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ABSTRACT

Using 64,000 halo K giants from Dark Energy Spectroscopic Instrument (DESI) second Data Release
(DR2), we decompose the Milky Way (MW) stellar halo between 3 and 160 kpc into metal-rich (MR)
and metal-poor (MP) components via a Gaussian mixture model (GMM). The two populations are
nearly equal in number but chemically and kinematically distinct: MR stars occupy highly radial orbits
with velocity anisotropy of 8 =~ 0.94 and metallicity dispersion o[p./p; ~ 0.17 dex, without obvious
dependence on distance, and are mainly contributed by Gaia-Sausage/Enceladus (GSE) debris. MR
component dominates the inner 30 kpc and re-emerges beyond 50 kpc, implying GSE debris can extend
to ~ 70-80 kpc. MP stars exhibit a weaker radial bias of 5 ~ 0.46, decreasing to —0.5 beyond 80 kpc,
and with a larger metallicity dispersion of op. /i ~ 0.46 dex, showing signatures of multiple minor
mergers. Both components exhibit net prograde rotation at ~ 10-30 kpc with a stronger azimuthal
signal in the MP population. The non-equilibrium motions of the outer halo (>50 kpc) are quantified
with a dipole-plus-contraction velocity field. We find that the outer halo is simultaneously contracting
(Hcompr = —19 km s~!  distance-independent) and subject to reflex motions (Hdipole Increases from
—19 to —44 km s~! with radius), reflecting the perturbation from the Large Magellanic Cloud (LMC).
We also confirm a linear dependence of mean polar velocity for the outer stellar halo on pgipole, a direct
consequence of the LMC and MW interaction. Our results provide a quantitative distance-resolved
description of the MW’s last major accretion event and its ongoing response to the first infall of the

LMC.
Keywords: Stellar halo

1. INTRODUCTION

The Milky Way (MW) stellar halo is the product of
galactic accretions over a long history (Belokurov et al.
2018a; Helmi et al. 2018a; Myeong et al. 2019; Evans
2020; Helmi 2020; Naidu et al. 2020a, 2021a; Horta et al.
2023; Horta & Schiavon 2024). Rather than forming in
isolation, our Galaxy has grown by repeatedly merging
with smaller satellite galaxies (Searle & Zinn 1978; John-
ston et al. 1996; Zhao 1998; Chiba & Beers 2000; Helmi
& de Zeeuw 2000; Bullock et al. 2001; Monaco et al.
2004; Forbes & Bridges 2010; Baumgardt & Vasiliev
2021; Chen & Gnedin 2024).

These cumulative merger events have sculpted the
MW halo’s global density profile and shape (Sommer-

* songtingli@sjtu.edu.cn
T wenting.wang@sjtu.edu.cn

Larsen 1987; Preston et al. 1991; Morrison et al. 2000;
Bell et al. 2008; Sesar et al. 2011; Han et al. 2022; Ama-
rante et al. 2024; Medina et al. 2024; Nibauer & Bonaca
2025; Li et al. 2025a), its net angular momentum (Kafle
et al. 2017; Deason et al. 2017; Belokurov et al. 2018b;
Cunningham et al. 2019; Lancaster et al. 2019; Tian
et al. 2019, 2020; Bird et al. 2021), and its rich chemo-
dynamical diversity (Bird et al. 2021; Zhu et al. 2024;
Medina et al. 2025). Some accretion events remain only
partially mixed. Their debris can be observed as spatial
overdensities (Belokurov et al. 2007; Juri¢ et al. 2008;
Watkins et al. 2009; Simion et al. 2014; Chandra et al.
2023a,b; Viswanathan et al. 2024; Li et al. 2025a) and
stellar streams (Palau & Miralda-Escudé 2023; Nibauer
& Bonaca 2025; Valluri et al. 2025; Palau et al. 2025;
Mohammed et al. 2026, Jarvis et al. in preparation)
that continue to reveal the MW’s ongoing accretion his-
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tory (Helmi et al. 1999; Belokurov et al. 2006; Bullock
& Johnston 2005; Cooper et al. 2010).

Although the majority of these merger remnants are
now well phase mixed into a seemingly smooth den-
sity background in the stellar halo, they continue to
retain identifiable signatures in velocity and chemical
abundance space (Naidu et al. 2020a, 2021a; Li et al.
2025, Kizhuprakkat et al. in preparation). For exam-
ple, the debris of the Gaia-Sausage/Enceladus (GSE;
Belokurov et al. 2018b; Haywood et al. 2018; Helmi et al.
2018b; Lancaster et al. 2019; Naidu et al. 2021b; Wu
et al. 2022; Han et al. 2023; Deng et al. 2026) merger
is found to be confined to highly radial orbits and ex-
hibits a significantly tighter metallicity dispersion than
the surrounding halo population (Helmi et al. 2018b;
Han et al. 2022; Zhu et al. 2024; Medina et al. 2025).
Consequently, precise 6-dimensional (6D) phase-space
(positions, distances, and full space velocities) and high-
resolution elemental-abundance measurements can help
us better decode the merger history of the stellar halo.

The launch of the Gaia space mission (Gaia Collabora-
tion et al. 2016) has revolutionized our view of the MW.
By combining the precise proper motion measurements
from Gaia and accurate distances, line-of-sight velocity,
and abundance measurements from spectroscopic sur-
veys, such as, SEGUE (Yanny et al. 2009), APOGEE
(Majewski et al. 2017), GALAH (Martell et al. 2017),
H3 (Conroy et al. 2019), LAMOST (Cui et al. 2012),
MagE (Chandra et al. 2025), and DESI (DESI Collab-
oration et al. 2016a,b, 2022a; Guy et al. 2023; Schlafly
et al. 2023; Miller et al. 2024; Poppett et al. 2024; DESI
Collaboration et al. 2024a,b, 2025), we are now able to
trace the merger history of the MW in full 6D phase and
abundance space.

Assuming the stellar halo is in dynamical equilibrium,
its observable features, including mean metallicity, mean
velocity, velocity dispersion, and the velocity anisotropy,
can be linked to the underlying gravitational potential.
Precisely measuring the velocity moments and velocity
anisotropy of the MW stellar halo is crucial for con-
straining the dark matter distribution around our MW,
through, for example, the Jeans equation (e.g. Gnedin
et al. 2010; Zhai et al. 2018; Bird et al. 2022; Rehemtulla
et al. 2022). The readers can check Wang et al. (2020)
for a review.

Recent Gaia-era studies, however, have accumulated
compelling evidence that the outer stellar halo (>40-
50 kpc) is not in dynamical equilibrium. Simulations
and observations have revealed clear quantitative confir-
mation that the ongoing merger of the Large Magellanic
Cloud (LMC) leaves pronounced, observable imprints on
the outer stellar halo (Besla et al. 2007; Kallivayalil et al.

2013; Garavito-Camargo et al. 2019; Conroy et al. 2021;
Erkal et al. 2021; Chandra et al. 2023a; Vasiliev 2024;
Sheng et al. 2024; Yaaqib et al. 2024; Sheng et al. 2025;
Yaaqib et al. 2025; Chandra et al. 2025; Brooks et al.
2025; Bystrom et al. 2025; Brooks et al. 2026a,b). As the
LMC accelerates towards north, the disk and inner halo,
which have shorter dynamical time scale, move towards
south, i.e, the reflex motion of the MW disk, imprinting
an equal-and-opposite dipole pattern on the outer stel-
lar halo radial velocity field with respect to the observer,
that is most pronounced beyond ~ 40-50 kpc.

Following these N-body simulations results, Bystrom
et al. (2025) further fit the velocity field of the MW outer
stellar halo (>50 kpc) by reconstructing the velocity dis-
tribution with a large sample of blue horizontal branch
(BHB) stars. The authors confirmed that the outer stel-
lar halo undergoes a net inward contraction and that the
reflex motion of the outer stellar halo is organized into
a coherent dipole pattern, likely induced by the pertur-
bation from the infall of the LMC.

In this work, we assemble a large sample of K giants
from the second Data Release (DR2) of the DESI Stel-
lar Surveys. By combining the proper motions from
Gaia and the precise distance, line-of-sight velocity, and
abundance measurements from DESI, we measure the
mean metallicity, mean velocity, velocity dispersion, and
the velocity anisotropy profiles as a function of Galac-
tocentric distance by fitting the joint distribution with
a Gaussian mixture model (GMM). We also investigate
the non-equilibrium outer stellar halo by fitting the ve-
locity distribution with a dipole velocity field model.

This paper is organized as follows: Section 2 intro-
duces the DESI MWS data and presents the selections
of the halo K giant sample. Section 3 illustrates the
methodology adopted in this work. Section 4 presents
the results of this paper, including fitting the stellar
halo with a GMM and the results of the non-equilibrium
outer stellar halo. We discuss and compare our results
with previous studies in Section 5, and conclude in Sec-
tion 6.

2. DATA
2.1. The DESI Stellar Surveys

The nomenclature of DESI Stellar Surveys and their
relations are described in detail in the Appendix of Dey
et al. (2025). It consists of the Milky Way Survey
(MWS; Cooper et al. 2023), the Milky Way Backup Pro-
gram (MWBP; Dey et al. 2025), the Science Validation
(SV; DESI Collaboration et al. 2022b, 2024a,c) phase of
observations, the DESI Andromeda Region Kinematic
Survey (Dey et al. 2023), and the Milky Way stream
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and dwarf galaxy Surveys (e.g. Valluri et al. 2025; Ding
et al. 2025; Yang et al. 2025; Qiu et al. 2025).

In our analysis, we use combined data' from the
MWS, MWBP, and SV, to have the maximum number
of stars available in the dataset to analyze the stellar
halo. Briefly, the DEST MWS is performed at bright
time together with DESI Bright Galaxies (Hahn et al.
2023), with flux limits of 16 < r < 19 mag. The
DESI MWBP is performed when the observing condi-
tions are poor. MWBP targets are solely selected from
Gaia, which reaches lower Galactic latitudes and cov-
ers a magnitude range of 11.2 < G < 19 mag in Gaia
G-band. SV is the pre-survey validation field, and is
used to calibrate pipelines and selection functions. SV
observations are confined to specific fields, resulting in a
much higher completeness than the MWS and MWBP
samples. From the combined data, we select halo K gi-
ants for our analysis.

In our analysis, we assume that the DESI MWS se-
lection functions do not affect the velocity field. As
demonstrated in Li et al. (2025a), the selection function
only varies with sky coordinates. Stars are randomly se-
lected for spectroscopy at a fixed sky position, implying
no correlation between completeness fraction and stellar
velocity.

2.2. DESI Stellar Parameter Catalog

In this work, we adopt the stellar parameters and
line-of-sight velocity from the internal DEST MWS RvJ
pipeline, which is an upgraded version of the Rvs
pipeline? employed for the DESI EDR and DR1 VACs
(Koposov et al. 2024; Koposov et al. 2025). Relative to
RvS, RvJ exploits Korg-synthesised templates (Wheeler
et al. 2023) and delivers element-specific abundance ra-
tios such as [Mg/Fe] instead of a global a-abundance.

Stellar distances are drawn from the DESI SpecDis2
VAC (Li et al., in preparation), a revised edition of
the DR1 SpecDis catalog (Li et al. 2025b), using the
dust map of Schlafly & Finkbeiner (2011). SpecDis2
infers distance by mapping the combined spectroscopic
information and photometric colours to absolute mag-
nitude with a Neural Network (NN) and trains dwarfs
and giants through distinct models. By training main-

dian distance error for giants from ~ 40 % in SpecDis
to ~ 12 %. Here, the distance error is estimated from
the error spectra and NN model uncertainties (Li et al.
2025b). We further validate the measurements using
member stars in globular clusters (GCs) (Baumgardt &
Vasiliev 2021) and dwarf galaxies (Pace et al. 2022). The
distance uncertainty is about 18% for member stars in
GCs and dwarf galaxies.

2.3. Selection of K giants

We first select K giants with effective temperature
(Tog) of 4500 K < Tog < 5500 K and r-band abso-
lute magnitude of —3 < M,. < 2 after extinction correc-
tion. With this selection, we get a sample that contains
~ 370,000 stars. We further remove the contamination
from thin/thick disks. We remove the thin/thick disk
stars with [Fe/H] > —0.85dex® (Li et al. 2025a) and
vertical distance to the disk plane smaller than 2 kpc
(Bird et al. 2021). After this selection, we retain about
150,000 stars.

We subsequently remove member stars belonging to
known substructures. The member stars in GCs and
dwarf galaxies are removed by cross-matching with
Baumgardt & Vasiliev (2021) and Pace et al. (2022).
We then remove the Sagittarius (Sgr) stream geomet-
rically, which is massive and may bias our conclusions
about the remaining parts of the stellar halo *. We adopt
the stream-oriented coordinate system from Belokurov
et al. (2013), and compute the perpendicular latitude
B and remove all stars in the footprint of |B| < 15°.
Other stellar streams and substructures, including Se-
quoia, the Helmi stream, Thamnos, and Arjuna as iden-
tified in Naidu et al. (2020a), are retained in our sam-
ple. These criteria yield a clean halo K giant sample of
~ 94,000 stars.

Finally, we remove stars with large veloc-
ity uncertainties. We adopt the solar position
(Xe,Ye,Ze) = (—8.122,0,0.0208) kpc and velocity
(VXy@, VY,Q, VZ)@) = (129, 245.6, 778) km st We
then derive the Galactocentric Cartesian coordinates
(X,Y,Z) and the Galactocentric spherical velocities

se

quence and giant stars separately instead of mixing all

stars together as in SpecDis, SpecDis2 reduces the me-

I The data is observed from May 2021 to April 2024, and will
be publicly released as DESI DR2, which jointly delivers ~ 12
million stellar spectra.

2 DESI provides three pipelines specialized for stellar spectra (Rvs,
sp, and wp). The wp pipeline is developed to process white
dwarf spectra, and sp data were not available at the time of this
work.

3 The typical uncertainty of [Fe/H] is about 0.05 dex in our sample.

4 In Section 4.1, we also present the results obtained without re-
moving the Sgr stream, in order to examine the potential bias
that the Sgr stream may induce in the velocity distribution of
the stellar halo.

5 We have cross-matched our Sgr-stream-depleted sample with the
catalog compiled by Vasiliev et al. (2021), which identifies Sgr
member stars based on Gaia astrometric and photometric mea-
surements. Only ~ 10 stars in our sample were found to have
counterparts in this reference catalog, indicating that our geo-
metric selection effectively eliminates the bulk of contamination
from the Sgr stream.
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(V,.5, Vi, Vp)7 for the stars using ASTROPY (Astropy
Collaboration et al. 2022). We then propagate uncer-
tainties in the distances, proper motions from Gaia
(Gaia Collaboration et al. 2016) DR3, and line-of-
sight velocity via 1000 Monte Carlo sampling, and get
the corresponding uncertainties for different velocity
components (8V;.,0Vy,dVy). We only retain the stars
with [6V,] < 100 km s™!, |6V < 100 km s™!, and
|6Va| < 100 km s~18. After this selection, we get the
final halo K giant sample, which contains ~ 64,000 stars
and covers a Galactocentric distance (rgc) range from
3 kpc to 160 kpc.

3. METHOD

In Section 3.1, we first introduce the GMM for char-
acterizing the velocity field of different stellar popu-
lations. We then illustrate how to characterize the
anisotropic velocity distribution of the outer stellar halo
(50 kpc < rge < 120 kpe) with a dipole velocity field in
Section 3.2.

3.1. Gaussian Mizture Model

Following Medina et al. (2025), we assume that the
stellar halo can be effectively described by a metal-rich
(MR) component’ and a metal-poor (MP) component.
These two stellar populations can be distinguished in
both metallicity and velocity space, and their joint dis-
tribution is well described by a GMM.

We first assume that the joint distributions of the MR,
or MP component are multivariate Gaussians in V,., Vg,
V'Y, and [Fe/H]| space:

class __ pclass class class class
L5990 = LU0 ) L30T X L3)T X Ligoh, (1)

Here, “class” stands for “MR” or “MP”, i stands for the
i-th star, and a single Gaussian distribution is defined

6 Hereafter, we call V;. radial velocity, which is Galactocentric, to

be distinguished from the Heliocentric line-of-sight velocities.

7 Throughout this paper, we define V;. < 0 as moving towards
the Galactic center, and define V; < 0 as prograde azimuthal
rotation sharing the same sign as the disc rotation. Moreover,
positive polar velocity, Vj is defined as pointing towards the north
celestial pole, which shares the same definition as v, in Sheng
et al. (2025).

8 After this selection, typical uncertainty of |§V;|, |6Vy|, |6Vp| are
about 7 km s71,31 km s™!, and |6Vp| < 29 km s™!, respectively.

9 In this work, the term component and population are used inter-
changeably.

10 We compute the covariance matrix of the three velocity com-
ponents and find that the off-diagonal elements are at least an
order of magnitude smaller than the diagonal elements, indicat-
ing that correlations between the velocity components are weak.
Hence, we believe that the assumption of approximately indepen-
dent Gaussian velocity components is reasonable for the analysis
below.

by

class __
ﬁz,i -

! exp [ — (2)

2n(02 + 532”) 2(03 + 531)

Here, z refers to V,, V,, Vy, or [Fe/H|. (z), o, are
the mean and the standard deviation of the Gaussian
distribution, and §, is the observational uncertainty.
Throughout this paper, we denote the mean velocities
and velocity dispersions in Galactocentric spherical co-
ordinates as (V;.), (V), (Vo) and o,, 04, 0g. We then
assume that the fraction of the MR component is pyg
(0 < pur < 1), and thus the final joint distribution or
likelihood (L£'°*) of the stellar halo can be defined as:

ln(EtOt) = Z ln[pMR [,iv[R + (1 - pMR) L‘iv[P] (3)

i=1

There are a total of 17 free parameters in this model:
eight for the means and standard deviations of the Gaus-
sian distributions and one for the fraction of MR ha-
los. Hereafter, we call this the double-component model.
The probability for the i-th star that belongs to the MR,
stellar halo component is:

PMR _ pary ™ @
purLME + (1 — pur ) LMP

We further assume a uniform prior for all parameters'!
in the double-component model and use Markov Chain
Monte Carlo (MCMC) sampling to sample the posterior
distribution with the Python package emcee (Foreman-
Mackey et al. 2013). We employ 100 walkers, discarding
the first 400 steps as before burn-in, and run 1000 steps
in total.

To compare results from the doule-component model,
we also fit the velocity field with only one component
(i.e. pumr = 1). Hereafter, we call it the single-
component model. There are only 8 free parameters in
this model (four means and four standard deviations).

We present the best-fit results from the single-
component and double-component models in Section 4.1
and Section 4.2, 4.3, respectively.

3.2. Dipole Velocity Field Model

According to N-body simulations (Garavito-Camargo
et al. 2019; Sheng et al. 2024; Vasiliev 2024; Yaaqib

Ly, yelass ¢ [-100,100]km s, oSl2ss ¢ [10,200]km s~ 1,
class | € [—3,—0.85] dex, JClaSS] € [0.05,0.6] dex, and pmr €

HFe/H [Fe/H

[0,1], where z = 7,¢,6 and class = MR, MP. We have also
tested a range of alternative prior settings and confirmed that

our results are not sensitive to the prior choices.
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et al. 2024; Sheng et al. 2025; Yaaqib et al. 2025) or
rigid MW-LMC simulations with stellar halo particles
(Brooks et al. 2026b), the interaction between LMC and
MW will strongly perturb the velocity field of the stel-
lar halo in the outskirts (rgc > 50 kpc), manifesting
as the density contrast (e.g. Conroy et al. 2021; Ama-
rante et al. 2024; Li et al. 2025a), and variable mean
velocity and velocity dispersion at distinct line-of-sight
directions (Petersen & Penarrubia 2021; Chandra et al.
2025; Bystrom et al. 2025).

As the LMC accelerates towards the north, the MW
disk and inner halo move towards south, leading to a
global positive radial velocity (away from the observer)
observed in the northern outer halo and a global nega-
tive velocity (towards the observer) in the southern outer
halo.

Following Bystrom et al. (2025), we characterize the
reflex motion for the outer stellar halo. We assume that
the V,. distribution obeys a Gaussian distribution with
a position-dependent mean velocity

_ (‘/;" B ;LL’I“)Q
207 +42,)

1
Ly, ;= —F————=26xp

h 21 (02 + 62,)

(®)

Here p, is dependent on sky position:

Hr = Hcompr + Hdipole * COS(9)7 (6)

here the parameter ficompr quantifies the bulk radial mo-
tion of the outer stellar halo. The parameter ftcompr
adopted here quantifies the net inward contraction or
outward expansion of the outer stellar halo, with a
negative sign representing contraction. The parameter
Hdipole quantifies the amplitude of the dipole velocity
field in the outer stellar halo, which reflects the reflex
motion of the MW disk due to the infall of LMC (see Sec-
tion 4.4 for details). 6 is the angular distance between
the position of a given star ¢ in Galactic coordinates
(l;,b;) and the direction of dipole apex (lapex;Dbapex)-
Hereafter, we call it the dipole velocity field model'?.
We run MCMC to get the best-fit V. distribution of the
outer stellar halo in Section 4.4.

4. RESULTS

In this section, we present the results of the best-fit
single-component model in Section 4.1, and then show
the double-component model in Section 4.2 and 4.3. Fi-
nally, we present the best-fit results of the dipole velocity
field model in Section 4.4.

12 Here, we assume a uniform prior for all parameters: Hcompr €

[~100,100 km s™1, pgipole € [—100,100 km s™!, o
[10,200] km s71, lapex € [0, 27], and cos bapex € [—1,1].

€

(V)
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Figure 1. Error contours for different parameter combina-
tions of the single-component model. Histograms show the
marginalized posterior probability distributions for each pa-
rameter. (V;.), (V), and (Vp), which denote the three compo-
nents of the mean velocity vector in Galactocentric spherical
coordinates. o, 04, and gy are the corresponding velocity
dispersions. pire/n) and ofre/u) characterize the mean and
variance of the metallicity distribution, respectively. The
yellow, light blue, and dark blue contours represent the 30%,
lo, and 20 regions of the MCMC post-burn distributions,
respectively.

4.1. Single-Component Model Results

We first present the results of the single-component
model (i.e. Pyr = 1, see Equation 3). We model the
global velocity and metallicity distribution of the stel-
lar halo using all halo stars that span 3 kpc < rgc <
160 kpc, and subsequently repeat the fitting process
within discrete radial bins to resolve distance-dependent
variations.

Figure 1 shows the error contours for different param-
eter combinations and the marginalized posterior dis-
tribution for each parameter, using all halo K giants
(3 kpc < rge < 160 kpe). The best-fit parameters and
lo uncertainties are presented in the first row of Ta-
ble 1. For our best-fit model, we find that: (1) The
stellar halo exhibits an average velocity anisotropy ( of
~ 0.72, which demonstrates that the orbits of K giants
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Figure 2. Left: Distance (rqc) dependence of the mean velocity (filled markers connected with solid lines) and velocity

dispersion (open markers connected with dashed lines).

The error bars represent the 1o uncertainties.

Right: Velocity

anisotropy (3) as a function of distance. The 1o uncertainties of velocity anisotropy are propagated from the uncertainties in
velocity dispersion (or,04,00). The black/blue, orange, and green dots denote the best-fit model in this work with/without
masking Sgr stream, Bird et al. (2021) and Medina et al. (2025), respectively. Different line styles denote distinct tracer types:
solid lines correspond to K giants, dashed line to RR Lyrae stars, and dotted line to BHB stars. The black horizontal dashed
line denotes 8 = 0, where 8 > 0 corresponds to radial dominance and 5 < 0 corresponds to tangentially dominance.

The x—axes of two panels stand for the median value of distance at a given rgc range.

are strongly radial'®. (2) The stellar halo exhibits a tiny
net rotation, reflected by a mean azimuthal velocity of
(Vp) = —14.4 km s~1. Here, the negative sign indicates
that the net azimuthal motion of the stellar halo is in
the same direction as the rotation of the Galactic disk.
The rotation signal exhibits a comparable amplitude to
previous studies (Deason et al. 2017; Tian et al. 2019,
2020; Bird et al. 2021). While the mean radial velocity
and polar velocity are nearly zero.

We further investigate the features of the kinematic
velocity field across various radii. Table 1 summarizes
the best-fit parameters and 1o, together with the asso-
ciated rgc ranges. The best-fit mean velocity, velocity
dispersions, and their respective 1o uncertainties are de-
rived from the posterior distributions of MCMC, and we
avoid repeatedly showing the posterior contours of these
models.

4.1.1. Radial dependent mean velocity and velocity
dispersion

In Figure 2, each symbol corresponds to a measure-
ment in a radially-binned subsample, whose Galacto-

centric distance range is provided in the first column
of Table 1, and the z-axis for each symbol denotes the
median Galactocentric distance of the stars within the
corresponding radial interval.

The left panel of Figure 2 displays the mean velocity
and velocity dispersion profiles as a function of Galac-
tocentric distance. Across the radial interval 3 kpc <
rac < 50 kpe, both the mean radial velocity (V)
and mean polar velocity (Vp) remain statistically con-
sistent with zero, consistent with the overall fitting of
the stellar halo (Figure 1). For the outer stellar halo
(rac > 50 kpe), the mean radial velocity is slightly bi-
ased from zero, indicating an inward motion of the outer
stellar halo due to the perturbation from the LMC, and
we will discuss this point in Section 4.4 below.

The outer stellar halo also shows a net positive mo-
tion in the polar direction, with an amplitude of approx-
imately 15 km s—!, consistent with the observations'* in
Sheng et al. (2024), Chandra et al. (2025) and the pre-

02 +<72

go‘% LTt
characterizes the orbital geometry of stars: S > 0 indicates radi-
ally dominated orbits, 8 = 0 denotes isotropic orbits, and 5 < 0
corresponds to tangentially dominated orbits.

13 Here, we define the velocity anisotropy as 8 = 1 —

14 Sheng et al. (2024) finds a positive polar velocity in the outer
stellar halo (rgc > 50kpc). Chandra et al. (2025) also reports
a (Vg) ~ 15km s~! at ~ 80 kpc (see Figure 5 in Chandra et al.
(2025)).
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Table 1. Best-fit mean velocity and velocity dispersions of the single-component model in different rqc bins. The +— values
correspond to lo uncertainties. The penultimate column provides the measured velocity anisotropy parameter, 8. The last

column provides the number of stars in each bin.

raclkpc] (Ve)lkm s™'] (Vg)km s™'] (Vp)[km s~ '] or[km s~ '] oglkms™'] oolkm s ']  ppe/mjldex]  o(pe m[dex] B N

[3,160] —0.47103 —14.4193 3.9193 1313794 73.3%02 65.8702  —1.3447099% 0.3767090%  0.7197090% 64573
13,9) 3.871% —34.3713 0.6811-9 1495713 97.5109 78.0705  —1.33570905  0.39570-90% 0.6511001% 6987
[9,11.5) 3.56718 -15.6719 3.3799 155.471% 78,8708 70.670 T —1.372%0:005  0.40410-003  0.76870:09% 6890
[11.5,13.7)  —1.7721 -11.1%7% 61712 145.171%  68.670% 64.1709  —1.36570999  0.39619-90%  0.79010-010 6741
[13.7,15.9) —2.8%17 -15.3199 44789 138.3715 657197 61.51708  —1.34179:996  0.3667099% 0.78810:99% 6671
[15.9,18.2) 1.271% -16.1199 4.2108 130.5712  66.2707 55.8705  —1.32470905  0.3611000% 0.780700°% 6640
[18.2,20.8) —1.37}¢ 152770 4.8%08 123.7711 61.5707 55.870T  —1.30710:905  0.35610:00% 0.77570:09% 6475
[20.8,24.2)  —1.1F1¢ -11.3779 45799 1199712 62,0708 571707 —1.31170:09° 0.35510:904  0.75370-010 6242
[24.2,28.7)  —0.9%]3 -8.9799 2.8799 1145715 625108 57.7797  —1.31970905  0.348F0-90% 0.7237001% 5879
[28.7,35.8)  —4.2713 —5.4711 3.0712 113.8711  67.2709 70.0709  —1.359%0:005  0.373+0-007  0.63670018 5318
[35.8,47.5)  —2.171% -6.2713 35714 1107732 758718 80.371%  —1.38670996 0.37710-905  0.502+0-929 4190
[47.5,60) —5.4727 11724 47728 106.4719  82.6%25 92,9725 —1.42270010 0.392F0-998  0.31875:99% 1506
[60, 80) -8.97%8 0.1+3% 16.5142 105.772% 765786 97.2%5 % —1.4157001% 0.38070011 0.31670095 779

[80,160] 6.2195 17.67%1 146783 101.4%8¢ 843t 84.8%70, —1.42010932 0.37270:026 0.305702% 164

dictions by N-body simulations'® presented in Garavito-
Camargo et al. (2019) and Sheng et al. (2025). This is
because the inner halo with a shorter dynamical time
scale is moving towards the south when the LMC is cur-
rently moving towards the north. On the other hand,
the outer halo with a longer dynamical time remains
more intact. The outer halo then shows a motion to-
wards the north with respect to the observer, who is
currently moving south.

Sheng et al. (2025) further claims that LMC mini-
mally affects the azimuthal velocity distribution of the
MW stellar halo in their simulations because the orbital
plane of the LMC is nearly perpendicular to the Galac-
tic disk plane and does not impact the angular momen-
tum of stars in the azimuthal velocity direction. Hence,
the non-zero (V,,) might orgin from other merger events,
rather than perturbations from the LMC.

As presented in the left of Figure 2, the mean az-
imuthal velocity (V) exhibits negative values within
30 kpc, indicating some tiny prograde rotations, de-
creases to zero (rgc ~ 70 kpc), and subsequently

15 Specifically, Sheng et al. (2025) simulated the first passage of the
LMC and demonstrated that the outer stellar halo exhibits a net

positive polar velocity (see their Figure 4).

presents a positive net rotation (~ 15 km s~!, retro-
grade rotation) in the outermost bin (80 kpe < rgo <
160 kpc). Interestingly, Chandra et al. (2025) also re-
ports a distance-dependent (Vy) profile (see Figure 11 in
their paper). (V) first decreases to zero (rqc ~ 80 kpc),
and subsequently increases again with distance (rgc >
80 kpc). They show a retrograde motion with an ampli-
tude of ~ 15 km s~! at rqc ~ 120 kpc, consistent with
the measurements in this work. However, the origin of a
retrograde motion in the outer stellar halo is less clear;
it might originate from other merger events.

In particular, the innermost halo region (3 kpc <
rac < 9 kpe) exhibits the strongest net azimuthal ro-
tation of Vs ~ —34 km s™!, which may just reflect the
residual contaminations from the thick disk. Although
the thick disk does not extend to R > 12 kpc!® (Tian
et al. 2024). At rgc > 9 kpc, the stellar halo could still
be contaminated by some disk-associated substructures.
For example, there might be contamination from the
Monoceros Ring, Anticenter stream (Laporte et al. 2020;
Ramos et al. 2021; Qiao et al. 2024; Lambert et al. 2026),
or the Aleph structure (Naidu et al. 2020b). These

16 Here, R is the radius in cylindrical coordinates.
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substructures can extend to Z ~ 10 kpc, R ~ 20 kpc,
which could survive from our selection criteria on verti-
cal distance (|z] > 2 kpc, see Section 2.3). These stars
rotate around the Galactic center with azimuthal ve-
locity (Vs ~ —200 km s™'), consistent with the disk
(Naidu et al. 2020b). Hence they could lead to a net az-
imuthal rotation in our fitting. However, it was shown
by Qiao et al. (2024) that the Monoceros Ring and An-
ticenter stream are chemically consistent with the thin
disk. Thus, our chemical selection should have elimi-
nated most of the contamination from these structures.

In Section 4.3 below, we will show that even for the
MP population, the stellar halo still exhibits net rota-
tion in Vj space, which will more robustly confirm the
existence of non-zero angular momentum in MP halo
stars. And the MR halo stars exhibit a nearly con-
stant velocity anisotropy (8 ~ 0.90) at rqc > 9 kpc,
indicating that any residual disk contamination is neg-
ligible beyond 9 kpc. We leave discussions on possible
mechanisms that induced a rotating inner stellar halo in
Section 5.

The velocity dispersion trend depicted in the left panel
of Figure 2 reveals a more intricate pattern: the radial
velocity dispersion (o,.) reaches its peak at ~ 10 kpc
and then decreases with distance, while the azimuthal
and polar velocity dispersion are first decreasing (rgc <
30 kpc) and then increasing (rgc > 30 kpc) with dis-
tance, reaching comparable amplitude with o, at rgc >
60 kpc, indicating a more isotropic stellar halo beyond
60 kpc. The drop of radial velocity dispersion at the
innermost stellar halo within 10 kpc may also be due
to thick disk contamination, as the disk stars exhibit
systematically lower radial velocity dispersions.

4.1.2. Radial dependent velocity anisotropy

The right panel of Figure 2 presents the velocity
anisotropy profile measured in this work (black dots)
as a function of distance, compared with two previous
measurements of Bird et al. (2021) and Medina et al.
(2025). The orange dots (Bird et al. 2021) are based on
a K giant sample (solid line) and a BHB sample (dotted
line) after removing substructures, and the green dots
represent the measurements from the DESI Year-1 RR
Lyrae catalog (Medina et al. 2025).

With the single-component model, we find that the
velocity anisotropy (black dots) measured in this work
is increasing at rgc < 10 kpe, and remains almost con-
stant (8 ~ 0.77) for 10 kpc < rgec < 30 kpe. It then
decreases quickly beyond 30 kpc and becomes less ra-
dial (8 < 0.5) at rqc > 50 kpc. Here, we also point out
that the velocity anisotropy of the innermost stellar halo
could be underestimated due to the thick disk contam-

ination. We also present the velocity anisotropy mea-
surements (blue dots) without masking the Sgr stream.
This profile exhibits a trend similar to that of the previ-
ous one, but yields globally underestimated § values at
rac > 20 kpc, consistent with the fact that the motion
of the Sgr stream is tangentially dominated, hence it is
necessary to remove the Sgr stream to avoid biasing the
velocity anisotropy measurements.

When comparing our 8 measurements with those re-
ported in Bird et al. (2021), which were derived from a K
giant sample, we find good consistency at rgc < 30 kpc.
Both datasets exhibit an increasing trend in the very
inner stellar halo, followed by a nearly constant pro-
file for the range 10 kpc < rgc < 30 kpc. How-
ever, in Bird et al. (2021) the stellar halo is still very
radial (8 > 0.5) beyond 30 kpc. The S measure-
ments in Medina et al. (2025) exhibit a different be-
haviour: the velocity anisotropy is roughly monotoni-
cally decreasing. The velocity anisotropy is less radial
for 10 kpc < rgc < 30 kpce than our measurement, and
becomes comparable to ours beyond 30 kpc. Finally, the
(3 measurements from Bird et al. (2021), derived from a
BHB giant sample, do not exhibit a significant depen-
dence on Galactocentric distance; instead, they oscillate
around a mean value of ~ 0.5. The distance dependence
of # and the variation in 8 values measured by differ-
ent tracers may arise from intrinsic differences between
the MR and MP populations, as well as variations in the
mixing ratio of MR and MP populations across different
samples. We present a detailed discussion in Section 4.3.

Interestingly, due to the GSE merger event, our MW
inner stellar halo is highly radial. This is in contrast to
the expected average behaviour from galaxies in numer-
ical simulations (e.g. He et al. 2024), though the scatter
of the measured velocity anisotropy profiles for simu-
lated galaxies is huge.

Table 1 also provides the mean (fpe/m)) and standard
deviation (ojpe/m)) of the metallicity distribution. But
the ppe ) and o[pe ) do not show any obvious depen-
dence on Galactocentric distance.

4.2. Double-Component Model Results: metallicity
distribution and metal-rich population fraction

We now present the results of the double-component
model. Consistent with Section 4.1, we first intro-
duce the modeling results using the full halo star sam-
ple (3 kpc < rge < 160 kpce) after excluding the Sgr
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Figure 3. Error contours for different parameter combinations of the double-component model (see Equation 3). Histograms

show the marginalized posterior probability distributions for each parameter. (VM) and (VMT) (z = r, ¢, 0) are the means of

the MR and MP halo populations in Galactocentric spherical coordinates. oM® and oMF (z =7,¢,0) correspond to the velocity

dispersions for two populations. p?ﬁ?/HI\?P and ofﬁf/}gm are the mean and standard deviation of the metallicity distribution for
two populations. pug is the fraction of the MR population in the stellar halo. The yellow, light blue, and dark blue contours

represent the 30%, 1o, and 20 regions of the MCMC post-burn distributions, respectively.
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stream'”. We then perform fits to the metallicity dis-

tribution and the fraction of the MR population across
different distance bins. Fits to the velocity field will be
presented in Section 4.3 below.

Figure 3 shows the error contours for different param-
eter combinations and the marginalized posterior dis-
tribution for each parameter in the double-component
model, using all halo K giants. The best-fit parameters
and associated 1o uncertainties can be found in Table 2.
For our best-fit model, we find that:

(1) The fraction of the MR population pyg is about
0.54, indicating that the MR and MP populations
roughly have equal numbers of stars. However, as also
demonstrated in Li et al. (2025a), our metallicity-based
selection of halo K giants (with a cut at [Fe/H] =
—0.85dex) excludes some MR GSE stars, which have
[Fe/H] > —0.85dex. We emphasize that adopting a dif-
ferent metallicity cut may result in slightly different val-
ues of puR.

(2) The MR population displays a markedly nar-
rower metallicity dispersion than its MP counterpart:
U%S/H] ~ 0.17 dex versus O‘%S/H] ~ 0.43 dex. This
agrees with the findings of Medina et al. (2025), in
which a compact distribution for the MR component
(O'%SH} ~ 0.18 dex) and a substantially broader dis-
persion for the MP stellar halo (a%\{g/H] ~ 047 dex)
is reported. The distinct metallicity dispersions of
the two populations may reflect different merger histo-
ries. In Section 4.3, we further investigate the veloc-
ity anisotropy of the two components and suggest that
the MR component is likely dominated by a single ma-
jor merger event, whereas the MP population originates
from multiple minor mergers, as indicated by their dis-
tinct dynamical properties.

(3) The MR population is confined to highly radial
orbits, exhibiting a velocity anisotropy of fyg ~ 0.94,
whereas the MP population displays significantly less
radial motion, with Sygr ~ 0.46.

(4) Both populations exhibit a net azimuthal motion
or slight rotation. However, the amplitude of (V;) in the
MP component is three times larger than that measured
for MR halo stars ((V)'®) ~ =7 km s™! and (V") ~
—22 km s~1). This enhanced rotation signal suggests
that the modest spin of the stellar halo is an intrinsic
property rather than residual contamination from the

17 We have also tried triple-component modeling by including the
Sgr stream. In this case, we can well separate the Sgr stream,
and the measurements for the other MR and MP components
are largely similar to the results presented in this subsection.
We thus do not repeatedly show the results for triple-component
modeling.
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Figure 4. Top: Fraction of the MR K giants as a function
of Galactocentric distance rgc. Middle: Mean metallic-
ity profiles of the MR population (magenta dots) and the
MP population (cyan dots). Bottom: Metallicity disper-
sion profiles of the MR population (