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Abstract

Based on the updated M giant star catalog selected from Large Sky Area Multi-Object Fiber Spectroscopic
Telescope DR9, we identify substructures within the integrals-of-motion space through the Friends-of-Friends
clustering algorithm. We obtain members belonging to several known substructures: the Sagittarius stream,
Galactic Anticenter Substructure (GASS), Gaia-Enceladus-Sausage (GES), Splash, and the high-a disk.
Furthermore, we also identify two groups which cannot be clearly associated with previously known
substructures. Our findings confirm the existence of metal-rich constituents within the GES, representing newly
formed stars that originated from the metal-enriched gas delivered during the GES merger event and subsequently
evolved. Additionally, this study further expands the sample of GASS, high-«a disk, and Splash stars. Analysis of
these metal-rich M giant stars as members of the GES, Splash, and high-« disk components supports an evolution
scenario for the early Milky Way, as proposed by previous studies. In this scenario, stars initially formed in a
high-a primordial disk were dynamically heated by the massive accretion event (GES). This process redistributed
stellar orbits, creating the Splash population, while the undisturbed portion of the primordial disk persisted as the
present-day high-a disk component.

Key words: Galaxy: disk — Galaxy: evolution — Galaxy: formation — Galaxy: halo — Galaxy: kinematics and

dynamics — Galaxy: structure

1. Introduction

Galactic archeology plays a crucial role in uncovering the
formation and evolutionary history of the Milky Way
(Helmi 2020). According to the ACDM model, the Galaxy
primarily formed through hierarchical mass assembly, where
satellite galaxies merged with the Milky Way (Horta et al. 2023).
These events created substructures in the Galactic halo and disk,
characterized by stars with consistent kinematic, dynamical, and
chemical properties (Helmi 2020). Studying these substructures
helps reconstruct the Galaxy’s merger history (Helmi et al. 2018;
Koppelman et al. 2019a; Massari et al. 2019; Myeong et al. 2019;
Yang et al. 2019a; Bonaca et al. 2020; Li et al. 2021; Zhao &
Chen 2021; Wang et al. 2022).

Utilizing data from photometric and spectroscopic surveys,
such as the Sloan Digital Sky Survey (SDSS; York et al. 2000;
Ahumada et al. 2020), the Two Micron All Sky Survey
(2MASS; Skrutskie et al. 2006), Pan-STARRS1 (PS1;
Chambers et al. 2016), the Large Sky Area Multi-Object
Fiber Spectroscopic Telescope (LAMOST; Zhao et al. 2012;
Yan et al. 2022), and Gaia (Gaia Collaboration et al. 2023),
more and more substructures have been identified in the
Milky Way (Newberg & Carlin 2016; Belokurov et al. 2018;

Haywood et al. 2018; Myeong et al. 2018; Ibata et al. 2021;
Mateu 2023). Recent studies have used diverse data sets and
methods to identify Galactic substructures. For example, using
various types of stellar samples such as K giants, Blue
Horizontal Branch (BHB) stars, and RR Lyrae stars, many
substructures within the Galactic halo, including the Sagittar-
ius (Sgr) stream, Gaia-Enceladus-Sausage (GES), Sequoia,
Helmi streams, Thamnos and LMS-1, have been identified
(Yang et al. 2019b; Naidu et al. 2020; Yuan et al. 2020; Wang
et al. 2022; Sun et al. 2025). Meanwhile, applying various
methods (such as Friends-of-Friends (FoF), HDBSCAN,
StarGO and STREAMFINDER) to sample in phase-space’
and integrals of motion (IoM) space® based on position—
velocity information has made the identification of Galactic
substructures more accurate and efficient (Belokurov et al.
2020; Necib et al. 2020; Feuillet et al. 2021; Malhan 2022; Rix
et al. 2022; Malhan & Rix 2024; Tang et al. 2024; Tian et al.
2024; Zhang et al. 2024).

5
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The three-dimensional position and three-dimensional velocity space.

E is the total energy of the star, L, is the component of the star’s orbital
angular momentum in the vertical direction, and (Jg, J, J.) are three actions in
an axisymmetric system. All these parameters are integrals of motion
(Ollongren 1965; Binney & Tremaine 2008; Binney 2012; Helmi 2020).


https://orcid.org/0009-0007-6842-8117
https://orcid.org/0000-0002-4953-1545
https://orcid.org/0000-0002-0642-5689
https://orcid.org/0000-0003-3347-7596
https://orcid.org/0000-0003-3571-6060
https://orcid.org/0000-0002-8980-945X
mailto:lijing@shao.ac.cn
mailto:zzyan@bao.ac.cn
mailto:xuexx@nao.cas.cn
https://doi.org/10.1088/1674-4527/ade522
https://cstr.cn/32081.14.RAA.ade522
https://crossmark.crossref.org/dialog/?doi=10.1088/1674-4527/ade522&domain=pdf&date_stamp=2025-08-11

Research in Astronomy and Astrophysics, 25:095015 (14pp), 2025 September

Yang et al. (2019a) obtained more than 13,000 K-giant stars
in the Galactic halo from LAMOST DRS5 and Gaia DR2. Using
the six-dimensional (6D) position—velocity information (I, b, d,
Viess Vi» Vi) and the FoF clustering algorithm, substructures
such as the Sgr stream, Monoceros Ring, Virgo Overdensity,
Hercules—Aquila Cloud, and Orphan stream were identified.
Naidu et al. (2020) constructed a sample of 5684 giant stars
in the region |b| > 40° and d.;, > 3 kpc from the H3
(“Hectochelle in the Halo at High Resolution”) Survey. Based
on stellar properties in the IoM and action spaces, the analysis
revealed various components of the Milky Way, including the
Sgr stream, Aleph, high-a disk, in situ halo, GES, Helmi
streams, Thamnos, High-Energy Retrograde Halo (Sequoia,
Arjuna, D’itoi), Wukong, and the Metal-Weak Thick Disk
(MWTD). Wang et al. (2022) compiled 3003 ab-type RR
Lyrae stars from SDSS DR12, LAMOST DR6, and Gaia
EDR3, located in the Galactic halo. Orbital parameters in the
IoM space were employed together with the FoF clustering
algorithm to identify substructures including the Sgr stream,
GES, Sequoia, Helmi streams, and three additional groups
possibly associated with globular clusters NGC 5272, 6656,
and 5024. Tang et al. (2024) selected 6454 FGKM-type halo
stars (Toe = 3500-8000 K, |V — Vigr| > 210 km s~') from
the medium-resolution data of LAMOST DRO. Using energy
and angular momentum information in the IoM space, the
HDBSCAN clustering algorithm enabled the identification
of GES, Helmi streams, the high-a disk, the in situ halo,
and three additional clusters not clearly linked to known
substructures.

While these studies primarily utilized K giants, BHB stars,
RR Lyrae stars, and other tracers to probe the Galactic halo, M
giant stars—with their unique combination of high luminosity
and lower susceptibility to interstellar extinction—offer
complementary advantages for mapping both distant and
low-latitude substructures. M giants are red giant branch
(RGB) stars with low temperature and high luminosity (Li
et al. 2023). On the one hand, the high luminosity allows them
to be used to trace the distant volumes, which are in the
Galactic halo. On the other hand, the lower temperature
indicates that most of the flux is distributed at the long
wavelength, which makes the M giants suffer lower suscept-
ibility to extinction. This provides an opportunity to study the
outer volumes of the disk with low latitude (Qiu et al. 2023).

Li et al. (2019) obtained an M giant star sample with
complete phase-space information by combining LAMOST
DR4 spectroscopic data, ALLWISE photometry, and accurate
proper motions from Gaia DR2. Based on the typical
kinematic properties of the Sgr stream, they selected 164 pure
Sgr stream M giant stars. In the same year, Yang et al. (2019b)
obtained a large sample of M giants, K giants, and BHB stars
by combining data from LAMOST DRS, SEGUE-2, 2MASS,
and WISE. Using the FoF clustering algorithm in IoM space,
they identified more than 3000 candidate stars of the Sgr
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stream and provided a detailed characterization of their
kinematic and chemical properties. Based on the spectroscopic
data from LAMOST DRS and the precise proper motions from
Gaia DR2, Li et al. (2021) applied the same method and
identified 280 M giant candidates belonging to an anti-Galactic
center substructure in the low-latitude region. These studies
demonstrated the potential of M giants in tracing distant and
low-latitude Galactic features.

The LAMOST DR9 catalog, with its expanded sample of
58,076 M giant stars (Li et al. 2023; Qiu et al. 2023), provides
a valuable resource for exploring substructures in the Galactic
halo and disk. By combining Gaia DR3 data and applying FoF
clustering methods in the IoM space, we aim to identify
substructures and study their properties.

This paper is organized as follows. Section 2 describes the
M giant sample used in this study. Section 3 introduces the
methods employed to identify substructures. In Section 4, we
present the substructures identified through clustering and their
characteristics. Finally, the discussion and conclusion are
presented in Section 5.

2. Data

In this work, we use the M giant sample from Li et al.
(2023) to investigate Galactic substructures. Based on the low-
resolution spectra of LAMOST DRY, Li et al. (2023) selected a
reliable sample of 58,076 M giant stars and determined their
radial velocities using the cross-correlation-based laspec
algorithm (Zhang et al. 2021). The velocity offset and
dispersion relative to Gaia DR3 and APOGEE DRI17 are
approximately 1 kms™" and 4.6 km s, respectively. Based on
this data set, Qiu et al. (2023) constrained the K-band absolute
magnitude to estimate distances for the sample, achieving a
relative statistical uncertainty of approximately 25%.

Combining the above data with precise proper motions
provided by Gaia DR3 (Gaia Collaboration et al. 2023), we
construct a catalog of 43,923 M giant stars, including their
R.A., decl., distances, radial velocities, and proper motions.
Additionally, to investigate the origins of the substructures, we
incorporate [M/H] and [a,/M] parameters by cross-matching
with APOGEE DR17 (Abdurro’uf et al. 2022).

This work adopts both a Galactocentric Cartesian coordinate
system (X, Y, Z) and a Galactocentric spherical coordinate
system (r, 0, ¢), where the positive direction of V, is opposite
to the rotation of Galactic disk. Using the Sun’s position
of (=8, 0, 0) kpc (Reid 1993), the solar motion of
(11.1, 12.24, 7.25) km g1 (Schonrich et al. 2010) and
the local standard of rest velocity of 220kms~' (Kerr &
Lynden-Bell 1986), we calculate the three-dimensional posi-
tions (Xg, Yy, Z,c) and velocities (U, V, W) of all M giant stars
in the Cartesian coordinate system, as well as the velocities
(V,, Vi, V) in the spherical coordinate system.
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Considering the substantial number of disk stars in our
sample, to minimize the impact of the thin disk and thick disk,
we only include samples with |Z,.| > 2 kpc in the clustering
analysis. In future work, we will further analyze the M giant
sample with |Z,.| < 2 kpc. Additionally, to ensure data
reliability, we retain only stars with a total velocity
Vit = VU% + V2 4+ W2 less than 400kms™', and velocity
component uncertainties oy, oy, and oy all smaller than
100kms~'. As a result, the final sample used for identifying
substructures consists of 3343 M giant stars. The parameters of
these stars are listed in Table 1. Figure 1 shows the spatial
distribution of the sample in the Galactic coordinate system
and the X,.—Z,. plane. Furthermore, the velocity distributions
(Vi V4, Vp) and the metallicity distributions are shown in
Figure 2. Since M giants lack reliable chemical abundance
parameters, we used K giants from Yang et al. (2019b) as the
disk star sample. These stars were cross-matched with
APOGEE DR17 to derive [M/H] and [«/M] for comparison
with the substructures.

3. Method

Over its evolutionary history, particularly in the first three
billion years, the Milky Way has undergone multiple mergers
with dwarf galaxies. Dynamical theory predicts that, despite
the loss of spatial coherence from dynamical mixing, orbital
characteristics persist in the IoM space. This preservation
offers a promising approach to trace the properties of their
progenitor systems (Roederer et al. 2018; Koppelman et al.
2019b; Massari et al. 2019; Malhan 2022; Malhan & Rix 2024;
X.-X. Xue et al. 2024, in preparation). Recent studies (e.g.,
Koppelman et al. 2019a; Yang et al. 2019b; Naidu et al. 2020;
Liet al. 2021; Wang et al. 2022; Tang et al. 2024; Zhang et al.
2024; Sun et al. 2025) have demonstrated the feasibility of
identifying substructures in the IoM space.

In a spherical potential without considering dynamic
friction, X.-X. Xue et al. (2024, in preparation) defined five
IoM parameters: (ec, a, lopits Dorvits lapo) (Yang et al. 2019b; Li
et al. 2021; Wang et al. 2022). The definitions of the
parameters are as follows:

. o e I — I
1. Orbital eccentricity ec: ec = 22—,
Tapo + Tper
Tapo + Tper
2 9’
. . . L,
3. Orbital pole direction (lomits borvi): loric = arctan (L—‘)

X

2. Semimajor axis a: a =

and byt = arcsin(%),
4. Apocenter direction l,p,: the angle between the apocenter
and the projection of the x-axis on the orbital plane.
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To quantify the orbital separations between stars, we define
the orbit-likelihood distance 6;; following Wang et al. (2022):

2 2
0= wy 0 + waq (@i — a;)?

+ WA (ei - ej)2 + WAIBP0 (lapo,i - lapo,j)z (1)

Here, wy, Waa Wae, and wyy,,, are normalization weights (see
Wang et al. 2022 for details). The FoF algorithm is employed
for substructure identification. In the FoF algorithm, two stars
are linked into a group if their orbit-likelihood distance ¢ is
smaller than a specified threshold (linking length). Stars are
subsequently added to the group if 6 between them and any
group member is smaller than the linking length. This process
is iterated until no more stars can be added to the group. At this
point, the group construction is complete (Wang et al. 2022;
Sun et al. 2025).

To ensure that the members of each substructure are
identified as completely as possible and obtain reliable
clustering results, we set the linking length range from 0.138
to 0.487 and only retain groups containing more than
10 members. Details of the linking length selection are
provided in Appendix. The maximum physical sizes of each
component corresponding to the linking lengths of 0.138 and
0.487 are summarized in Table 2.

4. Results

As described in Section 3, we apply the FoF algorithm to
search for substructures in the IoM space. We ultimately
identify 47 groups containing a total of 1597 M giant stars. By
comparing their spatial distribution, kinematics, dynamics, and
chemical properties with those of known substructures, we find
that the groups mainly belong to the Sgr stream (Belokurov
et al. 2014; Hernitschek et al. 2017; Yang et al. 2019b),
Galactic Anticenter Substructure (GASS; Li et al. 2021), GES
(Belokurov et al. 2018; Naidu et al. 2020), Splash (Belokurov
et al. 2020), and the high-a disk (Naidu et al. 2020; Tang et al.
2024). Figure 3 shows the distribution of these substructures in
the Galactic coordinate system (I, b) and the energy-angular
momentum (L,—FE) space. Additionally, we find two new
groups which are not associated with any known substructures.
In the following, we will provide a detailed explanation of
these substructures. Table 3 shows the orbital parameters of all
identified substructures.

4.1. The Sagittarius Stream

The Sgr stream, the most prominent substructure in the
Galactic halo, exhibits a growing population of spectro-
scopically confirmed member stars. This expanded census
facilitates a comprehensive investigation of the dynamical
interaction between the Sagittarius dwarf spheroidal galaxy (Sgr
dSph) and the Milky Way (Ibata et al. 1994; Yanny et al. 2000;
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Figure 1. The distribution of the selected M giant sample in phase-space:
Galactic coordinates (/, b) (upper panel) and X,—Z,. plane (lower panel).

Ibata et al. 2001; Belokurov et al. 2006; Carlin et al. 2018;
Li et al. 2019; Yang et al. 2019b). By comparing our groups
with previous observational Sgr members (Belokurov et al.
2014; Hernitschek et al. 2017; Yang et al. 2019b), we identify
three groups (182 stars) associated with the Sgr stream: one
group (67 stars) in the Sgr leading arm, one group (105 stars) in
the Sgr trailing arm, and one group (10 stars) in the Sgr
debris. We cross-matched the Sgr sample with APOGEE
DR17 and obtained 19 stars with reliable [M/H] and [a/M]
measurements.

Qiu et al. (2023) estimated the distances of M giant stars
based on their intrinsic color index, metallicity, and extinction.
However, Li et al. (2016) suggested that the distances of
M giants are not solely determined by these parameters but are
also strongly affected by the star formation history of their host
system. Consequently, compared to Sgr member stars
identified using other stellar tracers, the distances derived by
Qiu et al. (2023) for the Sgr stream are noticeably under-
estimated (Belokurov et al. 2014; Hernitschek et al. 2017;
Yang et al. 2019b). To address this, we correct the distances of
the identified Sgr member stars using the color—absolute
magnitude relation derived from Li et al. (2016). Figure 4
presents a comparison of our Sgr stream sample with other
observational data (Belokurov et al. 2014; Hernitschek et al.
2017; Yang et al. 2019b) across the (A., Vies), (Aw, d), and
(Xgc» Zgo) spaces. The velocities and distances of our identified
Sgr members show excellent agreement with those from other
observational studies.

Ding et al.

Table 2
The Maximum Physical Sizes of Each Component Corresponding to the
Linking Lengths of 0.138 and 0.487

Lmkmg Length e(lurbila burbil) a e gapu
(deg) (kpc) (deg)

0.138 7.36 1.46 0.04 13.90

0.487 25.99 5.17 0.16 49.05

From the spatial distribution in the X,—Z,. plane and
energy-angular momentum distribution shown in Figure 4, the
traditionally identified leading stream appears to consist of two
distinct orbital components: one part vertically passes through
the Galactic disk, while the other part runs almost parallel to
the disk. In the energy-angular momentum distribution, we
also see that the leading members are clearly divided into dark
blue and light blue groups based on their A, values. Further
work will focus on a more in-depth orbital analysis by
incorporating different types of Sgr member stars.

Additionally, in the middle-right panel of Figure 4, our Sgr
stars exhibit a distribution sequence similar to that of the Sgr
stars identified in K giants, M giants and BHB stars from Yang
et al. (2019b), characterized by lower [a/M] abundances
compared to Galactic disk stars at high metallicity. This
chemical evolution pattern is consistent with Milky Way dwarf
galaxies (Venn et al. 2012; Lemasle et al. 2014; Yang et al.
2019b).

4.2. The Galactic Anticenter Substructure

The GASS is a substructure located at low Galactic latitudes
and in the anti-center direction of the Milky Way. Due to their
overlapping kinematics and spatial properties, Li et al. (2021)
grouped several previously identified anti-center substructures,
including Monoceros (Newberg et al. 2002; Li et al. 2012),
A13 (Sharma et al. 2010; Li et al. 2017), and the Triangulum-
Andromeda cloud (Rocha-Pinto et al. 2004; Deason et al.
2014). Li et al. (2021) obtained a GASS sample containing
589 stars, among which 280 stars are M giants, and suggested
that GASS is part of the local metal-poor outer disk of the
Milky Way.

By comparing the properties of the GASS with those reported
in Li et al. (2021), we identify 11 groups comprising a total of
594 M giant stars associated with the GASS. Among these, 313
stars are located in the northern part of the Galactic disk, and
281 stars reside in the southern part. We cross-matched the
GASS sample with APOGEE DR17 and obtained 122 stars with
reliable [M/H] and [a/M] measurements. Figure 5 shows the
distribution of the GASS members in (/, b), (Xgc, Yeo), (Yees Zgc)s
(L, E), and (g, ec) spaces, as well as the comparison between
GASS and disk stars in the [M/H]-[a/M] planes. In the
upper-left panel, it can be seen that these members cover a large
region at low latitude with a range of 100° < [ < 240° and
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Figure 2. The distribution of the selected M giant sample’s velocities (V,, V4, V) and [M/H] relative to the Galactocentric distance (r,).

Table 3
Orbital Parameters of All Galactic Substructures We Identified

Substructure LAMOST a ec lor bor Lapo E L L, L, L,
Sgr stream 270210167 11.78 0.25 227.59 —54.34 47.52 —95226.95 2341 —919.74 —1007.26 —1901.75
Sgr stream 563808192 27.84 0.33 279.15 —14.23 100.35 —65980.43 4770.51 735.31 —4564.55 —1169.49
Sgr stream 814912143 30.28 0.36 283.34 —13.32 99.3 —63337.47 5034.6 1130.96 —4767.55 —1158.31
Sgr stream 660004143 14.77 0.37 224.66 -30.11 28.61 —86717.55 2659.09 —1614.48 —1616.21 —1334.45
Sgr stream 531309081 31.46 0.29 285.95 —17.66 108.47 —62335.35 5393.26 1409.21 —4939.6 —1637.71
Sgr stream 422602068 14.16 0.34 221.21 —29.62 43.01 —88327.87 2624.12 —1699.25 —1503.97 —1298.09
Sgr stream 700501081 32.02 0.31 279.85 —13.93 95.23 —61789.63 5445.59 903.74 —5207.6 —1313.01
Sgr stream 425310085 26.88 0.43 269.53 —9.74 86.26 —66773.76 4298.02 —34.1 —4234.39 —728.34
Sgr stream 502013024 34.04 0.31 283.97 0.22 83.47 —59869.61 5790.92 1401 —5617.93 22.64
Sgr stream 132105073 24.01 0.4 269.08 —18.68 80.35 —70471.15 3974.71 —60.54 —3761.52 —1280.21

Note. The first column indicates the stellar substructure affiliation, and the second column represents the LAMOST observation ID. The full table is available online.

—40° < b < 40°. In the X, Y, plane, the GASS exhibits a
prograde circular orbit. Additionally, in the Y,—Z,. plane, the
GASS has a slight arc motion trend, particularly in the southern
hemisphere, consistent with the results of Li et al. (2021). Li
et al. (2021) suggested that it could be part of the expected
ripple pattern in Xu et al. (2015) and Li et al. (2017). In the L—F
plane, it is located in an extended narrow region of thin disk
stars, but has a higher E and higher L, value than most of the
thin disk population. The ry—ec plane shows that the GASS

mainly distributes in the range of ry,. = 10-20kpc, with an
orbital eccentricity ec < 0.2, indicating its very circular orbit.
In the lower-right panel of Figure 5, the comparison with
disk stars shows that GASS has similar a-element abundances
to the thin disk, but is more metal-poor than typical thin disk
stars. This feature is consistent with the continuation of metal-
rich thin disk stars into the outer halo (Haywood et al. 2016;
Hayes et al. 2018; Li et al. 2021). Our GASS members share a
similar distribution in the [a/M] versus [M/H] space with
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those identified by Li et al. (2021). According to Li et al. (2021),
GASS may have formed in the outer disk region after the thick
disk phase, where lower molecular cloud densities resulted in a
reduced star formation efficiency compared to the inner disk.

4.3. Gaia-Enceladus-Sausage

The GES is a merger remnant in the Milky Way, formed
through a major accretion event with a dwarf galaxy
approximately 8—10 billion years ago (Belokurov et al. 2018;
Haywood et al. 2018; Helmi et al. 2018; Koppelman et al.
2018; Myeong et al. 2018; Mackereth et al. 2019). Belokurov
et al. (2018) first identified the GES based on a large sample of
main-sequence stars within ~10 kpc, combining data from
Gaia DR1 and SDSS. They named it the “Gaia Sausage” due
to its distinctive sausage-like distribution in the V,—V,, plane,
where V, is the radial velocity and V; is the azimuthal velocity,
with V; ~ Okm s~ ! indicating highly radial orbits. Since its
discovery, the GES has been extensively studied (Haywood
et al. 2018; Helmi et al. 2018; Koppelman et al. 2018; Myeong
et al. 2018; Mackereth et al. 2019; Naidu et al. 2020; Zhao &
Chen 2021; Wang et al. 2022; Tang et al. 2024).

In our sample, we identify seven groups belonging to the
GES, containing a total of 115 M giant stars. By cross-
matching the GES sample with APOGEE DR17, we obtained
11 stars with reliable [M/H] and [a/M] measurements.
As shown in Figure 6, our selected GES members are
kinematically consistent with the typical GES. In the (L,, E)
plane, the GES shows a vertical bar-like distribution near
L, ~ Okpckm s~!. In the (V,, V) plane, it shows a sausage-
like distribution near V,, ~ 0km s~ ' with a broad V, range and
a high-eccentricity (ec > 0.7).

Zhao & Chen (2021) selected metal-rich sausage-kinematic
(MRSK) stars from the LAMOST DR5 data set, defined
by [Fe/H] > —0.8 dex and —100 < V,, < 50 km s~ ', then
categorized them into low-a and high-a MRSK subgroups
using their a-element abundances. In a complementary study,
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(2014). The red, blue, and green points in the figure represent members of the
Sgr leading arm, trailing arm, and debris, respectively, while the gray points
represent the observational sample from Yang et al. (2019b). The black points
with error bars in the upper-left panel represent the giant stars from Belokurov
et al. (2014). The black points with error bars in the upper-right panel
represent the RR Lyrae stars from Hernitschek et al. (2017). Arrows in the
middle-left panel indicate the direction and amplitude of the velocity in the
Xyc—Zg. plane. The middle-right panel shows a comparison of our Sgr stars
(red stars) with Galactic disk stars (yellow points) and Sgr stars from Yang
et al. (2019b) in the [a/M] vs. [M/H] space. All [M/H] and [o/M]
measurements are taken from APOGEE DR17. The lower two panels show
energy-angular momentum distribution and the color indicates the A value.

Amarante et al. (2020) conducted a hydrodynamical simula-
tion of a clumpy Milky Way-like analog that successfully
replicated bimodal disk chemistry with sausage-like kine-
matics. Building on the consistency between MRSK stellar
properties and these simulations, Zhao & Chen (2021)
hypothesized that both low-a and high-a MRSK population
originates from the GES progenitor galaxy. They posited that
the ancient GES merger introduced gas-rich clouds into the
Milky Way during its early evolution, subsequently forming
clumps that generated the observed bimodal chemistry through
later evolutionary processes.

As demonstrated in the middle-right panel of Figure 6, our
metal-rich GES M giants display two distinct «-abundance
sequences (high-a versus low-«), thereby corroborating Zhao &
Chen (2021)’s scenario. Furthermore, comparative analysis with
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Tang et al. (2024)’s GES stars reveals that our M giants trace the
GES metallicity extension from metal-poor to metal-rich regimes,
strengthening Zhao & Chen (2021)’s interpretation of MRSK
stars as the metal-rich component of the GES. Finally, for
our GES sample, the R and |Z| distributions (2 < R < 12 kpc;
2 < |Z] < 8 kpc) align with the metal-rich GES spatial trends
reported in Figure 5 of Zhao & Chen (2021).

Previous studies (e.g., Li et al. 2016; Balbinot & Helmi 2021;
Wang et al. 2022) have suggested a connection between GES
and the Hercules—Aquila Cloud (HAC). Belokurov et al. (2007)
first discovered the HAC and suggested that it covers a vast area
of the sky, centered at a Galactic longitude of [ ~ 40°, with
Galactic latitude b from —50° to +50°. Figure 3 shows that
most of our GES member stars are located within the HAC
region. Therefore, to explore their connection, we compare the
GES with the HAC K-giant sample identified by Yang et al.
(2019a). As shown in Figure 7, the GES, similar to the HAC,
exhibits high orbital eccentricity and low L, The slight
deviation between the GES members and HAC K giants in the
L, distribution can be attributed to the insufficient number of M
giants. Given similar kinematic properties of GES and HAC, we
reach the same conclusion as Wang et al. (2022) that GES and
HAC may have similar origins.

4.4. Splash

The existence of the in situ halo in the Milky Way has long
been a topic of significant interest. Bonaca et al. (2017)
constructed a large sample of high-eccentricity stars with

[Fe/H] > —1 using Gaia DRI data. Based on chemical
abundance analysis and comparisons with numerical simula-
tions, Bonaca et al. (2017) argued that these locally observed
metal-rich stars on halo-like orbits were most likely formed
within the Galaxy. Subsequent studies based on Gaia DR2 data
have also identified stellar populations that exhibit both high
orbital eccentricities and thick disk chemical abundance
patterns, and have referred to one such component as the
“heated thick disk,” interpreted as the in situ halo (Haywood
et al. 2018; Di Matteo et al. 2019; Amarante et al. 2020).

In particular, Belokurov et al. (2020) confirmed the existence of
a large metal-rich population of stars ([Fe/H] > —0.7) on highly
eccentric orbits (ec > 0.5) in the solar neighborhood. Their
analysis leveraged Gaia DR2 astrometry and spectroscopic data for
bright nearby stars. By analyzing the evolution of kinematics,
elemental abundances and stellar ages in the V,—[Fe/H] plane,
Belokurov et al. (2020) further proposed that these stars likely
originated in the Milky Way’s proto-disk prior to a massive
ancient accretion event, such as the GES merger which drastically
perturbed their orbits. Thus, this component was named “Splash.”
This scenario provides crucial insights into the early dynamical
evolution of the Milky Way. Follow-up studies have since
characterized Splash stars via their distinct phase-space signatures
in the energy-angular momentum space and chemical abundance
patterns (Bonaca et al. 2020; Naidu et al. 2020; Myeong et al.
2022; Deepak 2024; Tang et al. 2024).

In this work, we identify seven groups (121 stars) as members
of the Splash component and characterize their kinematic and
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Figure 6. Distribution of the GES in the L—E, V,~V,, rec—ec, and [M/H]-[a/M]

planes, as well as histograms of R and |Z|. The blue points represent all the
selected GES member stars, while the silver points represent all M giant stars. In
the middle-right panel, the blue and red star symbols represent the GES M giants
from our sample and the GES stars from Tang et al. (2024), respectively. The
yellow points represent disk stars from Yang et al. (2019b). All [M/H] and [«/
M] measurements are taken from APOGEE DR17. The lower two panels show
the histograms of R and |Z| for our GES, respectively.

chemical properties, such as high orbital eccentricities (ec > 0.5)
and thick disk chemistry ((M/H] > —1 dex) (Belokurov et al.
2020; Bonaca et al. 2020; Naidu et al. 2020; Deepak 2024). By
cross-matching the Splash sample with APOGEE DRI17, we
obtained 23 stars with reliable [M/H] and [a,/M] measurements.

As shown in Figure 8, Splash candidates occupy angular
momenta —1 x 10° < L, < Okpckms™", yet their L, values
are systematically lower than thick disk stars at matched
energies. In the V,-V,, plane, Splash members predominantly
lie above the kinematic boundary V, ~ —100kms™'
(Belokurov et al. 2020), distinguishing them from the thick
disk. Additionally, their V, distributions show significantly
greater dispersion compared to the thick disk population. As
shown in the lower-left panel of Figure 8, Splash stars exhibit
distinctly high orbital eccentricities (ec > 0.5), differentiating
them from thick disk stars. However, in the chemical plane of
[M/H] versus [a,/M], the Splash population largely overlaps
with the thick disk sequence. These properties of the Splash
stars further support the scenario proposed in the previous
literature, which suggests that Splash stars formed in the Milky
Way’s high-a proto-disk and were subsequently heated to
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high-eccentricity orbits by a massive ancient accretion event
(Bonaca et al. 2017, 2020; Haywood et al. 2018; Di Matteo
et al. 2019; Amarante et al. 2020; Belokurov et al. 2020).

As shown in Figures 6 and 8, our Splash population exhibits
higher angular momentum and prograde rotational velocity, as
well as lower orbital eccentricity, compared to the GES
population. We initially distinguished Splash from GES based
on these kinematic characteristics. However, we note that Tang
et al. (2024) found a Splash population within the GES stars
identified in the IoM space. Additionally, previous studies have
suggested that Splash stars are generally high-o and metal-rich,
consistent with the thick disk (Belokurov et al. 2020; Bonaca
et al. 2020; Naidu et al. 2020; Deepak 2024). Meanwhile, Zhao &
Chen (2021), based on the hydrodynamical simulation results of
Amarante et al. (2020), suggested that both low-a and high-«
MRSK stars coexist within GES. Therefore, we speculate that a
small number of both low-«v and high-av GES stars may be present
in our Splash sample. This is also supported by the presence of a
few low- stars ([e/M] < 0.2 dex) in the [M/H] versus [o/M]
plane, as shown in Figure 8.

The kinematic overlap between Splash and GES also
implies the presence of dynamical interaction between them.
Based on the above information, we suggest that the high-
eccentricity, high-a stars may include both stars originating
from the GES and Splash stars that were born in the Milky
Way’s high-a proto-disk and later heated onto eccentric orbits
due to the GES merger event.

4.5. The High-o Disk

The high-a disk is a chemically distinct stellar population
marked by elevated a-element abundances (Edvardsson et al.
1993; Fuhrmann 1998; Chen et al. 2000; Bensby et al. 2003;
Adibekyan et al. 2012; Recio-Blanco et al. 2014; Hayden et al.
2015; Carollo et al. 2019; Nissen et al. 2020). Bonaca et al. (2020)
selected 4631 high-« stars with low orbital eccentricities (e < 0.5)
from 11,000 main-sequence turn-off stars in the H3 Survey, and
defined them as the “high-a disk.” Based on analyses of their
orbital properties, ages, and elemental abundances, Bonaca et al.
(2020) proposed that this stellar population originated in the Milky
Way’s high-a proto-disk. Subsequent studies have further
identified low-eccentricity, c-enhanced stellar populations as part
of the high-a disk component, suggesting that these stars are
typically old and formed during the early stages of the Galaxy’s
evolution (Naidu et al. 2020; Xiang & Rix 2022; Tang et al. 2024;
Xiang et al. 2025).

We identify 17 groups associated with the high-a disk,
comprising a total of 557 stars. We cross-matched them with
APOGEE DRI17 and obtained 83 stars with reliable [M/H]
and [a/M] measurements. As illustrated in Figure 9, the
high-a disk spans from prograde circular orbits (L, ~ —2.5 X
10°km - s7' - kpc) to elliptical orbits (L, ~ —0.5 x
10°km - s~' - kpc) in the L~E plane. The azimuthal velocity
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Figure 8. Distribution of the Splash in the L—E, V,—V, re—ec, and [M/H}-{a/M]

V., and orbital eccentricity ec exhibit broad distributions, with
V,, ranging from —100 to —200 km s_l, and ec from 0.1 to 0.5,
respectively.

Additionally, in the [M/H]-[o/M] plane, high-o disk pre-
dominantly align with the thick disk sequence. The high rotational
velocities, low orbital eccentricities, and thick disk-like chemical
abundances collectively indicate that this stellar population formed
in situ within the Milky Way’s proto-disk. This result further
confirms the scenario proposed by Bonaca et al. (2020), which
suggests that stars in the Milky Way initially formed in the
high-a proto-disk. A subsequent massive ancient accretion event
dynamically heated a fraction of these high-« stars, placing them
on high-eccentricity orbits (now identified as the Splash popula-
tion), while the remaining stars retained disk-like orbits, forming
the so-called high-« disk.
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Since the clustering analysis primarily relies on orbital
parameters, some low-« disk stars with orbital features highly
similar to those of the high-a disk population are misclassified
into the latter (as shown in the lower-right panel of Figure 9).
These two populations can be further distinguished by
incorporating more a-abundance data.

4.6. Unclassified Groups

In our results, we also identify two groups which cannot be
clearly associated with previously known substructures. We
designate them as Group 1 and Group 2, containing 15 and 13
stars, respectively. We cross-matched the two groups with
APOGEE DRI17, and obtained two stars of Group 2 with
reliable [M/H] and [«t/M] measurements.
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Figure 10 illustrates the distribution of these groups in the
chemodynamical space. For Group 1, the mean z-component
of angular momentum is (L) = —0.912 x 10% kpc km s~ ' and
the mean energy is (E) = —1.22 x 10° km® s °. In contrast,
Group 2 has a mean z-component of angular momentum
(L) = 0318 x 10® kpc km s™', and a mean energy
(E) = —1.36 x 10° km® s> In the V,~V,, plane, Group 1 is
centered around V, = —100 km s~ ! while Group 2 exhibits a
more dispersed distribution within 0 < V,, < 200kms™ ',
indicating slight retrograde motion. Additionally, Group 1 has
a higher mean orbital eccentricity ({ec) = 0.55) compared to
Group 2 ((ec) = 0.35).

In the kinematic space, Group 1 exhibits energy-angular
momentum distributions and kinematic patterns similar to
those of the Splash population. However, it has slightly lower
orbital eccentricities and larger galactocentric distances (7).
Due to the lack of chemical abundance data, we cannot
definitively determine the origin of Group 1. Nevertheless, its
kinematic and dynamical properties suggest a potential origin
in the Galactic disk.

Given its slight retrograde motion, we hypothesize that
Group 2 is related to the low-energy retrograde substructure
Thamnos (Koppelman et al. 2019a; Naidu et al. 2020), as it
shares a relatively low energy (E) = —1.36 x 10° km” s~ 2 and
eccentricity (ec) = 0.35. However, as shown in the lower-right
panel of Figure 10, two stars in Group 2 with metallicity
measurements from APOGEE DRI17 are more metal-rich
than the classical Thamnos population, which typically has
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[Fe/H] < —1.6 dex (Koppelman et al. 2019a; Naidu et al.
2020). Nevertheless, we do not rule out the possibility that
Group 2 represents the metal-rich tail of the Thamnos
substructure.

5. Discussion and Conclusion

In this study, we investigate Galactic substructures using a
catalog of M giant stars from LAMOST DR9 low-resolution
spectroscopic data (Li et al. 2023). By combining radial
velocities from Li et al. (2023), distances from Qiu et al.
(2023), and proper motions from Gaia DR3, we derive the full
6D phase-space information of these stars, including their
spatial positions and velocity components. All M giants used
for identifying substructures are available in Table 1.

After removing M giant stars with |Z,.| < 2 kpc, we apply
the FoF clustering algorithm to identify stellar groups with
similar orbital properties in the IoM space. This process yields
47 groups containing a total of 1597 M giant stars. By
comparing them with known substructures, we find that these
groups primarily correspond to the Sgr stream (182 M giants),
GASS (594 M giants), GES (115 M giants), Splash (121 M
giants), and the high-« disk (557 M giants). Additionally, two
groups cannot be clearly associated with previously known
substructures. All orbital parameters of identified groups are
listed in Table 3.

The Sgr stream in our sample consists of three components:
the Sgr leading arm, the Sgr trailing arm, and the Sgr debris.
Their velocity and distance distributions are consistent with
previous studies. Our analysis reveals that the traditionally
defined leading stream consists of two kinematically distinct
components, suggesting a more complex orbital structure than
previously thought. Further investigation incorporating differ-
ent types of Sgr member stars is required to better understand
this complexity. The chemical abundance pattern of our Sgr
member stars, characterized by low [a;/M] at high metallicity,
aligns with previous findings and supports the chemical
evolution trends commonly observed in Milky Way dwarf
galaxies (Venn et al. 2012; Lemasle et al. 2014; Yang et al.
2019b).

The GASS in our sample exhibits nearly circular prograde
orbits spanning galactocentric distances from 10 to 20 kpc,
consistent with the kinematic properties reported by Li et al.
(2021). Chemically, the GASS stars have similar a-element
abundances to the thin disk but are comparatively more metal-
poor, consistent with the continuation of the metal-rich thin
disk population into the outer halo (Haywood et al. 2016;
Hayes et al. 2018; Li et al. 2021; Zhang et al. 2022). These
characteristics suggest that GASS originated from the disk and
indicate a distinct formation and evolutionary history within
the Milky Way’s outer disk.

Analysis of the GES member stars reveals kinematic and
chemical properties consistent with previous studies, including
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a bar-like distribution in (L,, E) space and a sausage-shaped
structure in (V,, V;) space with high eccentricities. The
presence of metal-rich M giants exhibiting a wide range of
[a/M] supports the GES origin scenario proposed by Zhao &
Chen (2021), in which the ancient GES merger event both
brought a gas-rich cloud into the Milky Way at an early epoch,
and produced clumps that developed this bimodal chemistry
for MRSK stars in later evolution. Furthermore, the spatial and
dynamical similarities between our GES members and the
HAC suggest a possible common origin, in agreement with the
conclusions of Wang et al. (2022).

We identify the Splash component, characterized by their
high orbital eccentricities and thick disk-like chemical
abundance patterns. Our results demonstrate a clear kinematic
distinction from thick disk stars and a similar chemical
sequence, confirming the efficiency of our FoF clustering
method in recovering Splash members in the IoM space. These
findings support the scenario that Splash stars originated in the
Milky Way’s high-a proto-disk and were dynamically heated
by a massive early accretion event (Bonaca et al. 2017;
Haywood et al. 2018; Di Matteo et al. 2019; Amarante et al.
2020; Belokurov et al. 2020; Bonaca et al. 2020). Additionally,
the presence of a few low-a stars suggests a possible
contamination from the low-o«, metal-rich tail of the GES
galaxy (Zhao & Chen 2021), highlighting the complex
interplay between in situ and accreted populations. We also
identify the high-a disk population, whose high rotational
velocities, low orbital eccentricities, and thick disk-like
chemical abundance patterns indicate an in situ origin from
the Milky Way’s proto-disk.

In addition, we identify two groups which cannot be clearly
associated with previously known substructures. Group 1
shows kinematic properties similar to the Splash but with
lower orbital eccentricities and larger galactocentric distances,
suggesting a possible origin in the Galactic disk. Group 2
shows kinematic consistency with the low-energy retrograde
substructure Thamnos (Koppelman et al. 2019a; Naidu et al.
2020), though its higher metallicity suggests it may represent a
more metal-rich extension of Thamnos.

Based on the kinematic and chemical properties of the
metal-rich M giant stars successfully identified in this study as
members of the GES, Splash, and high-a disk components, we
confirm the evolutionary scenario of the early Milky Way
proposed by previous studies, in which stars in the Milky Way
initially formed in the high-a proto-disk. A subsequent
massive ancient accretion event dynamically heated a fraction
of these high-« stars, placing them on high-eccentricity orbits
(now identified as the Splash population), while the remaining
stars retained disk-like orbits, forming the so-called high-«
disk (Helmi et al. 2018; Belokurov et al. 2020; Bonaca et al.
2020; Zhao & Chen 2021; Chandra et al. 2024). In the future,
more precise measurements of their chemical abundances
(e.g., [«/M] and [Fe/H]) using high-resolution spectroscopic

Ding et al.

data, along with age estimates, will be crucial in robustly
verifying the origin of these M giants and their role in the GES
merger event. This discovery provides new insights into the
star formation history of the GES progenitor galaxy and its
contribution to the evolution of the Milky Way.
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Appendix
Determination of the Linking Length

Considering the normalized weights of the input sample and
the characteristic linking lengths of different substructures, the
linking length for each group is determined individually
(Wang et al. 2022). As the linking length increases, the number
of group members grows slowly at first, but a sudden jump
occurs at a certain linking length. This jump likely indicates
the merging of multiple groups, leading to the combination of
several substructures (Zhang et al. 2024). To avoid such cases,
we choose the linking length just before the jump by checking
the orbital parameter distributions of the group before and after
the jump.

Figure Al illustrates how the number of members in an
example group changes with increasing linking length. It
shows a significant jump in the number of members when the
linking length increases from 0.163 to 0.164. Figure A2
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Figure Al. The variation in the number of members of the example group with increasing linking length.
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Figure A2. The orbital parameter distribution of the example group members. The red points represent the example group members at a linking length of 0.163,
while the blue points represent the example group members at a linking length of 0.164.

displays the orbital parameter distributions of the group
members before and after the jump. It can be seen that at
linking length 0.164, the group becomes unreliable,
particularly as the distribution of /5, suggests the presence
of multiple substructures. Therefore, we retain this group at
linking length = 0.163.
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