Arjuna, and I’itoi). It presents a much
higher mean [Mg/Fe] for fixed metallicity than the other retrograde
substructures, and appears to follow the Mg-Fe relation of the high-a
disc. We find that Thamnos presents no a-knee feature, and occupies
a similar locus in the Mg-Fe plane to that of Heracles. The distribution
of this substructure in this plane with the absence of an @-Fe "knee"
suggests that this substructure likely quenched star formation before
the onset of SN Ia.

e Aleph: By construction, Aleph occupies a locus in the Mg-Fe
plane that overlaps with the metal-poor component of the low-a disc.
Given the distribution of this substructure in this chemical compo-
sition plane, and its very disc-like orbits, we suggest it is possible
that Aleph is constituted by warped/flared disc populations. Because
the data upon which our work and that by Naidu et al. (2020) are
based come from different surveys, it is important however to as-
certain that selection function differences between APOGEE and H3
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are not responsible for our samples to have very different properties,
even though they are selected adopting the same kinematic criteria.
In an attempt to rule out that hypothesis we cross-matched the Naidu
et al. (2020) catalogue with that of APOGEE DR17 to look for Aleph
stars in common to the two surveys. We find only two such stars®,
which we highlight in Fig 6 with purple edges. While this is a very
small number, the two stars seem to be representative of the chem-
ical composition of the APOGEE sample of Aleph stars, which is
encouraging.

o LMS —1: Our results from Fig 6 show that the LMS-1 occupies
a locus in the Mg-Fe plane which appears to form a single sequence
with the GES at the lower metallicity end. Based on its Mg and
Fe abundances, and the overlap in kinematic planes of LMS-1 and
GES, we suggest it is possible that these two substructures could be
linked, where LMS-1 constitutes the more metal-poor component of
the GES. We investigate this possible association further in Section 5.

e Arjuna: This substructure occupies a distribution in the Mg-
Fe plane that follows that of the GES. Despite the sample being
lower in numbers than that for GES, we still find that across —1.5
< [Fe/H] < 0.8 this halo substructure overlaps in the Mg-Fe plane
with that of the GES substructure. Given the strong overlap between
these two systems, as well as their proximity in the E-L; plane (see
Fig 4), we suggest it is possible that Arjuna could be part of the
GES substructure, and further investigate this possible association in
Section 5.

e [’itoi: Despite the small sample size, we find I’itoi presents
high [Mg/Fe] and low [Fe/H] values (the latter by construction), and
occupies a locus in the Mg-Fe plane that appears to follow a single
sequence with the Sequoia (all three samples) and the GES sample.

e Nyx: The position of this substructure in the Mg-Fe strongly
overlaps with that of the high-a disc. Given this result, and the disc-
like orbits of stars comprising this substructure, we conjecture that
Nyx is constituted by high-a disc populations, and further investigate
this association in Section 5. Furthermore, in a similar fashion as
done for the Aleph substructure, we highlight in Fig 6 with purple
edges those stars in APOGEE DR17 that are also contained in the Nyx
sample from Necib et al. (2020), in order to ensure that our results
are not biased by the APOGEE selection function. We find that the
overlapping stars occupy a locus in this plane that overlaps with the
Nyx sample determined in this study, and the high-« disc.

4.2 Iron-peak elements

Following our analysis of the various substructures in the Mg-Fe
plane, we now focus on studying their distributions in chemieal abun-
dance planes that probe nucleosynthetic pathways contributed impeor-
tantly by Type la supernovae. We focus on nickel (Ni), which'is’the
Fe-peak element that is determined the most reliably"by=ASPCAP,
besides Fe itself. For the distribution of the structures'in other iron-
peak element planes traced by ASPCAP (e.gi;,Mn, Co,and Cr), we
refer the reader to Fig. F1- Fig. F3 in Appendix E.

The distributions of the halo substructures in the Ni-Fe plane
are shown in Fig. 8. We find that the distributions of GES, Sgr dSph,
the Helmi stream, Arjuna, LMS-1,%and the three Sequoia samples
occupy a locus in this plane that is characteristic of low mass satellite
galaxies and/or accreted populations”of the Milky Way, displaying
lower [Ni/Fe] abundances than the low- and high-« disc populations
(e.g., Shetrone et al.2003; Mackereth et al. 2019; Horta et al. 2021,
Shetrone et al. 2022, inprep.). In contrast, the data for Heracles and
Thamnos display a slight correlation between [Ni/Fe] and [Fe/H],

6 We find)that-these two stars have a STARFLAG set with PERSIST_LOW
and BRIGHT_NEIGHBOUR, and thus do not survive our initial parent selection
criteriasHOowever, these warnings are not critical, and should not have an effect
on their abundance determinations.

Substructure in the Galactic stellar halo 11

connecting with the high-a disc at [Fe/H] ~ —1 (despite the differ-
ences of these substructures in the other chemical composition planes
with in situ disc populations). Conversely, we find that the Aleph and
Nyx structures clearly overlap with in situ disc populations at higher
[Fe/H] values, agreeing with our result for these substructures on the
Mg-Fe plane. The distribution of I’itoi shows a spread in [Ni/Fe] for a
small range in [Fe/H], that is likely due to observational error at such
low metallicities.

Interpretation of these results depends crucially on an under-
standing of the sources of nickel enrichment. Like other Fe-peak
elements, nickel is contributed by a combination of SNIa and SNe II
(e.g., Weinberg et al. 2019; Kobayashi et al. 2020). The disc popu-
lations display a bimodal distribution in Figure 8, which is far less
pronounced than in the case of Mg. This result suggests that the con-
tribution by SNe II to nickel enrichment may be more important than
previously thought (but see below). It is thus possible that the rela-
tively low [Ni/Fe] observed in MW satellites and halo substructures
has the same physical reason as their low [a/Fe] ratio, namely, a low
star formation rate (e.g., Hasselquist et al. 2021). This hypothesis can
be checked by examining the locus occupied by halo substructures in
a chemical plane involving an Fe-peak element with a smallercontri-
bution by SNe II, such as manganese (e.g., Kobayashi et al. 2020). If
indeed the [Ni/Fe] depression is caused by a decreased,contribution
by SNe II, one would expect [Mn/Fe] to display a different behaviour.
Figure F1 confirms that expectation, with substructures falling on the
same locus as disc populations on the Mn-Fe plane.

Another possible interpretation of the reduced.[Ni/Fe] towards
the low metallicity characteristic of halosubstructures is a metallicity
dependence of nickel yields (Weinberg et al. 2021). We may need to
entertain this hypothesis since, incontrast to the results presented in
Figure 8, no [Ni/Fe] bimodality is present in the solar neighbourhood
disc sample studied by Bensby et al. (2014), which may call into
question our conclusionthat SNeAlI contribute relevantly to nickel
enrichment. It is not elear ‘whether the apparent discrepancy between
the data for nickel in‘Bensby et al. (2014) and this work is due to
lower precisiontin, the former, sample differences, or systematics in
the APOGEE data.

Given thedistribution of the substructures in the Ni-Fe plane, our
results’suggest that: i) Sgr dSph, GES, Sequoia (all three samples), and
the’Helmi stréam substructures show a slightly lower mean [Ni/Fe]
than'in situ populations at fixed [Fe/H], as expected for accreted
populations in the Milky Way on the basis of previous work (e.g.,
Nissen & Schuster 1997; Shetrone et al. 2003); i) Heracles and
Thamnos fall on the same locus on the Ni-Fe plane, presenting a
slight correlation between [Ni/Fe] and [Fe/H]; iii) as in the case of
the Mg-Fe plane, Arjuna and LMS-1 occupy a similar locus in the Ni-
Fe plane to that of GE/S, further supporting the suggestion that these
substructures may be associated; iv) Aleph/Nyx mimic the behaviour
of in situ low-/high-a disc populations, respectively.

4.3 0Odd-Z elements

Aside from « and iron-peak elements, other chemical abundances
provided by ASPCAP/APOGEE that are interesting to study are the
odd-Z elements. These elements have been shown in recent work
to be depleted in satellite galaxies of the MW and accreted systems
relative to populations formed in situ (e.g., Hawkins et al. 2015; Das
et al. 2020; Horta et al. 2021; Hasselquist et al. 2021). For this paper,
we primarily focus on the most reliable odd-Z element delivered by
ASPCAP: aluminium. For the distribution of the structures in other
odd-Z chemical abundance planes yielded by APOGEE (namely, Na,
and K), we refer the reader to Fig. G1 and Fig. G2 in Appendix G.
Fig. 9 displays the distribution of the substructures and par-
ent sample in the Al-Fe plane, using the same symbol conven-
tion as adopted in Fig. 6. We note that the parent sample shows
a high density region at higher metallicities, displaying a bimodal-
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ity at approximately [Fe/H] ~ —0.5, where the high-/low-[Al/Fe] se-
quences correspond to the high-/low-a discs, respectively. In addi-
tion, there is a sizeable population of aluminium-poor stars with
—0.5 £ [Al/Fe] < 0 ranging from the most metal-poor stars in the
sample all the way to [Fe/H] ~ —0.57. This is the locus occupied by
MW satellites and most accreted substructures, with the exception of
Aleph and Nyx. Note also that the upper limit of the distribution of
the Heracles population on this plane is determined by the definition
of our sample (see Horta et al. 2021, for details).

The majority of the substructures studied occupy a similar locus
in this plane, which agrees qualitatively with the region where the
populations from MW satellites are usually found (e.g., Hasselquist
et al. 2021). There is strong overlap between stars associated with
the GES, the Helmi stream, Arjuna, Sequoia (all three samples), and
LMS-1 substructures. More specifically, we find that GES dominates
the parent population sample at [Fe/H] < —1, being located at ap-
proximately [Al/Fe] ~ —0.3. At a slightly higher value of [Al/Fe]
~ —0.15 and similar metallicities, we find Heracles and Thamnos.
In contrast, Sgr dSph is characterised by an overall lower [Al/Fe]
~ —0.5 value, which extends below the parent disc population to-
wards higher [Fe/H], reaching almost solar metallicity. Within the
-2 < |[Fe/H] < -1 interval, Heracles, GES, Helmi streams, Tham-
nos, Nyx, and, to a lesser extent, Sequoia, show some degree of cor-
relation between [Al/Fe] and [Fe/H]. Towards the metal-poor end, we
find the LMS-1 located at [Al/Fe]~-0.3, which is consistent with the
value found for I'itoi, although the sample of aluminium abundances
for this latter structure is very small and close to the detection limit.
As in the case of magnesium and nickel, all three Sequoia samples
occupy the same locus in the Al-Fe plane as Arjuna, which strongly
overlap with GES. Again in the case of the Al-Fe plane, we find that
the case for Nyx and Aleph follow closely the trend established by in
situ disc populations.

4.4 Carbon and Nitrogen

In this subsection, we examine the distribution of stars belonging to
various substructures in the C-Fe and N-Fe abundance planes, shown
in Figures 10 and 11, respectively. We note that in these chemical
planes, we impose an additional surface gravity constraint of 1 < logg
< 2 in order to minimise the effect of internal mixing along the giant
branch.

In the C-Fe plane, most substructures are characterised by sub-
solar [C/Fe], displaying a clear correlation between that abundance
ratio and metallicity. The exceptions, as in all previous cases; are
Aleph and Nyx, which again follow the same trends as in situpopula-
tions. Interestingly, the Sgr dSph presents the lowest values of [C/Ee]
at fixed [Fe/H], tracing a tight sequence at approximately, [C/Fe]~—
0.5, spanning from —1.4 < [Fe/H] < 0.2, approximately=~0.5 dex
below that of the Galactic disc. In the case of I'itei, due to the low
numbers of stars in this sample we are unable to.draw any conclusions.

The distribution of substructures in the N=Fe.plane follows a
different behaviour than seen in all other chemical planes. Again,
except for Aleph and Nyx, all systems display a trend of increas-
ing [N/Fe] towards lower metallicities; starting at [Fe/H] < —1. This
trend cannot be ascribed to systematics in the ASPCAP abundances
or evolutionary effects, as the abundances are corrected for variations
with log g. Nitrogen abundances are notoriously uncertain, particu-
larly in the low metallicityiregime. In their analysis of DR16 elemental
abundances, Jonsson etqal. (2020) report the presence of a trend of
nitrogen abundances with T.g. They suggest that such trend is likely
caused by _systematics in the comparison samples, which are based

7 The clump located at [Al/Fe] ~ —0.1 and [Fe/H] > 0 is not real, but rather
an artifact’due to systematics in the abundance analysis which does not affect
the bulk of the data.
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on rather uncertain analyses of optical spectra. They find that the re-
lation between [C/N] and log g is in good agreement with theoretical
expectations. The compilation by Kobayashi et al. (2020) shows that
the [N/Fe] trend at low metallicity is strongly dependent on the anal-
ysis methods. Discerning the source of systematics in the ASPCAP
abundances at [Fe/H] < —1 is beyond the scope of this paper, which
focuses on a strictly differential analysis of the data, within a metallic-
ity regime where ASPCAP elemental abundances attain exceedingly
high precision and accuracy (Section 5).

For completeness, data covering the whole range of log g for
all substructures are displayed in the (C+N)-Fe plane in Fig El in
Appendix E. By combining carbon and nitrogen abundances, we
minimise the effect of CNO mixing along the giant branch. In this
plane, MW satellites and accreted populations typically display a
lower [(C+N)/Fe] chemical composition than their in situ counterparts
(e.g., Horta et al. 2021; Hasselquist et al. 2021). This is in fact what
we observe for all the structures identified, again with the exception
of Aleph and Nyx, whose locus overlaps with that of in situ disc
populations.

4.5 Cerium

Cerium is a neutron capture element of the s-process family, with a
large enrichment contribution from AGB stars' (Sneden et al. 2008;
Jonsson et al. 2020; Kobayashi et al. 2020). Tn Fig. 12, the disc
sample at [Fe/H]> —1 has aroughly horizontal locus at [Ce/Fe]~ —0.1
dominated by stars in the high-a population and an upward-pointing
triangular locus dominated by stats inithe low-a sequence, reaching
[C/Fel~ +0.4 at [Fe/H]~ —0.2. The scatter within each of these
components is large and may be partly observational. The presence of
substantial Ce in high-astars suggests that massive stars with short
lifetimes make a significant; prompt contribution. The rising-then-
falling trend in the low=a population is expected from the metallicity-
dependent yieldwof intermediate mass AGB nucleosynthesis: at low
[Fe/H] the number of seeds available for neutron capture increases
with increasing metallicity, but at high [Fe/H] the number of neutrons
per seed,becomes to low to produce the heavier s-process elements
(Gallino et'al/1998). See Weinberg et al. (2021) for plots of [Ce/Mg]
vs. [Mg/H] and further discussion of the disc trends.

In'this chemical composition plane, we find that all the identified
substructures, with the exception of Aleph and Nyx, present [Ce/Fe]
abundances that follow the mean trend with [Fe/H] of the parent
population until [Fe/H] ~ —1. Aleph and Nyx have higher [Fe/H]
stars that generally lie within the broad disc locus. Interestingly, the
Sgr stars with [Fe/H] > —1 show a rising [Ce/Fe] trend that tracks the
behaviour of the low-a disc population. This trend is not obvious in
the other substructures, though with the exception of Aleph and Nyx
they have few stars at [Fe/H] > —1. We interpret this upturn in both
Sgr and the low-« disc as the signature of an AGB contribution with
a metallicity dependent yield.

At [Fe/H] < —1, the parent halo population and most substruc-
ture stars exhibit mildly sub-solar [Ce/Fe] with substantial scatter,
which may have a significant observational component. The [Ce/Fe]
is similar to that of typical high-a disc stars at [Fe/H] > —1. However,
these stars have lower [a/Fe] than the high-« disc, the signature of
Fe enrichment from Type Ia SNe, so if the Ce in these populations
is a prompt contribution from massive stars one might have naively
expected them to have depressed [Ce/Fe]. It is difficult to disentangle
the effects of metallicity-dependent Ce yields, differences in the rela-
tive contributions of high-mass and intermediate-mass stars, and the
impact of Type Ia SN enrichment on the Fe abundance; further ob-
servational investigation and theoretical modeling will be needed to
do so. The [Ce/Fe] locus of substructure stars at —2 < [Fe/H] < -1
is similar to that in the dwarf satellites studied by Hasselquist et al.
(2021).
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Figure 10. The same illustration as Fig. 6 in the C-Fe plane. For this chemical plane we restrict our sample to a surface gravity range of 1 < logg < 2 in order to
minimise the effect of internal mixing in red giant stars.
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<2 in order to minimise the effect of internal mixing in red giant stars. We note that the grid limit appears clearly in this plane at the lowest [Fe/H] values.
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Figure 12. The same illustration as Fig. 6 in the Ce-Fe plane. We note that the grid limit appears clearly in this plane at the lowest [Fe/H] values.

4.6 The [Al/Fe] vs [Mg/Mn] plane

Having studied the distribution of the identified structures in chemical
abundance planes that aimed to give us an insight into the different
nucleosynthetic pathways, contributed either by core-collapse, type Ia
supernovae, and AGB stars, we now focus our attention on analysing
the distribution of substructures in the stellar halo in an abundance
plane that lends insights into the accreted or in sifu nature of Galactic
stellar populations: namely, the [Mg/Mn]-[Al/Fe] plane.

Fig. 13 shows the resulting distribution of the various structures
in the [Mg/Mn]-[Al/Fe] plane. This chemical plane has been proposed
by Das et al. (2020) as a means to distinguishing accreted populations
from those formed in situ. Horta et al. (2021) showed that insitu stel-
lar populations with a small degree of chemical evolution occupy the
same locus in that plane as accreted populations. By constructions’the
Heracles substructure falls in the accreted locus of‘the"diagram (see
Fig 1 in Horta et al. (2021) for reference). However, our.results show
that all the other structures, except for Aleph‘and Nyx, ‘also occupy
the accreted locus of this plane. Interestingly, we,find that although
the GES, Sgr dSph, the Helmi stream¢ Sequoia (all three samples),
Thamnos, LMS-1, Arjuna, and I’itoi substructures occupy the same
locus, they appear to show some small differences. Specifically, we
find that Sgr dSph occupies adocus\in this plane positioned at lower
mean [Mg/Mn] than the other structures. This is likely due to Sgr
being more recently accreted by the Milky Way, and thus had more
time to develop stellar populations with enriched Mn abundances that
have been contributed on a‘longer timescale by type Ia supernovae.
This feature is also seen/to a lesser extent for I'itoi. Conversely, at
higher [Mg/Mn]ivalues (but still low [Al/Fe]) we find GES, Hera-
cles (by-€onstruction), Thamnos, LMS-1, the Helmi stream, Sequoia
(all three samples), and Arjuna. The distribution of these substruc-
tures in this Chemical plane reinforces the hypothesis of these halo
substructures arising from an accreted origin.

In a similar fashion to the other chemical composition planes,

we find that Aleph and Nyx/overlap with in situ (disc) populations at
higher [Al/Fe], suggestive that Aleph and Nyx are likely substructures
comprised of insitu disc/populations.

5 A QUANTITATIVE COMPARISON BETWEEN HALO
SUBSTRUCTURE ABUNDANCES

After qualitatively examining the chemical compositions of the previ-
ously identified halo substructures in a range of chemical abundance
planes, we now focus on comparing the abundances in a quantitative
fashion using a y2 method. To do so, we compare the mean value of
thirteen different elemental abundances, manufactured across differ-
ent nucleosynthetic channels, for each substructure at a fixed metallic-
ity that is well covered by the data. The set of elemental abundances
chosen to run this quantitative test was determined based on the
distribution of the parent sample in the respective chemical compo-
sition plane, where we only chose those elements that did not display
a large scatter towards low metallicity due to increased abundance
uncertainties (on the order of o ~0.15 dex). Out of the initial 20 el-
emental abundances available in ASPCAP (excluding Fe), we utilise
the following thirteen elements: C, N, O, Mg, Al, Si, S, K, Ca, Ti,
Mn, Ni, and Ce. We note that Na, P, V, Cr, and Co were removed due
to the large scatter at low metallicity, whereas Cu and Nd were not
considered due to ASPCAP not being able to determine abundances
for these elements in APOGEE DR17.

We employ in our quantiative comparison a methodology that
is immune to, or very minimally affected by, selection effects. For
that reason, the metallicity distribution function does not enter our
analysis. Our quantitative comparisons between various substructures
are instead based on the abundance ratios at a reference [Fe/H], and
the slope of the relation between abundance ratios and [Fe/H]. The
method proceeds as follows:

i) We select a high- and low-a (disc/halo) population based on
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Figure 13. The same illustration as Fig. 6 in the [Mg/Mn]-[Al/Fe] plane:

Fig 5 for reference, and utilise these as representative samples for any
comparison between in situ populations and halo substructures. In
order to account for any distance selection function effects, we restrict
our high-/low-@ samples to stars within d < 2 kpc, and also determine
an "inner high-a" sample (restricted to Rgc < 4 kpc) which we use
to compare to Heracles (which has a spatial distribution that is largely
contained within ~4 kpc from the Galactic Centre).

ii) Before performing any chemical composition comparisons;
we correct the abundances for systematic trends with surface grav-
ity. Systematic abundance variations trends with log g can be caused,
one one hand, by real physical chemical composition variationstas
a function of evolutionary stage and/or, on the other, by, systematic
errors in elemental abundances as a function of stellar patameters.
The former chiefly impact elements such as C, N,.and'©; whose atmo-
spheric abundances are altered by mixing during evolution along the
giant branch. The latter impact various elements in“distinct, though
more subtle, ways (see discussion in Weinberg'et.al. 2021). Surface
gravity distributions of various substructures differ in important ways
(Figure 1), so that such systematic abundance trends with log g can
induce spurious artificial chemical composition differences between
substructures. We thus follow a procedure similar to that outlined by
Weinberg et al. (2021) to ‘correct each elemental abundance using
the full parent sample’*As systematic trends with log g are more im-
portant towards the low and‘high ends of the log g distribution, we
restrict our sample to stars within the 1 < log g < 2 range. We then
fit a second.order polynomial to the [X/H]-log g relation, and calcu-
late the difference between that fit and the overall [ X/H] median. The
differeice between these two quantities for any given log g is then
added to the original [X/H] values so as to produce a flat relation be-
tween | X/H]corrected and log g. We then use these values to determine
corrected [X/Fe] abundances. In a recent study, Eilers et al. (2021)
pointed out that simple corrections for abundance trends as a function
of'log g could erase real differences associated with abundance gra-
dients within the Galaxy. That is because a magnitude limited survey

may cause an artificial'dependence of log g on distance. Our study
aims at contrastingthe chemical compositions of substructures that
are in principle associated with spatially self-contained progenitors.
Thus, systematic differences linked to spatial abundance variations
within, each structure are irrelevant for our purposes, so a straight-
forward correction for abundance variations with log g are perfectly
aceeptable for our goals.

iii) Upon obtaining corrected abundances for every halo sub-
structure, we determined the uncertainties in the abundances using
a bootstrapping resampling with replacement method (utilising the
astropy.stats.bootstrap routine by Price-Whelan et al. 2018).
We generated 1,000 realisations of the X-Fe chemical composition
planes for every element and every halo substructure sample in or-
der to assess the scatter in the abundance distribution. For example,
we generated 1,000 realisations of the C-Fe distribution for GES by
drawing 2,353 values from the observed distribution, with replace-
ment (where 2,353 is the size of our GES sample).

iv) For each one of the 1,000 bootstrapped realisations of a
chemical composition plane of a halo substructure, we determine the
[X/Fe] value at a given metallicity ([Fe/H]comp) that is covered by
both halo substructures being compared by taking a 0.05 dex slice in
[Fe/H] around [Fe/H]comp and determining the median value for stars
in that [Fe/H] interval. This yields 1,000 [X/Fe] median values for
each of the thirteen elements studied for every halo substructure (and
disc sample) compared. We note that the [Fe/H]comp values selected
to perform this comparison are safely within the metallicity (and
stellar parameter regime) where ASPCAP analysis is very reliable.

v) We take the mean and standard deviation of the medians dis-
tribution for every [ X/Fe] as our representative [ X/Fe] and uncertainty
value, respectively, and use these to quantitatively compare the chem-
ical abundances between two populations. This sample median from
the mean of the bootstrap medians is always close to the full sample
median itself.

vi) Upon obtaining the mean and uncertainty chemical abun-
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dance values for every halo substructure at [Fe/H]comp (for a range
of thirteen reliable elemental abundances in APOGEE), we quantita-
tively compare the chemical compositions across halo substructures
adopting a y? statistic to assess the chemical similarities between
different substructures. This quantity was computed by using the fol-
lowing relation:

( [X/Fe] i,sub — [X/Fe] i,ref)2

=)

- 2 2
! (O-[X/Fe]i,sub + O-[X/Fe]i,rcf)

where [X/Fe]g,p, and [X/Fe]s are the abundances of the halo sub-
structure and the compared reference stellar population, respectively,
and o7[x/Fe],sub and O[x/Fe],ref are the corresponding uncertainties
to those abundance values. Since GES is the halo substructure for
which our sample is the largest, we use this substructure as our main
reference against which all other substructures, as well as in situ disc
populations are contrasted.

vii) Lastly, in order to infer if two stellar populations present
consistent chemical abundances in a statistical manner, we determine
the probability value of the XZ result for twelve degrees of freedom
using the scipy (Virtanen et al. 2020) stats.chi2.cdf routine.
In addition to the y? value, we also compute a metric of separation
(defined as X x/pe]), that is calculated by setting the denominator
of Eq 1 equal to 1. This separation metric provides an additional
way to quantify how similar the chemical compositions of two halo
substructures are that is unaffected by the sample size (as smaller
halo substructure samples will have larger uncertainties on their mean
abundance values).

viii) For the case of Heracles and Aleph, as the selection of
these substructures relies heavily on the use of [Al/Fe] and [Mg/Fe],
respectively, we remove these elements when comparing these sub-
structures, and reduce the numbers of degrees of freedom to eleven
when calculating the /\/2 probability value.

In order to develop a more clear notion of the meaning of the
resulting ,\/2 values resulting from the above comparisons we perform
an additional exercise aimed at gauging the expected y2 values for
the cases where two samples are identical to each other, or very
different. To accomplish this, we draw, for each substructure, three
Ngup-sized random samples, two from the high-a and one from the
low-a disc samples, where Ny, is the size of the sample of that
substructure. We then calculate, for each substructure, two X2 values,
one resulting from the comparison of the high-a disc against itself,
and the other from the comparison of the high-a disc against the
low-a disc samples. As the high- and low-a disc both cover a sifilar
range in [Fe/H], and their abundances vary with [Fe/H], we’selectia
narrow bin in [Fe/H] from which to draw our high- and low-@ disc
samples (namely, between —0.45 < [Fe/H] < —0.35). This ‘enables us
to obtain random samples of high- and low-a disc populations at the
same [Fe/H], and allows us to directly compare thésmean and scatter
values of the chemical abundances using the )(2 method.

The reader may inspect the resulting )(2 andsassociated prob-
ability (p ) values obtained in Table(2. Here, a p e~ 1 signifies
that two populations are statistically equal, and p 2 0 means that
they are statistically different. For'the;quantitative comparisons, we
employ a threshold of p 2 = 0.1 asour benchmark, where we will
deem two substructures to.be statistically similar if their associated
probability value is higher than p 2> 0.1, and different if below p 2
< 0.1. We note that-this definition is arbritary, and chosen based on
testing the similarity between two substructures in chemical space.

The resulting, quantitative comparison between the halo sub-
structures indicates that approximately half of the halo substructures
are statistically. equal with regards to their chemical abundances. For
exampley the ¥ comparison between the GES and two of the Se-
quoia samples implies that these three substructures are statistically
the sames/as we find that the M19 and N20 Sequoia samples all have a
high probability of being statistically similar to the GES substructure

; €y
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(P2 > 0.4). Conversely, for the K19 Sequoia shows clear differences

with the GES substructure, given its p )(FO and X2=47~9 values.
Moreover, we also find striking similarities between GES and other
halo substructures. For example, when comparing LMS-1 to GES we
obtain a probability value of 0.46. Similarly, an ever closer match is
found for the GES-Arjuna comparison, yielding a probability value
of 0.92. Along similar lines, we find that when comparing Nyx to the
high-« disc, we obtain a probability value of 0.78, which confirms our
initial hypothesis that the Nyx is not an accreted substructure, but in-
stead is a stellar population constituted of high-« disc stars. Moreover,
we find that when comparing Heracles, Sgr dSph, and Thamnos with
the GES that the probability of these substructures being statistically
equal is ~0. This result is not entirely surprising, as all these substruc-
tures are postulated to be debris from separate accretion events, and
thus their chemical compositions are likely to differ. Interestingly, we
find two surprising results: i) despite the Aleph substructure present-
ing qualitatively the same chemistry as the low- disc, its y2 value
yields a probability of 0.04, suggesting that these are not as simi-
lar as initially hypothesised. These differences are manifested most
prominently in [Ti/Fe] and [Ce/Fe]; ii) although Heracles occupies
a position in several chemical composition planes that appears to
follow a single sequence with the inner high-« populations, the X2
yielded by that comparison indicates that these are statistically. differ-
ent (with a probability value of p '¢2=0). For this comparisen, we find
that [O/Fe], [Mg/Fe], and [Si/Fe] (i.e., the lighter @ elements) are the
main culprits for this difference, and to a lesser degree [S/Fe].

For the complete resulting probabilijty values“obtained when
comparing the chemistry between every halo substructure, as well as
the high- and low-a disc, we refer the reader to'Fig 18.

6 DISCUSSION
6.1 Summary of substructure in the stellar halo

Having qualitatively andiquantitatively compared the chemical abun-
dances of all thezhalo'substructures under study, in this Section we
discuss the-results obtained for each substructure in the context of
previous work:

6.1.1% Heracles

Stars from this substructure follow low energy, often eccentric orbits
with low L., being largely phase-mixed in velocity and action space.
All these features are to be expected in the scenario where Heracles
was a massive system that merged early in the history of the Milky
Way. Under this hypothesis, both the fact that the young Milky Way
system was smaller in size, and that dynamical friction would have
driven the system quickly into low energy orbits, it would lead to this
stellar population sinking it into the heart of the Galaxy (Horta et al.
2021; Pfeffer et al. 2021)

The chemical compositions of the stars associated with Her-
acles are in broad agreement with this scenario. The distribution
of Heracles in the a-Fe plane does not display the a-Fe knee or shin
components of chemically evolved systems (McWilliam 1997), which
suggests that its star formation was quenched before core collapse su-
pernovae contributed significantly to chemical enrichment. In Horta
et al. (2021) we checked that this result was not an effect of the chem-
ical composition criteria adopted in the selection of Heracles stars
by comparing them with a similarly selected GES sample, which did
display a clear a-Fe knee signature. Furthermore, Heracles occupies
a locus in different chemical planes that resembles that of low mass
galaxies of the Milky Way and/or accreted populations. In particular
Horta et al. (2021) show that the stars associated with Heracles make
up a clump in the [Mg/Mn]-[Al/Fe] plane in the region occupied by
accreted and/or chemically unevolved populations, characterised by
low [Al/Fe] and high [Mg/Mn].
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Figure 14. A[X/Fe] differences between the resulting mean values obtained using the procedure outlined in Section 5 (at [Fe/H]comp) for the Gaia-Enceladus/Sausage
substructure and the high- « disc stars (top) and for the Large and Small Magellanic Cloud (LMC/SMC) samples from Hasselquist et al. (2021) (bottom) in thirteen
different chemical abundance planes, grouped by their nucleosynthetic source channel. The shaded regions illustrate the uncertainty,on this"A[X/Fe] value. Also
illustrated in the top right/left are the y2/p Xz/ [Fe/H]comp values for the comparison between these two populations. As can be seen’from the‘abundance values, the

2 value, and the P2 value, it is evident that the GES/high-a disc and the LMC/SMC are quantitatively different given their.chemical compositions.

Compared samples [Fe/Hlcomp X P2 SA[x/F]  highe-higha x* higha-lowa y?
Higha disc-GES -0.9 1753.4 0.00 0.50 9.78 4622.96
LMC-SMC -1.1 53.1 0.00 0.04 10.05 1517.67
GES-Heracles -1.3 369.2 0.00 0.06 10.74 507.43
GES-Sgr dSph -1.0 147.7 0.00 Oskl 8.55 542.27
GES-Helmi stream -1.5 21.9 0.08 0.08 6.61 153.93
GES-Sequoia (M19) -1.3 9.8 0.64 0.13 3.40 207.94
GES-Sequoia (K19) -1.3 479 0.00 0.2 4.04 210.68
GES-Sequoia (N20) -1.9 12.4 0.41 0.19 3.42 229.83
GES-Thamnos -1.3 74.9 0.00 0.18 8.82 162.81
GES-LMS-1 2.1 11.8 0.46 0.25 6.27 371.65
GES-Arjuna -1.3 5.96 0.92 0.02 5.48 230.82
GES-I’itoi 2.1 14.0 0.3 0.23 6.75 123.99
GES-Nyx 0.6 62.6 0.00 0.34 6.45 1246.71
higha disc-Nyx —0.6 8.4 0.75 <0.01 6.45 1246.71
low a disc-Aleph -0.6 19.9 0.05 0.04 8.82 195.69
Inner high- a-Heracles -1 55.9 0.00 0.04 10.74 507.43
Heracles-Thamnos -1.3 33.6 0.0 0.08 8.82 162.81

Table 2. From left to'right: compared halo substructures, [Fe/H] value used to compare the two compared substructures, resulting x2 value from the comparison
between the listed halo substructures, the probability value the y? result falls upon for a y? test with twelve (or eleven for the case of Heracles and Aleph) degrees
of freedomy/the metric separation XA x/re], x? value between two randomly chosen high- disc samples of the same size as the smallest substructure compared,
x? value between arandomly chosen high-a and low-« disc sample of the same size as the smallest substructure compared. The LMC/SMC samples were taken
from Hasselquist-€t al. (2021).
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Figure 15. The same mean and mean error abundance values as shown in Fig 14 but comparing the Heracles, Sagittarius dSph, Helmi stream, Arjuna, and Thamnos
substructures with the Gaia-Enceladus/Satisage substructure. We note that those substructures with fewer stars present larger uncertainties in their A[X/Fe] value.

Recent work by Lane et al.(2021) suggests that the concentration crucial to tease out the remnants of accreted systems from the maze
associated by Horta et al«(2021).with Heracles in E-L; space could of in situ populations overlapping in the inner few kpc of the Galaxy.
be an artifact of the /APOGEE selection function, so the authors
caution that the reality ofithis halo substructure should be further

tested. As discussed byyHorta et al. (2021), phase mixing makes
it especially hard to,discriminate accreted systems from their in situ
counterparts co-loeated in the inner few kpc of Milky Way on the sole
basis of kinematics. Nonetheless, numerical simulations predict their
existence)(e.g~'Fragkoudi et al. 2020; Kruijssen et al. 2020; Pfeffer
et al. 2021, Horta et al., 2022, in prep.). Detailed chemistry is thus

For that reason, we examine closely the comparison between
the abundance patterns of Heracles data and the inner high-« in situ
population at the same [Fe/H] (Fig. 17). Our X2 analysis shows that
the two populations differ chemically with high statistical significance
?*=559p 2=0: similar for instance to the value obtained when
comparing the LMC to the SMC, see Table 2). To check whether this
result is sensitive to the choice of [Fe/H]comp, we reran the analysis
adopting [Fe/H]comp=-0.9 and [Fe/H]comp=—0.95 obtaining Xz value
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Figure 16. The same as Fig 15 but comparing the three Sequoia samples, LMS-1, and I’itoi substructures with the Gaia-Enceladus/Sausage substructure.

of 36.28 and 43.40, respectively, which corresponds to a probability
value of p 2 =0 in both cases:

In order to furthertestithis claim, and to ensure that our [Al/Fe]
cut employed to select Heracles does not bias our sample and results,
we repeat the statistical comparison between Heracles and the inner
high-a stars by selecting both populations in the [Mg/Mn]-[Al/Fe]
plane”adopting-various [Al/Fe] criteria (namely, by shifting the di-
agonal linejselection restricting the [Al/Fe] values®). The motivation
behind this is two-fold: i) if the diagonal [Al/Fe] selection is the sole

81n the [Mg/Mn]-[Al/Fe] plane the high- population is the clump centred
at [Mg/Mn]~0.55 and [Al/Fe]~0.3

reason for the differences in the chemical abundance properties be-
tween Heracles and the in situ high-« stellar population, then varying
the position of this line should affect the resulting y2 and associated
Py ata significant level, and should lead to Heracles and the inner
high-a disc becoming chemically indistinguishable when loosening
the [Al/Fe] restriction; i) if Heracles is a distinct population from
the high-a stars, this test should provide a deeper understanding of
the level of contamination in our Heracles sample by in situ popula-
tions which might be caused by this selection in the [Mg/Mn]-[Al/Fe]
plane.

In order to perform this test, we select Heracles and inner
high-a populations in the [Mg/Mn]-[Al/Fe] plane by shifting the
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Figure 17. The same as Fig 14 but comparing the Nyx substructures with the

Gaia-Enceladus/Sausage substructure and the high-« discs, as well as a comparison

between the Heracles and inner high-a disc, Heracles and Thamnos, and Aleph and the low-« disc.

diagonal line by #0.05 dex and +0.1 dex, respectively. Upon re-
peating the quantitative .analysis.(at [Fe/H]=—1), we find that Her-
acles and the inner high-astars are still statistically distinct, and
that the resulting 2 and P2 vary by small amounts. Specifi-

cally, the resulting y2‘values we obtain when shifting the diagonal
line in the [Mg/Mn]=[Al/Fe] plane by (+0.10,+0.05,-0.05,-0.10) are
)(2=(5 1.32,58.47,58:93,59.43), leading to a Py =0in all cases. As ex-
pected, when increasing (decreasing) the sample of Heracles stars to
include more (less) chemically evolved populations, the resulting X2
value decreases (increases) slightly, despite these systems still being
statistically different. This is likely due to the fact that we are select-

ing more (fewer) high-a disc contaminants in our Heracles sample.
While the overlap between Heracles and inner Galaxy high-a stars is
small at [Fe/H]=-1, given our results it is evident that their chemical
compositions are statistically, given our methodology, distinct.

In a recent study Myeong et al. (2022) state that the chemi-
cal properties of Heracles are consistent with the recently reported
Aurora population (see also Rix et al. 2022). Aurora was originally
proposed by Belokurov & Kravtsov (2022) as an in situ component
that is kinematically hot, with an approximately isotropic velocity
ellipsoid, and very modest net rotation (see also Conroy et al. 2022).
In a follow up study, Myeong et al. (2022) adopt a Gaussian Mix-
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Figure 18. Confusion matrix of the probability values (estimated using,the x> ealculated using Eq 1) obtained when comparing the chemical compositions of all
the halo substructures with each other and with a high-/low- @ disesyHere, each substructure is compared with its counterpart using a [Fe/H] value that is well
covered by the data (see Fig HI in Appendix H for further details), where red(blue) signifies a high(low) probability of two systems being statistically similar given
their chemical compositions. Comparisons with blank value$\are due to the two substructures being compared not having any overlap in [Fe/H].
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Figure 19:-The same as Fig 15 but comparing the Aurora APOGEE DR17 targets from Myeong et al. (2022) with the Heracles sample from this work.



ture Model (GMM) approach to describe the distribution of solar
neighbourhood populations in chemo-dynamical space, including el-
emental abundances from APOGEE DR 17 and GALAH DR3 (Buder
et al. 2021), as well as Gaia-based orbital energy. A key aspect of
the Myeong et al. (2022) methodology is that it refrains from adopt-
ing any selection criteria in chemical space. As a result, one of the
components emanating from their GMM fit is a highly eccentric (i.e.,
e >0.85) population of APOGEE-Gaia stars deemed to be associated
with Aurora, which occupy a locus in chemical abundance space that
is qualitatively similar to that inhabited by the inner Galaxy Heracles
population.

‘We examine this claim by applying our statistical method to com-
pare the chemical compositions of Heracles and Aurora, adopting the
Myeong et al. (2022) sample for the latter population. To maximise
the statistical robustness of the test, the comparison is performed at
[Fe/H]=—1.2, where the samples for both substructures are the dens-
est. As shown in Fig 19, we find a resulting x2=47.69 and sz=0,
which is similar to the value we have obtained when performing the
chemical comparison between Heracles and inner high-« in situ stars.
Moreover, we repeat this test restricting the Heracles sample to the
stars with e >0.85, for consistency with the Aurora definition by
Myeong et al. (2022). Similarly, we obtain a y2=40.40 and p 2 =0.
Interestingly, the chemical compositions of Aurora stars and those
of the inner Galaxy high-« in situ populations, are statistically simi-
lar, yielding y2=10.17 and p )(2=0'52 when compared at [Fe/H]=-1.
These quantitative results support the notion that Heracles and Aurora
are chemically distinct. They also attest for the abundance pattern ho-
mogeneity of in situ stellar populations in the inner Galaxy and solar
neighbourhood.

All in all, the overarching conclusion that should be taken from
all these additional tests is that Heracles is a stellar population that is
distinct, given its chemical abundance values available in APOGEE
and the methodology employed in this work, to neighbouring in situ
populations at the same [Fe/H].

Examining more closely the contrast between the abundance
patterns of Heracles and in situ populations, including Aurora and
their inner high-« counterparts, we find that they differ in interesting
ways. By far the elements displaying the largest differences are oxy-
gen, magnesium, and silicon, whose abundances are lower in Heracles
than in in situ populations. At face value, this difference implies less
SNII enrichment in Heracles than in the inner high-a disc, possibly
reflecting a lower star formation rate.

We stress that it is possible that the chemical properties as-
cribed to Heracles may be to some extent influenced by our selection
method, which is partly based on chemistry. That selection,“how-
ever, is far from arbitrary. It is rather informed by the fact’that the
distribution of inner Galaxy stellar populations form a_clear<Clump
in the accreted/chemically unevolved region of the [Mg/Mn]-[Al/Fe]
plane (see Figure 1 of Horta et al. 2021). Our y? analysis"shows that
Heracles presents an almost unique abundance pattern, differing in a
(sometimes small, yet) statistically significant'way from most stellar
populations under study. For instance, we find that the abundance
patterns of Heracles and GES are different (i.e., p 2= 0). This is also
the case when comparing Heracles to the Sequoia (all three samples),
Arjuna, Thamnos, and Nyx.

We conclude by stating that our'data’are consistent with Heracles
being the remnant of a major building block of the halo that merged
with the Milky Way injits eatly history. A possible scenario that could
accommodate our guantitative” analysis with the claims by Myeong
et al. (2022) and Rix_ €t al. (2022) is the following: as the local
manifestationof alarge in situ halo, Aurora extends all the way to the
inner Galaxy, where it overlaps with Heracles, a likely more compact
remnant of an.early accretion event. The two systems originally have
distinct'ehemical compositions, with Aurora being characterised by a
higher [a/Fe] ratio, likely due to a higher early star formation rate. Our
measurements most likely underestimate the real chemical differences
between Heracles and the in situ halo. That is because our Heracles
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sample is likely contaminated by inner stellar halo counterparts at a
level that may be as high as ~ 40%, according to the estimate by Horta
et al. (2021). Further studies based on an expanded set of elemental
abundances for a larger sample, as well as detailed modelling, based
both on cosmological numerical simulations and standard chemical
evolution prescriptions, are required to definitively establish the origin
of Heracles and the nature of early in situ populations.

6.1.2 Gaia-Enceladus/Sausage

Since its discovery (Belokurov et al. 2018; Helmi et al. 2018), the
Gaia-Enceladus/Sausage (GES) substructure has been extensively
studied, both from an orbital and chemical compositions perspective
(e.g., Hayes et al. 2018; Mackereth et al. 2019; Koppelman et al.
2019a; Vincenzo et al. 2019; Aguado et al. 2021b; Feuillet et al. 2020;
Monty et al. 2020; Simpson et al. 2020; An & Beers 2021; Horta et al.
2021; Hasselquist et al. 2021; Buder et al. 2022; Carrillo et al. 2022).
In this work, we have identified a large sample of GES stars, and have
shown that stars belonging to this population are characterized by
intermediate-to-high orbital energies and high eccentricity, displaying
no significant systemic disc-like rotation.

The chemical compositions of the GES substructure’are charac-
terised by lower [a/Fe] at [Fe/H] 2 —1.6, than high-& disc for most
a elements (namely Mg, O, Si, Ca, S), in agreementiwith=previous
work (e.g., Hayes et al. 2018; Haywood et al. 2018; Helmiet al. 2018;
Mackereth et al. 2019; Horta et al. 2021; Buder et al. 2022), and dis-
plays an a-knee at [Fe/H]~-1.1 (see Fig,20). The stellar populations
of GES are also characterised by lower AlC, and Ni than in situ pop-
ulations, resembling the abundance/patterns of stars from satellites of
the Milky Way (Horta et al. 2021; Hasselquist et al. 2021). They also
occupy the accreted/unevolvedregion of the [Mg/Mn]-[Al/Fe] plane.
In summary, the chemical compositions of GES confirm the results
from previous studies, and reinforce the idea that this halo substruc-
ture is the remnant of\an acCreted satellite whose debris dominate the
local/inner regions of the stellar halo.

6.1.3 Sequoia

The SequoiaSubstructure was initially discovered due to the highly
unbound and retrograde orbits of its constituent stars and associ-
ated globular clusters (e.g., Barba et al. 2019; Matsuno et al. 2019;
Myeong et al. 2019), which made it easily distinguishable from in situ
populations. Since its discovery, several groups have sought to iden-
tify Sequoia within data from different surveys. Based on an analysis
of the Villalobos & Helmi (2008) N-body simulations, Koppelman
et al. (2020) suggested that, rather than a separate system, Sequoia
may constitute a fringe GES population comprised of stars in low
eccentricity retrograde orbits left over after the merger of that system.
A different scenario was proposed by Naidu et al. (2021) who suggest
that Sequoia was instead a satellite of GES.

Whether Sequoia is the remnant of a distinct accretion event
or a component of GES, or even its satellite is obviously a very
important question, which in principle one should like to address by
contrasting the chemical compositions of the two systems. In order to
achieve that goal theoretical predictions for the differences in chemical
composition under the various scenarios are required. Myeong et al.
(2019) found that the peak [Fe/H] of their Sequoia sample is lower
by ~0.3 dex than that of their GES counterparts. They argue that the
mass-metallicity relation at the relevant redshift implies a 1:10 mass
ratio, which in turn is consistent with a Sequoia mass estimate based
on the total mass in globular clusters presumably associated with the
system. Koppelman et al. (2020), in turn, argue that the metallicity
gradient expected for a galaxy with the pre-merger size and mass of
GES is consistent with the mean metallicity estimates for GES and
Sequoia. However, their metallicity gradient expectation is based on
measurements made by Ho et al. (2015) on the gas component of
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nearby star forming galaxies with My < 10°-®M. It is unclear how
accurately those are representative of typical metallicity gradients in
dwarf galaxies around 10 Gyr ago.

As discussed in Section 2.1.4, our study of the Sequoia system
is based on three independent definitions, derived from the Myeong
et al. (2019, “M19”), Koppelman et al. (2019c, “K19”), and Naidu
et al. (2020, “N20”) studies. Because the N20 sample is by definition
limited to fairly metal-poor stars, it is not considered in our quantita-
tive analysis. The mean metallicities we infer when adopting either the
M19 or the K19 Sequoia samples are ([Fe/H]) = —1.41 and -1.53,
respectively. In contrast, we obtain ([Fe/H]) = —1.18 for our GES
sample, suggesting a difference of ~0.2-0.3 dex, which is roughly
consistent with the estimate by Myeong et al. (2019). However, as ex-
plained in Section 1, our sample is not corrected for selection effects,
so we do not ascribe much weight to estimates of any moments of the
MDFs of either system. We thus focus on the differences in abundance
pattern, for which unfortunately there are no theoretical predictions
that can be confronted by our data. Consequently the scope of our
discussion is limited to comparing the abundance patterns of the two
systems, in hopes that the ramifications of that comparison for the
nature of Sequoia will be explored in the future on the basis of a more
solid theoretical framework.

Qualitatively, we find that the three Sequoia samples occupy a
similar locus in all chemical composition planes, resembling that of
low mass satelite galaxies of the MW and/or accreted populations,
displaying low Mg, Al, C, and Ni, that overlap with the GES substruc-
ture. As in the case of the systems discussed above, Sequoia occupies
the accreted/unevolved region of the [Mg/Mn]-[Al/Fe] plane, which
is encouraging given that two of those samples were selected purely
on the basis of orbital parameters. Perhaps not unexpectedly, we find
that the N20 sample appears to be simply the metal-poor tail of the
M19 and K19 samples.

When running a quantitative ,\/2 comparison between the M19
and K19 Sequoia samples, we find that their chemical compositions
are technically indistinguishable from each other, yielding a prob-
ability value of p 2 =0.23. Therefore we conclude, that the chemi-
cal composition we obtain for the Sequoia system at the reference
metallicity of [Fe/H]comp = —1.3, does not depend on the selection
criterion adopted. Despite this similarity, a quantitative comparison
between Sequoia and GES leads to conflicting results. When contrast-
ing GES with the M 19 sample, the probability obtained is p 2 =0.64,
suggesting that Sequoia and GES are chemically indistinguishable:
Conversely, when comparing the K/9 Sequoia sample with“GES,
the resulting probability value is p 2 =0.0 (with a ,\/2=47.9), which
implies a statistically significant difference.

Our samples for GES and Sequoia cover in a statistically mean-
ingful way a wide range of metallicities, so that they lend themselves
nicely to a more detailed comparison of the distributionsiof those two
systems in the @-Fe plane. A crucial diagnostic is the'metallicity of the
“a-knee”, [Fe/H]xpee (Section 4.1), which is, strongly sensitive to the
details of the star formation history of'the system. In recent studies,
Matsuno et al. (2019), Monty et al. (2020)3and Aguado et al. (2021b)
have obtained different values<or [Fe/H]ipee, ranging from ~ —2.5
to ~ —1.5, depending on the sample/and/or a element considered.
We take advantage of our ‘homegeneous sample in order to revisit
this measurement. We perform a piece-wise linear fit to our GES and
Sequoia samples in.order'to accurately determine the position of the
[Fe/H]pnee in thOse two systems, in a manner similar to the approach
followed by.Mackerethret al. (2019).

The resulting fits (solid lines) and 1-o dispersions (shaded re-
gions){are displayed along with samples for GES (blue), Sequoia
M 19(green) and K19 (red) in Figure 20. The piece-wise function was
determined using the PiecewiseLinFit function included as part
of the pwlf package (Jekel & Venter 2019). The [Fe/H]gnee values
fory GES and the M9 Sequoia sample are within ~0.02 dex from
each other. Conversely, the fit to the K79 sample yields a much lower
[Fe/Hlknee < —2. Although this result is in relatively good agreement
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Figure 20. Piece-wise polynomial fit (solid line) and 1-o dispersion (shaded
region) for GES, Sequoia, Arjuna, and Helmi stream samples. Data and fits
are displaced vertically for clarity. The resulting [Fe/H]kpee valu€s are.shown.
The Mg-Fe knee of GES and the (M19) Sequoia are within 0.01 dex from
each other, with the largest difference being found between the two Sequoia
samples. By the same token, [Fe/H]ypee for Arjuna differsifrom that GES by
only 0.06 dex. The star formation efficiencies of these systems;, as indicated
by [Fe/H]knee, seem not to have been substantially different. Conversely, for
the Helmi stream we find an "inverted" kneej that occurs‘at [Fe/H]ypee~—1.6,
suggestive of a very different star formation history when compared to GES,
Sequoia, and Arjuna. For the case of the K19.Sequoia,the Mg-Fe knee is much
more metal-poor ([Fe/H]gnee=—2.13)again suggestive a lower star formation
rate when compared to GES, the/other Sequoia samples, and Arjuna.

with some of the ‘previous work (e.g., Matsuno et al. 2019; Monty
et al. 2020), we deem it quite uncertain, because our sample has very
few stars with [Fe/H]< -2, so that the slope of the “plateau” part of
the distribution is poorly constrained. On the other hand, the slope of
the-Sequoia‘sequence on the Mg-Fe plane according to the M79 sam-
ple is significantly different from that of the K79 sample, suggesting
a genuine difference in the star formation history inferred from each
sample.

In summary, the situation regarding the nature of the Sequoia
system remains somewhat inconclusive. The fundamental question
one would like to answer is whether Sequoia is the remnant of a dis-
tinct system, or a component of GES. While chemistry can provide
clues, a definitive answer depends on knowledge of typical or ex-
pected pre-merger internal chemical composition variations of dwarf
satellites of the Milky Way. To our knowledge, such information is not
available either in the form of observational measurements or theoret-
ical predictions. When turning to the lower level question of whether
Sequoia and GES have similar chemical compositions, we find addi-
tional uncertainty, as the result depends on how the Sequoia system
is defined. Out of three definitions adopted in this paper, one delivers
a Sequoia sample that differs from GES both in terms of abundance
pattern and [Fe/Hlypee (Koppelman et al. 2020) °. Conversely, the
sample defined as in Myeong et al. (2019) results in a Sequoia system
that is much more similar to GES. To reach resolution of this impasse
one will need a bigger and better defined observed sample of the
Sequoia system, and preferrably one that is not affected importantly
by selection effects.

9 This result also corroborates the recent findings from Matsuno et al. (2022b)
using high-resolution spectra of 12 Sequoia stars obtained with the Subaru
High Dispersion Spectrograph.
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6.1.4 Helmi stream

The Helmi stream is a halo substructure that appears to jut out of
the Galactic disc. It is characterised by stars on highly perpendicular
(i.e., high L, and v,) and prograde orbits (Helmi et al. 1999; Kop-
pelman et al. 2019b), which appear to form a pillar at high orbital
energies in the prograde wing of the E-L; plane (see Fig 4). Despite
this substructure being discovered decades ago, its chemical com-
positions have not been studied in great detail until recently, largely
due to the difficulty of obtaining a high confidence sample with re-
liable chemical composition information. Such studies suggest that
the chemical abundance ratios of the Helmi stream resemble that of
the rest of halo stars (Roederer et al. 2010; Limberg et al. 2021; Gull
et al. 2021; Nissen et al. 2021). However, lower abundance ratios in
Na and @ elements (Matsuno et al. 2022a), as well as heavier neutron
capture elements (Aguado et al. 2021a), have been recorded, sugges-
tive that the Helmi streams have a smaller contribution from massive
star nucleosynthesis.

Our results on the chemical compositions of the Helmi stream
imply that, unsurprisingly, this substructure presents chemistry that
is typical of accreted populations and/or dwarf satellites (i.e., low
Mg, Al, C, and Ni). We also find that, despite it being selected purely
on a kinematic and position basis, it occupies the accreted/unevolved
region of the [Mg/Mn]-[Al/Fe] which, combined with its orbital prop-
erties, confirms its accreted nature. Furthermore, we find that, when
comparing this halo substructure with the others studied in this work,
the Helmi stream differs statistically from all other halo substruc-
tures. In Figure 20 we display the data for the Helmi stream alongside
a piecewise polynomial fit performed in the same way as described
for GES and the Sequoia samples. Interestingly, the best fit for the
Helmi stream indicate the occurrence of an “inverted knee”, whereby
the slope of the relation between Mg-Fe becomes less negative. As
discussed above for the case of the Sgr dSph, this is the signature
of a burst of star formation. This is a very interesting result that is
in line with recent work by Ruiz-Lara et al. (2022), who looked at
the colour-magnitude diagram of Helmi Stream star candidates in the
Gaia DR3 data and found hints that this halo substructure experienced
a star formation burst approximately ~8Gyr ago. We encourage this
finding merits further investigation on the basis of a larger sample.

We note that in a recent paper Aguado et al. (2021a) examined
the chemical compositions of the metal-poor part of the Helmi stream
(which they call S2). Their sample is comprised of stars within -3 <
[Fe/H] < —1.5, and thus only overlap with our Helmi stream sample
in the metal-poor regime. Aguado et al. (2021a) find an @-knee for
this substructure at [Fe/H]~-2, which is different in both shape‘and
value to the one shown in this work. We attribute this differenceto
the lack of Helmi stream stars in our sample below [Fe/H] < 2.
Encouragingly however, we find that at [Fe/H] = —2 our Helmi stream
sample has [Mg/Fe]~0.3 dex, which corroborates the.findings from
Aguado et al. (2021a).

6.1.5 Arjuna

The existence of this substructure was propesed by Naidu et al. (2020)
as part of the H3 survey (Conroy et al.2019). Naidu et al. (2020) show
that the MDF of the retrograde.component of the halo displays three
peaks, which they ascribe.to Arjuna‘(the most metal-rich), Sequoia,
and I’itoi (the most metal-poor, see Fig 3). Naidu et al. (2021) argue
that Arjuna corresponds to the outer parts of the GES progenitor,
which, according/to theit fiducial numerical simulation was stripped
early in the accretion process, thus preserving the highly retrograde
nature of the GES approaching orbit. In additional support to that
proposition,/Naidu et al. (2021) point out that the peak [Fe/H] and
mean [a/Fe]of Arjuna are in excellent agreement with those of GES,
which in turn should be consistent with a much lower metallicity
gradient.in the GES progenitor than suggested by Koppelman et al.
(2020).
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The detailed quantitative comparison of the chemical compo-
sitions of Arjuna and GES (Figure 15) shows that the similarity of
these two systems indeed encompasses a broader range of elemental
abundances, leading to a p > = 0.92. In addition, the distributions of
Arjuna and GES stars in the a-Fe plane are also very similar, with
the two values for [Fe/H]y,ee agreeing within 0.06 dex (see Fig 20).

Therefore, our results are at face value in agreement with the sug-
gestion by Naidu et al. (2021) that the stars associated with the Arjuna
substructure were originally part of GES. That association predicts
a very low metallicity gradient for GES at the time of the merger
with the Milky Way. Further theoretical and observational work is
required to ascertain the reality of that prediction (see discussion in,
e.g., Horta et al. 2021; Naidu et al. 2021).

6.1.6 I’itoi

Similarly to Arjuna, the I’itoi substructure is a high-energy retrograde
substructure identified by Naidu et al. (2020). However, itis comprised
by more metal-poor stars (see Fig 3) than its high-energy retrograde
counterparts, Arjuna and Sequoia. Naidu et al. (2021) propose, that
I’itoi was in fact a satellite of GES, based on its low metallicity
and high energy retrograde orbit. Our detailed comparison of, the
chemistry of GES and I'itoi suggests that their abundance patterns
are consistent with a p = 0.3 (Figure 16). We point out;zhowever,
that this result is highly uncertain, given the relatively small size of
our I’itoi sample and its low metallicity ([Fe/H]comp =/—2.1), which
places its stars in a regime where ASPCAP abundances are relatively
uncertain. The matter needs revisiting on, the basis of more detailed
chemical composition studies applied to a larger sample.

6.1.7 Thamnos

Initially conjectured by its diseoverers to be the amalgamation of two
smaller systems (Koppelman et al. 2019¢), Thamnos is a substruc-
ture that occupies a locus. in the retrograde wing of the velocity and
IoM planes. It is‘comprised of stars with intermediate orbital energy
(i.e., E~=1:8x10° km? s72) and fairly eccentric orbits (e~0.5), that
occupies a position at the foot of GES in the Toomre diagram.

As inithecase of most orbital substructures in this study, we find
thatithe locus occupied by Thamnos in the Ni-Fe, C-Fe, and [Mg/Mn]-
[Al/Fe],chemical planes resembles that of low-mass satellite galaxies
and accreted populations of the Milky Way. However, Thamnos dis-
tinguishes itself from other substructures by showing a relatively high
[a/Fe] ratio, although not as high as Heracles. In fact, Thamnos does
not match the abundance pattern of any other substructure in this
study.

6.1.8 Aleph

Aleph was identified in a study of the stellar halo based on the H3
survey (Naidu et al. 2020). In this work we identify Aleph members by
selecting from our parent sample stars that satisfy the selection criteria
outlined in Naidu et al. (2020). We have also searched for stars that are
included in both the sample by Naidu et al. (2020) and in APOGEE
DR17 (highlighted in the chemical abundance figures with purple
edges). As described in their work, this substructure is comprised of
stars on very strongly prograde orbits with low eccentricity, which
appear to follow the same distribution as the Galactic disc component,
although at higher J, values.

We find that the locus occupied by Aleph in various chemical
planes is placed somewhere in between low- and high-a disc stars,
while sitting squarely within the in sifu region of the [Mg/Mn]-[Al/Fe]
plane. This is also the case for the two stars common with the sample
by Naidu et al. (2020). Our quantitative comparison of the Aleph
chemistry with that of the low-« disc suggests a statistically significant
difference, albeit on the borderline ()(2 =19.8and p 2= 0.05). This is
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in fact not surprising, seeing as the distribution of Aleph stars on the
Mg-Fe plane straddles both the high and low-a discs (Figure 6). These
results suggest that Aleph may be a stellar population comprised of
a mix of warped/flared low-a disc, and high-« disc stars, which also
explains its location within the locus of in situ stellar populations in
the [Mg/Mn]-[Al/Fe] plane.

In addition, the chemical abundances of Aleph are in good qual-
itative agreement with the chemical abundances of the Anticenter
Stream (ACS) (Grillmair 2006), as reported by Laporte et al. (2020).
Laporte et al. (2020) argue that the ACS is the remains of a tidal tail
of the Galactic disc excited during the first pericentric passage of the
Sagittarius dwarf galaxy. If this scenario is correct, the fact that Aleph
presents chemical compositions that are barely distinguishable from
the low-a disc suggests that the low-a disc of the Galaxy was in place
sometime before this satellite interaction. We encourage future work
to test this hypothesis.

6.1.9 LMS-1

LMS-1 is a metal-poor substructure comprised of stars on mildly
prograde orbits at intermediate/high orbital energies. Yuan et al.
(2020) identified this substructure by applying a clustering algo-
rithm to SDSS and LAMOST data in the E-L, plane. Although it
presents great overlap with the GES in IoM space, it is suggested to
be an independent substructure based on the detection of a metallicity
peak in the MDF of the stars included within the E-L; box defining
this system (Naidu et al. 2020). Yuan et al. (2020) also note that
there are potentially several globular clusters with similar metallicity
and orbital properties. In this work, we identified LMS-1 candidates
adopting the same selection criteria as Naidu et al. (2020)’s, obtaining
a relatively small sample of only 31 stars.

We examine the distribution of LMS-1 stars in various chemical
planes, concluding that its chemistry is consistent with those of other
accreted systems, with all its stars falling in the "accreted/unevolved"
region of the [Mg/Mn]-[Al/Fe] plane. Furthermore, the ~0.5 proba-
bility value obtained when comparing this halo substructure with GES
suggests that at face value LMS-1 could be part of either of the om-
nipresent GES substructure. However, these comparisons are made
at [Fe/H]comp = —2.1, where our samples are small and ASPCAP
abundances are relatively more uncertain and in situ and accreted
structures tend to converge towards the same locus in the regions<«f
chemical space sampled by APOGEE (e.g., Horta et al. 2021). More-
over, given its location in IoM space, it is possible that our LMS-1
sample is importantly contaminated by GES stars.

As mentioned in Section 6.1.4, Jean-Baptiste et al, (2017) show
that a single accretion event can lead to multiple, overdensities in
orbital space (see also Koppelman et al. 2020)."Due to,the chemical
similarity between LMS-1 and GES, and the ¢lose proximity between
these two halo substructures in orbital planes (see Fig 4), an associa-
tion between these two systems seems’ tempting.”"However, we defer
a firmer conclusion to a future when more elemental abundances are
obtained for a larger sample of both LMS-1 and GES candidates.

6.1.10 Nyx

The Nyx substructure is conjectured to be a stellar stream in the solar
vicinity of the Milky Way (Necib et al. 2020). Given the chemical
compositiops‘obtainedfor this substructure in this work and its strong
overlap with thethigh-a disc in all the chemical planes studied, we
suggest that the Nyx is likely comprised by in situ high-a disc popula-
tions; Ourquantitative estimate of the similarity between Nyx and the
stars from the high-« disc yields a very low y2 with associated like-
lihood probability of 0.75. We note that the stars in common between
our sample and that of Necib et al. (2020) seem to boldly confirm this
result. Along these lines, we note that our result is in agreement with
a recent study focused on studying the chemical compositions of the

Nyx substructure (Zucker et al. 2021), who also conjecture Nyx to be
comprised of Galactic (high-a@) disc populations.

7 CONCLUSIONS

The unequivocal association with accretion events of halo substruc-
tures identified on the basis of orbital information alone is extremely
difficult, as demonstrated by recent numerical simulations (e.g., Jean-
Baptiste et al. 2017; Koppelman et al. 2020; Naidu et al. 2021).
Substructure in integrals of motion space can also be influenced or
even artificially created by survey selection effects (Lane et al. 2021).
Because the chemical compositions of halo substructures contain a
fossilised record of the evolutionary histories of their parent galax-
ies, abundance pattern information can help linking substructure in
orbital space to their progenitor systems.

In this work we have utilised a cross-matched catalogue of the
latest APOGEE (DR17) and Gaia (EDR3) data releases in order
to study the chemo-dynamic properties of substructures previously
identified in the stellar halo of the Milky Way. We have.successfully
distinguished stars in the APOGEE DR17 catalogue that are likely as-
sociated with the following substructures: Gaia-Enceladus/Sausage,
Sagittarius dSph, Heracles, Helmi stream, Sequoia, Thamnos, Aleph,
LMS-1, Arjuna, I’itoi, Nyx, Icarus, and Pontus.Using the wealth of
chemical composition information provided by APOGEE, we have
examined the distributions of the stellar populations associated with
these substructures in a range of abundance"planes, probing different
nucleosynthetic channels. We performed a quantitative comparison
of the abundance patterns of all the 'substructures studied in order to
evaluate their mutual assoeciations,/or lack thereof. Below we sum-
marise our main conclusions:

e We show that.the chemical compositions of the majority of the
halo substructures sofaridentified in the Galactic stellar halo (namely,
Gaia-Enceladus/Sausage, Heracles, Sagittarius dSph, Helmi stream,
SequoiageThamnos, LMS-1, Arjuna, I’itoi) present chemical com-
positions which resemble those of low-mass satellites of the MW
and/ot,accreted populations. There are however a couple of excep-
tions, namely Nyx and Aleph, that do not follow this pattern and
instead present chemical properties similar to those of populations
formed in situ. Furthermore, in Appendix A we discuss the nature of
Icarus, concluding that this substructure is likely comprised of stars
formed in situ, for which the ASPCAP abundances are unreliable.

o The chemical properties of the inner-Galaxy structure, Heracles,
differ from those of its in situ metal-poor counterparts, both in the
inner halo and in the solar neighbourhood (Aurora). In particular, Her-
acles displays lower abundances of a elements oxygen, magnesium,
and silicon than the in situ populations. A possible interpretation of
this result is that the star formation rate of Heracles was lower than
that of the early in siru halo. By the same token, Heracles is found to
have higher [@/Fe] ratios than GES which, as suggested by Horta et al.
(2021), is an indication of an early truncation of star formation and the
resulting absence of an a-knee in the former system. The abundance
pattern of Heracles is indeed found to differ from all of the other sub-
structures studied in this work. We propose a scenario according to
which Heracles and Aurora overlap spatially in the innermost Galaxy.
Further studies based on additional elemental abundances for larger
samples, as well as detailed numerical modelling, are required to dis-
entangle the in situ and accreted metal-poor populations cohabiting
the innermost Galactic halo (i.e., Rgc < 4 kpe).

e We show that a large fraction of the substructures stud-
ied (namely, (M19/N20) Sequoia, Arjuna, LMS-1, I’itoi) present
chemistry indistinguishable from that of the omnipresent Gaia-
Enceladus/Sausage. These findings bring into question the indepen-
dence of these substructures, which are at least partially overlapping
with GES in kinematic planes (see Fig 4). In view of these similar-
ities, claims in the literature about the nature of Sequoia as being
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originally a higher angular momentum component located in the out-
skirts of GES (Koppelman et al. 2020), a satellite of GES (Naidu
et al. 2021), or an altogether unrelated system (Myeong et al. 2019)
may need to be reexamined. The possibility that Sequoia (selected
as done in Myeong et al. (2019) and Naidu et al. (2020)) was a de-
tached, but much less massive galaxy than GES is likely challenged
by their chemical similarity. On the other hand, confirmation that it,
or Arjuna, might be the remains of populations originally located in
the outskirts of GES depends crucially on the magnitude of chemical
composition gradients one should expect for dwarf galaxies at z = 2,
and on whether that is a sufficiently discriminating criterion.

o We found that the halo hosts substructures which differ from GES
in a statistically significant way. Three among those susbstructures
display chemistry that is genuinely suggestive of an accreted nature,
namely Heracles, Thamnos, and the Helmi stream (although for the
latter this conclusion is not firm due to uncertainties in the chemistry
and small sample size).

e Conversely, the chemistry of the two remaining substructures,
Nyx and Aleph, is indistinguishable from that of in situ populations.
We conjecture that Nyx forms part of the high-« disc. For the case of
Aleph, we suggest that it could likely comprised of stars both from
the low-a (flared/warped) disc as well as stars from the high-« disc,
or be part of the Anti-Centre stream.

o The situation regarding the nature of the Sequoia system remains
somewhat inconclusive given our results. Out of three definitions
adopted in this paper, one delivers a Sequoia sample that differs from
GES both in terms of abundance pattern and [Fe/H]ypee (Koppelman
et al. 2019c). Conversely, the sample defined as in Myeong et al.
(2019) results in a Sequoia system that is much more similar to GES.
For the case of the Sequoia as defined in Naidu et al. (2020), the hard
[Fe/H] cut prevents us from performing any quantitative comparison.

e Our results suggest that the local/inner (Rg¢ < 20kpc) halo is
comprised of the debris from at least three massive accretion events
(Heracles, GES, and Sagittarius) and two/three lower mass debris
(Thamnos, Helmi stream, Sequoia). Upcoming large spectroscopic
surveys probing deeper into the outer regions of the stellar halo (be-
yond Rgc ~20kpc) will likely uncover the debris from predicted
lower-mass/more recent accretions (e.g., van den Bosch et al. 2016,
Horta et al. 2022, in prep), and will enable the full characterisation of
those already known. Conversely the precise contribution of massive
accretion to the stellar populations content of the inner few kpc of the
halo is still to be fully gauged. Heracles is likely the result of a real
building block of the halo, likely the most massive (in relative terms)
to have ever happened in the history of the Milky Way, but we ate
still scratching its surface.

This paper presents a chemical composition study .of substruc-
tures identified (primarily) on the basis of phase-space and orbital
information in the stellar halo of the Milky Way:”Current and up-
coming surveys will continue to map the stellar halo,and\will provide
further clues to the nature and reality of phase-space substructures
discovered in recent years. For the inner regionstef'the Galaxy and
the local halo, the Milky Way Mappet, (Kollmeier et al. 2017) and
the Galactic component of the MOONS GTO.survey (Gonzalez et al.
2020) will provide revolutionising chemo-dynamical information for
massive samples. For the outef regions of the stellar halo, the WEAVE
(Dalton et al. 2012), 4MOST (deong et al. 2019), and DESI (DESI
Collaboration et al. 2016) surveys will provide spectroscopic data for
millions of stars inboth high and low resolution. In addition, in this
work we have only studied the chemistry of the most massive accretion
events. However, there is’a plethora of lower-mass halo substructures
in the formwof coherent stellar streams that has not been studied in
this workiand.alsorequire to be fully examined (see Li et al. 2021 for
a recént'example). The advent of surveys like S5 (Li et al. 2019) will
aid in such endeavours. All this information, when coupled with the
exquisite-astrometry and upcoming spectroscopic information from
the Gaia satellite, will provide the necessary information for further
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discoveries and examinations of substructure in the stellar halo of the
Milky Way.
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APPENDIX A: THE REALITY OF ICARUS

The Icarus substructure is a metal-poor, [Mg/Fe]-poor structure that
was identified by Re Fiorentin et al. (2021) using the APOGEE DR16
and GALAH DR3 data. We have attempted to identify Icarus star
members by employing the criteria listed by Re Fiorentin et al. (2021),
and identified only one potential member within the parent sample
described in Section 2.1.9. We thus decided to retrieve the DR17
properties of the 41 Icarus stars presented by Re Fiorentin et al.
(2021) on the basis of APOGEE DR16 data.

We found that only 3 out of the 41 Icarus candidates have Teg
and log g characteristic of red giant stars. The remaining 38 stars
have stellar parameters consistent with a main sequence or subgiant
nature (Figure A1), which is the reason why the selection criteria
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Figure A1. Kiel diagram of the parent sample used in this work, the Icarus star
identified in this paper (purple), and the Icarus stars identified by Re Fiorentin
et al. (2021) (yellow), using APOGEE DR17 data.

described in Section 2 excluded them from our parent sample. This
finding is confirmed by the positions of the Icarus member sample
in the Gaia colour-magnitude diagram shown in Figure A2. Icarus
was conjectured to be an accreted substructure in the Galactic disc
based largely on chemical abundance information. However elemental
abundances for sub-giant and main-sequence, and particularly for
M dwarfs, were not very reliable in APOGEE DR16 (although see
Birky et al. 2020; Souto et al. 2020). Therefore, we decided to perform
some checks to see if the resulting abundances for these (primarily)
M dwarf stars are reliable in APOGEE DR17.

We checked the STAR_FLAG and ASPCAP_FLAG flags of the
41 Icarus stars determined by Re Fiorentin et al. (2021). The
results from this examination showed that: i) 25/41 stars had
a "BRIGHT_NEIGHBOUR", "PERSIST_HIGH", "PERSIST_LOW",
"LOW_SNR", SUSPECT_BROAD_LINES, SUSPECT_ROTATION",
MULTIPLE_SUSPECT", flag set in their STAR_FLAG, suggesting
the occurrence of various issues with the observed spectra of
these stars, which can lead up to uncertainties in stellar pa-
rameters and elemental abundances; ii) 40/41 stars had oné or
more of the following ASPCAP_FLAGs raised: "STAR-WARN",
"COLOUR_TEMPERATURE_WARN", "SN_WARN", "VSINI_WARN';
"VMICRO_WARN", "N_M_WARN", "TEFF_WARN", 'LOGG_WARN",
suggesting that the results from the ASPCAP analysis for these stars
are likely uncertain.

In light of these results, we chose to exclude\lcarus from this
study, and suggest that this substructure ismotithe debris from a can-
nibalised dwarf galaxy, but is rather likely comprised of (primarily)
M-dwarf stars with unreliable APOGEE abundances in the disc of
the Milky Way.

APPENDIX B: THE . CHEMICAL COMPOSITIONS OF
PONTUS ACCORDING TO APOGEE

As we have only been able to identify two star members belonging to
the Pontus halo substructure, we will refrain from making any strong
statement/about4ts chemistry. However, based solely on the chemical
compesitions of the two member stars we have identified in this work,
wefind that the Pontus substructure presents elevated abundances
inya-elements (namely, in O, Mg, Si), low C, Al, Ti, and Ce, and
approximately solar Mn and Ni. The two stars we find associated
with the Pontus substructure display similar chemical compositions
to’ that of other halo substructures and/or satellite galaxies of the
Milky Way. Although it is impossible to attribute any similarities or
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Figure A2. The same samples as in Fig A1, now in the Gaia colour magnitude
diagram using Gaia EDR3 data.

differences on the basis of two stars alone, given the close proximity
between these two Pontus stars and Thamnos inithe E-L, plane, it is
tempting to associate the former to the later. However, a larger sample
of Pontus stars with reliable chemiStry is, required to ascertain this
speculation.

APPENDIX C: CHEMICAL AND KINEMATIC
PROPERTIES OF HALO SUBSTRUCTURES
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Figure B1. Pontus stars (light green points) in every chemical composition plane studied in this work, from carbon to cerium. We note that for the’C and'N plots,
we restrict our sample to stars with 1 < logg < 2, to account for dredge-up effects in the red giant branch, and for all abundances, we also make‘the following cuts:
X_FE_FLAG =0 and X_FE_ERR < 0.15. For the case of N, Na, Cr, Co, and Ce, the X_FE_ERR < 0.15 restriction removes the two Pontus starS, and for. S it removes
one.

Table C1. Mean orbital parameter values for each substructure studied in this work. We note that the the angular momentum, actions, orbital energy, eccentricity,
maximum height above the plane, perigalacticon, and apogalacticon are computed using the McMillan (2017) potential.

Name (VR:Vg»Vz) (Lx,Ly,Lz) e 02)
(kms™1) (kpc kms™1) (kpe kms ™)

Heracles (1.98+106.31, 11.66+68.19, (-1.63+148.57, -3.76x190.74, (104:85+77.97, 29.42+116.92,
2.35+£90.40) 26.47£117.23) 160.81+115.25)

Gaia- (-3.02+179.09, 6.87+46.65, (16.37+469.05, 69.90+866.59, (1043.02+449.16, 29.81+260.10,

Enceladus/Sausage 5.69+123.71) 15.38+260.42) 735.78+650.55)

Sagittarius (184.78+66.70, 105.56+124.02, (460.23+345.39, . “3982.96+1388.07, (1164.12+575.14, 713.83+871.68,
124.94+65.12) 735.78+860.83) 3030.59+1236.89)

Helmi stream (-34.50+131.06, 150.67+60.45, — (—449.24£1210.39;, 106.21+1666.54, (793.40+1352.24,  1177.70+280.38,
63.37£164.74) 1165.73+274.68) 1353.60+£569.47)

Sequoia (M19) (33.02+165.33, —172.78+103.35, (546:64+855.13, 124.07+889.85, — (1140.20£682.65, —-1460.83+774.12,
17.01+106.54) 1483.30+778.86) 518.01+406.26)

Sequoia (K19) (35.72+166.22,  —224.72+58.49, (824.20+986.23, —182.94+844.54, — (830.49+427.55, -1816.35+396.41,
54.78+122.73) 1886.80+399.91) 662.92+441.86)

Sequoia (N20) (35.77£131.25,  —172.51%90:16, (652.20+736.62, 236.21£1025.36, — (770.00£759.03, —1423.37+780.40,
8.25+134.44) 1446.04+783.43) 699.91+609.53)

Thamnos (13.05+87.02, -118.38+40.33, - (92.86+294.91, 133.09+461.47, - (266.58+91.32, —829.93£189.28,
12.71+71.43) 849.80+192.88) 187.87+148.79)

Aleph (—4.04+£38.55, 212.50+23.29, (-345.82+656.52, —124.49+369.04, (44.06+35.72, 2055.17+427.09,
—14.04+£33.63) 2040.06+422.91) 188.46+10.46)

LMS-1 (5:61£93713, 125.65+34.12, (-201.77+698.43, 68.87+901.47, (254.87+110.66, 836.90+132.36,
16.73+94.98) 824.52+131.36) 660.16+470.59)

Arjuna (17.19+£172.19,  -176.91+88.75, (605.69+1156.87, —207.79+948.02, — (1281.13£1734.03, —1396.31+659.71,
45.49+131.23) 1417.31+665.88) 738.17+625.25)

Iitoi (19.61+99.41, —156.35+£63.47, (562.58+1064.28, —375.26+1092.75, (455.74+548.87, —1338.53+419.21,
59.13+133.86) —1360.07+£422.32) 897.37+615.83)

Nyx: (133.85+21.27, 158.01+26.21, (-57.72+164.31, 17.24+365.47, (291.19£104.29, 1258.34+278.25,

5.73+48.88)

1242.37+276.75)

55.49+54.31)

220Z J8qWIBAON | Z UO Jasn AjISIaAlun sa1oopy uyor [00diaai] Aq GLE1.289/6/ | SOBIS/SEIUW/EE0 | 01 /10P/a[o1e-80UuBApE/SRIUL/WOo dnoolwepese//:sdiy Woll papeojumod



32  D. Horta et al.

Table C2. Table C1 continued.

Name E (eCC,Zmax,RperisRapo)
(km?s™%) (=kpe.kpe.kpe)
Heracles —224860.22+15322.44 (0.81+0.12 ,1.67+0.85,
0.33+0.24, 3.01+1.02)
Gaia- —142394.72+12519.88 (0.93+0.06, 9.84+6.14,
Enceladus/Sausage 0.61£1.03, 17.15+£5.22)
Sagittarius -107654.44+17153.96 (0.69+£0.20,  35.74£17.68,
8.81+7.34, 38.12+17.86)
Helmi stream —127688.22+18244.58 (0.65+0.15, 16.37+9.37,
3.97+1.36, 24.05+20.67)
Sequoia (M19) -126706.32+17892.71 (0.73+0.10, 11.11+9.01,
4.13+2.49, 26.55+14.52)
Sequoia (K19) —120838.38+7843.52 (0.62+0.11, 10.31+4.98,
5.75+1.72, 25.34+6.45)
Sequoia (N20) —133482.69+19836.49 (0.65+0.12, 10.06+8.72,
4.25+2.31, 21.94+14.94)
Thamnos -169972.44+5539.53 (0.57+0.10, 3.10£1.60,
2.47+0.70, 9.05+1.08)
Aleph -146048.56+9553.77 (0.18+0.07, 4.06+0.56,
8.46+2.00, 12.06+2.73)
LMS-1 -156766.37+10493.48 (0.61+0.06, 7.04+2.75,
2.59+0.54, 10.89+1.95)
Arjuna —125782.70+21774.65 (0.72+0.13, 14.80+20.52,
4.08+2.41, 29.62+31,21)
Titoi -136512.56+18198.76 (0.55+0.16, 10.87+6.53,
4.84+1.98;,18.09£10.51)
Nyx -161398.10+8604.29 (0:50+0.08, 1.58+0.85,

3.78+0.95,11.20+1.98)
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Table C3. Mean ([X/Fe]) abundance values for every halo substructure identified in this study. As we only identified 2(1) stars belonging to Pontus(Icarus), we
exclude these halo substructures from this table.

([X/Fel) Heracles Gaia- Sagittarius Helmi Sequoia Sequoia
Enceladus/ stream (M19) (K19)
Sausage
([C/Fe]) —-0.30£0.18 -0.30£0.29 —0.38+0.14 —-0.35£0.36 -0.31£0.32 —0.34+0.31
([N/Fe]) 0.26+0.18 0.19+0.37 0.04+0.14 0.22+0.33 0.13+0.34 0.10£0.36
([O/Fe]) 0.32+0.09 0.24£0.19 —0.01+0.08 0.27+0.16 0.26+0.17 0.28+0.17
([Na/Fe]) —-0.01£0.42 0.02+0.51 —0.34+0.27 0.21+0.48 0.14+0.50 0.27£0.57
([Mg/Fe])  0.28+0.06 0.16£0.14 —0.03+0.08 0.19+0.14 0.17£0.13 0.17£0.12
([Al/Fe]) —0.13£0.09 -0.21£0.23 —0.44+0.08 —-0.25+0.21 -0.29+0.17 —0.31£0.15
([Si/Fe]) 0.25+0.06 0.14£0.13 —0.05£0.10 0.16+0.12 0.15£0.10 0.14£0.09
([Ca/Fe]) 0.19+0.12 0.15+0.18 0.01+0.07 0.14+0.16 0.16+0.17 0.16+0.23
([Ti/Fe]) —0.04£0.13 -0.04£0.20 —0.15+0.09 —-0.11£0.20 -0.07+0.21 —0.09+0.18
([Cr/Fe]) —-0.13£0.33 -0.10£0.40 —0.07£0.19 —0.04+0.36 -0.04+0.41 —0.02+0.42
((Mn/Fe])  —0.32+0.14 -0.28+0.22 —-0.20£0.10 —-0.23£0.20 -0.33£0.18 —-0.27£0.20
([Co/Fe]) —-0.19+0.36 -0.09+0.44 —0.16+0.15 —-0.06+0.37 -0.08+0.44 —0.00£0.50
([Ni/Fe]) —-0.03£0.08 -0.07£0.15 —0.14+0.06 —-0.06£0.10 -0.11£0.10 —0.13£0.11
([CelFe]) —-0.15+0.24 -0.11£0.36 —0.00+0.26 —-0.12+0.34 -0.12+0.42 —0.17£0.39
([Fe/H]) -1.30£0.21 -1.18+0.42 —0.72+0.34 -1.39£0.55 -1.41£0.36 —1.53+£0.45

Table C4. Table C3 continued.

([X/Fe]) Sequoia Thamnos Aleph LMS-1 Arjuna Titoi Nyx
(N20)

([C/Fe]) —-0.29+0.43 -0.17+0.28 0.01+0.07 -0.46£0.23 =0.36+0.24 -0.38+0.56 0.07£0.09
(IN/Fe]) 0.23+0.37 0.12+0.36 0.17+0.08 0.29+0.39 0.11%0.26 0.27+0.53 0.08+0.16
([O/Fe]) 0.30+0.17 0.43+0.13 0.19+0.09 0.38+0.11 0.25+0.17 0.41£0.11 0.33£0.11
([Na/Fe]) 0.43+0.53 0.24+0.57 0.02+0.26 0.38+0.49 0.04+0.48 0.71+0.56 0.04+0.32
([Mg/Fel) 0.22+0.12 0.33+0.08 0.17+0.06 0:28+0.09 0.16+0.11 0.34+0.06 0.32+0.08
([Al/Fe]) -0.33+0.18 -0.06+0.23 0.12+0.07 -0.30+0.10 -0.28+0.16 -0.32+0.08 0.24+0.12
([Si/Fe]) 0.17£0.10 0.30£0.10 0.10+0.05 0.22+0.07 0.16+0.10 0.23+0.07 0.21£0.06
([Ca/Fe]) 0.16+0.24 0.26+0.18 0,06+0.04 0.10+£0.27 0.160.11 0.21+0.47 0.17+0.08
([Ti/Fe]) —0.09+0.29 0.01+0.17 0.07+0.10 -0.11£0.20 -0.10£0.16 0.06+0.34 0.15+0.09
([Cr/Fe]) 0.08+0.47 -0.05+0.40 —0.04+0.11 -0.12+0.40 -0.18+0.36 0.23+0.39 -0.05+0.16
(Mn/Fe]) -0.31+0.22 —-0.37+0.18 -0.08+0.05 -0.30£0.22 -0.35£0.16 0.05£0.15 —0.15+0.09
([Co/Fe]) 0.05+0.46 0.02+0.41 0.02+0.22 -0.02+0.52 -0.15+0.42 0.17+0.45 0.06+0.26
([Ni/Fe]) —0.10+0.14 —0.04£012 0.03+0.02 —-0.05£0.12 -0.09+0.09 -0.01£0.14 0.06£0.04
([Ce/Fe]) -0.13+0.41 ~0.13+0.31 -0.12+0.29 -0.17+0.25 -0.18+0.40 0.02+0.35 —-0.16+0.29
([Fe/H]) —1.80£0:10 -1.53+0.36 —-0.53£0.17 -1.83£0.25 -1.33£0.13 -2.16£0.12 —0.55+0.29
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Figure D1. The same illustration as Fig. 6 in the Si-Fe plane.
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Figure D2. The same illustration as Fig. 6 in the O-Fe plane.
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6 in the S-Fe plane. We note that the grid limit appears clearly in this plane at the lowest [Fe/H] and highest [S/Fe] values.
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Figure D5. The same illustration as Fig. 6 in the Ti-Fe plane.
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Figure E1. The same illustration as Fig. 6 in the (C+N)-Fe plane.
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Figure F1. The same illustration as Fig. 6 in the Mn-Fe plane. We note that the grid limit appears clearly in this plane at the lowest [Fe/H] values.
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Figure F2. The same illustration as Fig. 6 in the Co-Fe plane. We note that the grid limit appears clearly in this plane at the lowest [Fe/H] values.

220Z J8qWIBAON | Z UO Jasn AjISIaAlun sa1oopy uyor [00diaai] Aq GLE1.289/6/ | SOBIS/SEIUW/EE0 | 01 /10P/a[o1e-80UuBApE/SRIUL/WOo dnoolwepese//:sdiy Woll papeojumod



[Cr/Fe]

[Cr/Fe]

Substructure in the Galactic stellar halo

Sagittarius

39

Helmi Streams

] -—I_:F?

Arjuna

L= I

[Cr/Fe]
=
T

|
[

Heracles

[Fe/H]

ES

LfH

[Fe/H]

Sagittarius

LA

[Fe/H]

Figure F3. The same illustration as Fig. 6 in the Cr-Fe plane. We note that the grid limit appears clearly in this plane at the lowest [Fe/H] values.
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Figure G1. The same illustration as Fig. 6 in the Na-Fe plane. We note that the grid limit appears clearly in this plane at the lowest [Fe/H] values.
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Figure G2. The same illustration as Fig. 6 in the K-Fe plane. We note that the grid limit appears clearly in this plane at the lowest [Fe/H] values.
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Figure H1. [Fe/H]comp used to obtain the results from Fig 18 when comparing every halo substructure with all the other substructures and with a high-/low-a disc
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