2404.19655v1 [astro-ph.GA] 30 Apr 2024

arxXiv

DRAFT VERSION MAY 1, 2024
Typeset using IATEX twocolumn style in AASTeX63

The Local Dark Matter Kinematic Substructure Based on LAMOST K Giants

Har Znu,! Rur Guo,! JunTar SHEN,! Jiancral Liv,2 b3 Crao Liv,*® XIANG-XIANG XUE,%® LAN ZHANG,® AND

SHUDE MAO”

LSchool of Physics and Astronomy, Shanghai Jiao Tong University, Key Laboratory for Particle Astrophysics and Cosmology (MoE),

Shanghai Key Laboratory for Particle Physics and Cosmology, Shanghai 200240, China

2New Cornerstone Science Laboratory, Tsung-Dao Lee Institute, Shanghai Jiao Tong University, Shanghai, 200240, China

3 Shanghai Jiao Tong University Sichuan Research Institute, Chengdu 610213, China

4Key Laboratory of Space Astronomy and Technology, National Astronomical Observatories, Chinese Academy of Sciences, Beijing

100101, China
5 Institute for Frontiers in Astronomy and Astrophysics, Beijing Normal University, Beijing 102206, China

6CAS Key Laboratory of Optical Astronomy, National Astronomical Observatories, Chinese Academy of Sciences, Beijing 100101, China

" Department of Astronomy and Tsinghua Centre for Astrophysics, Tsinghua University, Beijing 100084, China

ABSTRACT

Numerical simulations indicate that correlations exist between the velocity distributions of stars
and dark matter (DM). We study the local DM velocity distribution based on these correlations. We
select K giants from LAMOST DRS8 cross-matched with Gaia DR3, which has robust measurements
of three-dimensional velocity and metallicity, and separate them into the disk, halo substructure and
main halo components in the chemo-dynamical space utilizing the Gaussian Mixture Model. The
substructure component is highly radially anisotropic, and possibly related to the Gaia-Enceladus-
Sausage (GES) merger event, while the halo component is isotropic and accreted from the earliest
mergers following the Maxwell-Boltzmann Distribution (Standard Halo Model, SHM). We find that the
GES-like substructure contributes ~ 85% of the local non-disk stars in the Solar neighbourhood, which
is nearly invariant when applying different volume cuts or additional angular momentum constraints.
Utilizing the metallicity-stellar-mass relation and the stellar-mass-halo-mass relation, we find that
~ 25772% of local DM is in the kinematic substructure. Combined with the stellar distributions of
non-disk components, we compute the velocity distribution of local DM. The modified heliocentric
velocity distribution of local DM shifts to a lower speed and has a sharper peak compared to the SHM,
which yields updated detection limits for the DM direct detection experiments. Our work confirms
that the local DM velocity distribution deviates from the SHM, and needs to be properly accounted

in the DM detection experiments.

Keywords: Galaxy: stellar halos — Galaxy: kinematics and dynamics

1. INTRODUCTION

In the ACDM paradigm, the Milky Way halo is built
up from hierarchical merger of smaller satellites (White
& Rees 1978). Depending on the merger time and prop-
erties of the satellites, such as the mass ratio and the
satellite orbits, the satellite remnants that construct the
Milky Way halo at present day can be separated into dif-
ferent types. The earliest merger has the longest time to
virialize after the dynamical relaxation, which results in
a smooth and isotropic distribution. This isotropic com-
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ponent can be described by the Standard Halo Model
(SHM) (Ostriker et al. 1974; Bahcall & Soneira 1980;
Caldwell & Ostriker 1981) that follows the Maxwell-
Boltzmann velocity distribution (Drukier et al. 1986;
Freese et al. 1988). The more recent merger events
usually do not have enough time to fully mix into the
main halo even in the configuration space. In partic-
ular, the outer part of the satellite is often stripped
away to form a tidal stream. The stellar streams have
been widely used to study the Milky Way mass distribu-
tion and its dark matter (DM) halo shape (e.g. Malhan
& Tbhata 2019; Vasiliev et al. 2020; Hattori et al. 2021;
Ibata et al. 2021). An intermediate merger between an-
cient and recent leaves substructures called the “debris
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flows”, which are well mixed with the main halo in the
configuration space, but showing structures in the kine-
matic space (Helmi & White 1999; Gémez et al. 2010).

The most important merger event that built up the
Milky Way might be the Gaia-Enceladus-Sausage (GES)
(Helmi et al. 2018; Belokurov et al. 2018), which remains
a sausage-like structure in the radial and azimuthal v,.-
vg velocity space. The progenitor of the GES is thought
to be a large dwarf galaxy with a highly eccentric orbit
and a stellar mass on the order of 10° — 1019 Mg, (Vin-
cenzo et al. 2019; Deason et al. 2019; Fattahi et al. 2019;
Koppelman et al. 2020) and merged with the Milky Way
around 8—10 Gyr ago (Sahlholdt et al. 2019; Bignone
et al. 2019; Bonaca et al. 2020). The chemo-dynamical
studies indicate that the GES stars have a metallicity
peak of [Fe/H] around —1.4 to —1.2 dex (Sahlholdt et al.
2019; Gallart et al. 2019; Das et al. 2020; Feuillet et al.
2020; Naidu et al. 2020). Due to its large mass, GES
strongly influenced the radial kinematic profiles of the
stellar halo. This highly radially anisotropic component
exists in the local stellar halo (within ~ 10 kpc from the
Sun) and extends out to a Galactocentric radius 4. ~
25 kpc (Lancaster et al. 2019; Bird et al. 2019, 2021;
Wu et al. 2022). Deason et al. (2018) showed that the
apocenter of the GES debris stars is about 20 — 25 kpc,
which might be related to the break radius of the density
profile of the Galactic stellar halo (Watkins et al. 2009;
Sesar et al. 2011; Pila-Diez, B. et al. 2015; Xue et al.
2015). Wu et al. (2022) found that the GES contributes
about 41% — 74% of the inner (rg. < 30 kpc) stellar
halo. In the Solar neighbourhood, Necib et al. (2019a)
showed that the GES stars contribute 60% — 80% of the
non-disk components of main sequence stars in the SDSS
DR9 sample, with a peak metallicity of [Fe/H] = —1.4
dex.

In the DM direct detection experiments, both the den-
sity and velocity distributions of the local DM are impor-
tant inputs to calculate the differential scattering rates
and the detection limit curves (e.g. Lewin & Smith 1996;
Frandsen et al. 2012; Bhattacharjee et al. 2013; Fair-
bairn et al. 2013; Green 2017). The local DM density
has been widely measured utilizing the local stellar kine-
matics and the Galactic rotation curve (e.g. Xia et al.
2016; Hagen, Jorrit H. J. & Helmi, Amina 2018; Huang
et al. 2016; de Salas et al. 2019; Eilers et al. 2019; Guo
et al. 2020, 2022), while the DM velocity distribution is
usually assumed to follow the Maxwell-Boltzmann dis-
tribution. However, the prior merger events and the
recent interactions with satellites could change the local
DM velocity distribution (Necib et al. 2019a; Donlon
et al. 2022; Besla et al. 2019; Smith-Orlik et al. 2023;
Donaldson et al. 2022; Evans et al. 2019). Evans et al.

(2019) found that the strongly radially anisotropic GES
may increase the fraction of high velocity tail relative to
the SHM, leading to a harder kinetic energy distribution
of incoming DM particles in detection experiments and
hence a strong exclusion limit for lower mass DM. Nev-
ertheless, Necib et al. (2019a) utilized the stellar velocity
distribution to trace the DM velocity distribution, and
found a contrary influence of the GES on the DM detec-
tion experiments. The differences mainly result from the
contribution of the GES to the local DM and the pro-
files of its velocity distribution. This tension requests
for a more detailed study on the exact stellar velocity
distribution of the halo and substructures.

Some simulations of Milky-Way-like galaxies show
that there are correlations between the velocity distri-
bution of stars and the accreted DM particles (Herzog-
Arbeitman et al. 2018a; Lisanti et al. 2015; Necib et al.
2019b), i.e. the stars and DM accreted from the same
merger satellite may share similar velocity distribution®.
This allows one to trace the DM velocity distribution
with halo stars. The velocity distribution of the DM
accreted from the oldest mergers forming the virial-
ized halo can be well traced by metal-poor stars in
the Eris hydrodynamic simulations (Herzog-Arbeitman
et al. 2018a), which motivates the first study using the
RAVE-TGAS data to recover the velocity distribution of
the local relaxed DM component in Herzog-Arbeitman
et al. (2018b). The DM accreted from younger merg-
ers, which remained as debris flows and streams, are
associated with more metal-rich stars, as illustrated
in the Via Lactea simulations and FIRE-2 simulations
(Lisanti et al. 2015; Necib et al. 2019b). The correla-
tion between DM and star particles found in the FIRE-2
simulations holds for two simulated hosts with differ-
ent merger histories, motivating the study of the kine-
matic substructure of DM in the Solar neighbourhood
in Necib et al. (2019a). In this framework the stellar
metallicity distribution is crucial and requires a large
sample of stars with accurate metallicity measurement.
Here we attempt to provide an independent check on
the contribution of the GES to the stellar halo utiliz-
ing another stellar tracer, K giants selected from LAM-
OST (Cui et al. 2012; Zhao et al. 2012). These K giants
have high-quality measurements of line-of-sight velocity
and metallicity, and are cross-matched with Gaia DR3
(Gaia Collaboration et al. 2022) for proper motions mea-
surements. More importantly, our K giants sample has
accurate distance estimation. We follow the study of
Necib et al. (2019a) to extract information of different

1 The stars formed in the accreted gas are not included, as their
kinematic information could be different after the star formation.
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components in the chemo-dynamical space applying the
Gaussian Mixture Model (GMM) method. Assuming
that there exists correlations between the DM and halo
stars, we obtain the velocity distribution of the local
DM considering the kinematic substructure of the GES,
and then to investigate its influence on the DM direct
detection experiments.

This paper is organized as follows: In Section 2, we
discuss the selection of the K giants sample and the
likelihood calculation procedure of the GMM method.
In Section 3, we present the distributions of different
stellar components from our best-fit model and explore
the variation due to different spatial volume cuts of the
samples. To reduce the dominance of the disk stars, we
apply an angular momentum cut to the samples, and
extend the GMM fitting to halo stars near the disk in
Section 4. The application of the results to the DM ve-
locity distribution and direct detection experiments are
shown in Section 5. Discussions and summary are pre-
sented in Section 6 and Section 7, respectively.

2. DATA ANALYSIS
2.1. Sample Selection

In order to study the kinematic substructure in the
local stellar halo, we consider the K giants selected from
LAMOST Data Release 8 (DRS8). The selection criteria
of the LAMOST K giants are based on the surface grav-
ity log g and the effective temperature T,g according to
Liu et al. (2014), i.e. logg < 4 when 4600 <T.g/K<
5600 or logg < 3.5 when 4000 <T.g/K< 4600. We
cross-match the K giant sample with Gaia DR3 with a
radius 1” in order to obtain accurate kinematic informa-
tion. LAMOST provides accurate metallicity ([Fe/H])
and line-of-sight velocity (vjos) measurements from the
spectra, while Gaia provides accurate proper motions.
The cross-matched sample contains 612,136 K giants.
The LAMOST w105 has a systematic offset of 5.34 kms ™!
for K giants relative to that from Gaia, which was
investigated (Tian et al. 2015; Ding et al. 2021) and
has been corrected in this work. Due to the large un-
certainty in distance derived from parallax for distant
stars, the distance (d) is estimated with the Bayesian
method described in Xue et al. (2014). We further ex-
clude stars with distance error dd/d > 0.3 and abso-
lute spherical velocity |v| > 400 kms~!. This results in
a sample containing 438,466 K giants, 18,484 of which
are potential halo stars within the Solar neighbourhood
(r € [7.5,10] kpc & |z| > 2.5 kpc). This K giant sam-
ple has a mean uncertaintiy of 20% in the distance,
4.4 kms™! in v and 0.06 dex in the metallicity. The
metallicity is cut down to —2.5 dex due to the limit of
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Figure 1. Spatial distribution of the LAMOST DR8 X
Gaia DR3 sample in terms of Galactocentric radius r and
vertical distance from the Galactic disk z. Stars within
r € [7.5,10.0] kpc and |z| > 2.5 kpc are utilized in the fol-
lowing chemo-dynamical analyses.

LAMOST spectroscopic pipelines (Wu et al. 2011; Luo
et al. 2015).

The coordinates system adopted in this paper is the
Galactocentric spherical coordinates (r,6,¢), pointing
outwards, to the north Galactic pole and to the Galac-
tic rotation, respectively. We adopt a Solar distance
to the Galactic center of Ry = 8.122 kpc (GRAVITY
Collaboration et al. 2018), and a Solar vertical height
of zg = 20.8 pc (Bennett & Bovy 2018), with a Solar
motion of (+12.9, +245.6, +7.78) kms~! in the Galacto-
centric Cartesian coordinates (Reid & Brunthaler 2004;
GRAVITY Collaboration et al. 2018; Drimmel & Poggio
2018). We utilize the python package astropy (Astropy
Collaboration et al. 2018) to transform the astrometric
measurements of proper motions (iq, ft5) and vis to the
kinematic information in the spherical coordinates. The
measurement errors are propagated to the uncertainties
in the velocities using a Monte Carlo sampling with the
python package pyia (Price-Whelan 2018). Fig. 1 shows
the spatial distribution of the sample we used. We focus
mainly on the region of r € [7.5,10.0] kpc and |z| >2.5
kpc, and explore the regions closer to the Galactic plane
in Section 4.

2.2. Procedure of Likelihood Calculation

The stellar sample can be separated into three com-
ponents, i.e. the halo, the substructure and the disk,
according to the stellar chemo-dynamical information
(Necib et al. 2019a). The halo component is referred
to the isotropic and metal-poor halo contributed by
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the oldest mergers, while the substructure is a radially
anisotropic halo component mainly contributed by the
GES merger event. The v, distribution of the substruc-
ture shows a symmetric bimodal Gaussian distribution,
due to the highly radial merger trajectory. The disk
component contains more metal-rich stars born in-situ
with strong azimuthal rotation. As these components
show different chemical and kinematic properties, we
utilize the GMM to identify different components with a
Bayesian estimation (Lancaster et al. 2019; Necib et al.
2019a), in the (v, vg, vy, [Fe/H]) chemo-dynamical
space.

We follow the framework in Necib et al. (2019a) to
define the likelihood of each star L£;, associated with a
set of observables labeled as O; = (v;, [Fe/H],) and dif-
ferent model parameters. We label the disk, halo and
substructure components with flag of j = d, h, s, respec-
tively.

The likelihood of a star belonging to the disk compo-
nent is

L4(0;]0)

(1)

= N (i, SHN ([Fe/H],; | ifice p1ys Ofloe g 1) -
Similarly, the likelihood function of the halo component
is

L(04]0)

2
— N (ol EN e il o)
where © represents the parameter set and A denotes
the Gaussian distribution (3 dimensional Gaussian dis-
tribution for the velocity). © contains the free parame-
ters of the Gaussian distributions for both the velocity
and metallicity. p’ is the mean velocity (fi,;, Ho,js e s )
while 37 is the covariance matrix determined by the
velocity dispersion 0,94 and the correlation coefli-
cients prer¢,64. The correlation coefficients are found
to be very small (e.g. Evans et al. 2016; Necib et al.
2019a; Wu et al. 2022). In observations, the disper-
sion of metallicity and the velocity covariance matrix
is a combination of the true value and the measure-
ment errors, i.e. Yobs = Btrue + 2errao—[F‘e/H],obs =

\/ofFe/H]’true + U[QFe/H],errv varying for each star. Consid-
ering the mean and covariance matrix of velocity, and
the mean and dispersion of metallicity, the models of
disk and halo components each contain 11 free parame-
ters.

Belokurov et al. (2018) and Necib et al. (2019a)
demonstrated that the velocity of the substructure
component resulted from the GES is highly radially
anisotropic. Thus it can be described by a bimodal

Table 1. Priors of 35 free parameters.

Parameter Type Priors
Disk Halo Substructure
o Linear [—70, 70] [-70, 70] [0, 250]
) Linear [-70, 70] [-=70, 70] [—70, 70]
e Linear [0, 300] [—70, 70] [—70, 70]
Or,0,6 Linear [0, 200] [0, 200] [0, 200]
prowsos Linear [—1, 1] (-1, 1] —1, 1]
fpesn)  Linear [—1, 0] [-2.5, —1.5] [—1.5, —1]
Ope/u)  Linear [0, 2] [0, 2] [0, 2]
Q Linear [0, 1] [0, 1]

Gaussian distribution with a likelihood of

1 ~
£:(04]8) =5 IV (vilp®, 2) + N(vs|p®, )] 3)
X N([FG/H]i|ufFe/H]7UFFe/H],i) ’

where p1® = (fir. s, 19,55 f1,s) and p° = (—fir s, 1,55 i s )-
This model resembles a single Gaussian distribution in
v, when p, s is small and o, , is large, in which case it
results in a strong degeneracy between the halo and the
substructure components. The model of the substruc-
ture component gives another 11 free parameters.
Thus, the likelihood for a sample containing N stars
is defined as
N
coe) = > oLiole). @

i=1 j=d,h,s

where Q; denotes the probability that the star belongs
to the j-th component with an normalization constraint
of O =1—- 04— Q. Q; also represents the integrated
fractional area of any marginalized 1D distribution for
that component. With the two fraction parameters of
Qg and Q,, we have 35 free parameters in total.

We apply the emcee (Foreman-Mackey et al. 2013)
package to perform the Markov chain Monte Carlo
(MCMC) Bayesian estimation to find the posterior dis-
tributions of all 35 free parameters. We utilize 250 walk-
ers and 5000 steps as burn-in, followed by another 5000
steps to obtain the posterior distributions of parameters.
The flat priors of each parameter are listed in Table 1,
similar to Necib et al. (2019a). As the halo component
contributes less in the sample, we utilize narrower prior
ranges for the mean metallicities based on previous re-
sults (Necib et al. 2019a; Wu et al. 2022). We adopt
the set of parameters with the maximum likelihood as
the best-fit result and the 2.1%, 50%, 97.9% percentiles
of the 1D marginalized posterior distributions to denote
the median and ~ 20 uncertainties.



THE LocAaL DM KINEMATIC SUBSTRUCTURE 5

400 T T T T T T T T T T 1 T T T
o€ [7.5,10)] kp_c ot . -
(2l >50kpe Ll 1170
200 A — .. * o Y .
5 Lo -0.5
— : R AR :. oo ?
L L ey 3% i ; %
E 0 ,_. SIS R P -1 :
= il T
e [ £
B -15
—200 -
- . . ] 5
—400 M R B S '|.'.| P i LT Y TS 'I.'.| L ]
=400 —200 0 200 400—400 —200 0 200 400
vy [km/s] vy [km/s]

Figure 2. Radial velocity (v,) vs. azimuthal velocity (vgs) color-coded by [Fe/H] for the stellar samples within r € [7.5,10] kpc
& |z| > 2.5 kpe (left) and r € [7.5,10] kpc & |z| > 5.0 kpc (right).

3. THE STELLAR DISTRIBUTION IN THE
CHEMO-DYNAMICAL SPACE

As illustrated by Schonrich & Binney (2011) and
Necib et al. (2019a), below |z| ~ 2.5 kpc, the azimuthal
velocity distribution of the disk cannot be fitted with
a single Gaussian distribution due to the contribution
from the thin disk. Thus, in this Section, we focus on
the analyses of the stars within r € [7.5,10.0] kpc and
|z| > 2.5 kpc. The velocity distribution of v, versus
v of this sample is displayed in the left panel of Fig.
2. The clump with a high metallicity and an azimuthal
rotation of ~ 200 kms~! is the disk component, which
is the dominant component in this sample. The elon-
gated “sausage” structure in v, direction with a lower
metallicity is the substructure component contributed
by the GES. It becomes the dominant component when
a larger vertical cut of |z| > 5 kpc is applied (right panel
of Fig. 2) where the disk component disappears. In or-
der to extrapolate the result to the Galactic plane, we
apply an additional angular momentum (L) cut to re-
duce the contribution of the disk component in the later
Section 4.

3.1. The Solar Neighbourhood

As we aim to obtain the local DM velocity distribu-
tion, we select a sample in the Solar neighbourhood
with a radial range of r € [7.5,8.5] kpc and a verti-
cal cut of |z| > 2.5 kpc. We apply the GMM method
and the MCMC technique to separate the three compo-
nents. The results are shown in Fig. 3, and the poste-
rior distributions of the free parameters are displayed in
the Appendix for each component separately. Our best-

fit model well fits the chemo-dynamical distributions of
the sample. The disk component is the most dominant,
while the halo component contributes the least. The
fractions of the three components are Qg = 0.5570 53,
Q, = 0.39705% and Q, = 0.067053, for the disk, sub-
structure and halo components, respectively. The rela-
tive fraction between the substructure and halo compo-
nents is Q,/(Qn+Qs) = 0.8715:03, which means that the
substructure contributes ~ 87% in all local halo stars.
It should be noted that there are potential impacts of
the selection effect of the spectroscopic survey (sample
incompleteness compared to the photometric survey) on
this fraction. Wu et al. (2022) shows that the LAM-
OST selection function mainly affects the GES fraction
Qs/(Qn + Q) for fainter stars in the very outer halo
(r < 30 kpc). For brighter stars in the Solar neigh-
bourhood, the impact of selection function is negligible
as shown in their Fig. 24. The selection effect are not
taken into consideration in this study since our K giants
are within r» < 10 kpc.

The disk component is relatively metal-rich with a

mean metallicity of fijpe/m) = —0.557051 dex and a dis-

persion of ope/n) = 0.177991 dex. Tts motion is domi-
nated by the azimuthal rotation with p = 134.737322
kms~ and 04 = 65897512 kms~!. The substruc-
ture component is radially anisotropic, showing a bi-
modal Gaussian distribution in v, with g, = 120.097 8}
kms™! and o, = 108.521323 kms™!. As we adopt the
right-handed Galactocentric frame, vy > 0 means a pro-
grade rotation. Thus, for the substructure component,
fe = 22.59797 kms™! and o4 = 93.437335 kms~!
indicates a slightly prograde orbit as referred in some
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Figure 3. The best-fit chemo-dynamical distribution (v, vg,ve, [Fe/H]) of the sample in the Solar neighbourhood with r €
[7.5,8.5] kpc & |z| > 2.5 kpc. The gray histogram is the data, while the colored lines are from the model which represent the
disk, substructure and halo components as green, blue and red lines, respectively.

previous works about the debris flow of the massive
radial merger event GES (Belokurov et al. 2018; Necib
et al. 2019a; Wu et al. 2022), whereas other works show
a retrograde rotation (e.g. Helmi et al. 2018; Koppelman
et al. 2020; Mackereth et al. 2018). Our sample pre-
dicts a more metal-rich substructure component with
HFe/H] = —1.15%507 dex than the previous result of
pre/) = —1.39 dex (Necib et al. 2019a). The difference
could result from the degeneracy between the substruc-
ture and halo components. The halo component consists
of the accreted stars from the oldest mergers, which
thus becomes relaxed and isotropic with almost zero
mean velocities and large dispersions, i.e. (pr, to, ftg) =

(—4.5971593 8.027137% 119.827144%) kms ! and (o, 7y,
op) = (128.4771355,113.6271:0% 112.02750°) kms—1.

Note that the halo component also shows a slightly
prograde azimuthal rotation similar to the substruc-
ture component. The metallicity of the halo component

is more metal-poor than many previous works with

pype/n) = —2.0470 07 dex and oppe/m) = 0.2170 0] dex.

All of the velocity correlation coefficients for each
component are small as expected: for the disk compo-

nent (py9, pro, pos) = (0.162507, —0.0915:03,0.02557);
for the =

the substructure component (prg, Pre, Pog)
(0.1510-

0-0% —0.0870:56,0.0670:97); for the halo compo-

0.06°
nent (pr97 Pre; p9¢) = <_0'07t8:g7 0.03i8:%g, _0'08i8:%§>'

3.2. Spatial Variation

We applied a vertical constraint of |z| > 2.5 kpc to
avoid the strong dominance of the disk component in
lower vertical region. In this Section, we explore the spa-
tial variation of our results by applying different radial
and vertical cuts to the samples to check if the results
could be extrapolated to the disk mid-plane.

3.2.1.

Vertical Variation
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Figure 4. Best-fit chemo-dynamical distributions for samples with different vertical height cuts. We vary the vertical height
constraints from |z| > 2.5 to 4.0 kpc, while the radial range is the same i.e. r € [7.5,8.5] kpc. The columns from the left to
the right are distributions of v, vg, vg, [Fe/H], respectively. The rows from the top to the bottom are for the disk, substructure
and halo components, respectively. The distributions are nearly invariant as zcut, except for the vy distribution of the disk
component, which shifts to a lower velocity as the sample goes far away from the mid-plane.

To inspect the vertical variation, we select stars within
r € [7.5,8.5] kpe, and apply different vertical cuts of
|z| > zeut , varying zeyt from 2.5 to 4 kpe. Fig. 4 dis-
plays the best-fit models for the different vertical sam-
ples, with different rows representing the different com-
ponents and different columns for the chemo-dynamical
distributions. Most distributions of the three compo-
nents do not vary much with the vertical cuts, except
for a decreasing azimuthal rotation with an increasing
Zeut, Which is expected. The radial velocity of the sub-
structure shows slightly stronger bimodal distribution
as zey increases. Fig. 5 shows the fractional contribu-
tions of the different components. The fraction of the
disk decreases with z.us as expected, while the contri-
butions of the substructure and halo components both
increase. Nevertheless, the relative fraction of substruc-
ture component to the non-disk components are nearly
unchanged with Q./(Qs + Q) ~ 0.85.

3.2.2. Radial Variation

Similarly, we explore the radial variation of the re-
sults by selecting subsamples with the same vertical cut
of |z| > 2.5 kpc and different radial cuts, varying from
7.5 to 10.0 kpc with a bin size of 0.5 kpc. The results are
shown in Figs. 6 and 7. As shown in Fig. 6, the chemo-
dynamical distributions of the disk and substructure are
invariant for various radial ranges, while the halo com-
ponent shows some variation, especially in the metal-
licity. In the range of r € [8.5,9.0] & [9.5,10] kpc, the
mean metallicity is much higher with ppe ) ~ —1.5 dex
which is the upper limit of the prior and also a larger
dispersion than the other three radial bins. This metal-
licity distribution is more similar to that of the sub-
structure component, which could be due to the strong
degeneracy between the two components. In addition,
the halo fraction is always less than 10% in our sam-
ples, which means that its chemo-dynamical distribu-
tions could be dominated and influenced by the other
two components. Nevertheless, as shown in the right
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the MCMC results.

panel of Fig. 7, the relative fraction of substructure and
halo still varies within 5% around Qs/(Qs+ Qp) ~ 0.85.

3.3. Parameter Degeneracy

There are 35 free parameters in total for the three
components in the GMM. It is important to inspect the
degeneracy between the different parameters and differ-
ent components. The posterior distributions of these
parameters except for the fractions (Qn, Qu4, Q) are
illustrated in the Appendix, for each component sepa-
rately. There is strong degeneracy between the mean
and dispersion of the metallicity for all three compo-
nents. More sepecifically, p e/ and ofre/m) of the disk
and substructure components show strong negative cor-
relations, while they show a positive correlation for the
halo component. We also find negative correlations be-
tween the mean and dispersion of the azimuthal rotation
of the disk component (ue q vs. 0¢.q) and of the radial
motion of the substructure component (p, s vs. oy ).

As the disk component is significantly different from
the other two components, the latter two could have a
strong degeneracy, especially between the radial motion
and metallicity. Thus, we show the posterior distribu-
tions of the parameters of (i, o, fre/n), O[Fe/n; for
the substructure and halo components, as well as the
fraction parameters in Fig. 8. Many correlations exist.
(1) As expected both the fractions of the disk (Q,4) and
the halo (Qj) components show negative correlations
with the fraction of the substructure (Qs) component,
though these two show no correlation. (2) The frac-

tion of the halo component Q) shows strong correlations
with the parameters of the metallicity of the substruc-
ture and halo components. This is due mainly to that
the halo component in our sample contributes quite less
with Qp < 0.1. Its lower metallicity leads it to emerge in
the poor end of the metallicity distribution in our sam-
ple. (3) The mean radial velocity of the substructure i,
displays slight correlations with the fraction parameters
Qg and Q. (4) The parameters of metallicity of the sub-
structure and halo components show strong correlations
with each other. (5) The relative fraction of the sub-
structure in the non-disk components Q./(Qs + Q) is
strongly effected by the metallicity parameters. Though
its value is not effected by the fraction of disk compo-
nent Qg, its determination is strongly influenced by the
poor end ([Fe/H] < —1) of the metallicity distribution
of the sample. It reveals the importance of the metallic-
ity distribution of the sample for separating these two
components.

4. ANGULAR MOMENTUM CONSTRAINTS

Closer to the mid-plane, the disk component is more
dominant and the identification of the substructure and
halo components is more difficult. In order to reduce
the contribution and influence of the disk component,
we apply an additional angular momentum (L) con-
straint to our samples, and thus attempt to utilize the
GMM fitting to the region closer to the disk mid-plane.
As the substructure and halo components have slightly
prograde rotation with quite small mean rotation of
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Figure 6. Same as Fig. 5 but for samples with the same vertical cut (|z| > 2.5 kpc) and different radial ranges.

pe ~ 20 kms™1, we utilize the angular momentum
cut of |L.| < 500 kpckms™!(Feuillet et al. 2020; Be-
lokurov et al. 2022), corresponding to vy ~ 62.5 kms™?
at R = 8 kpc.

Before moving closer to the mid-plane, we apply
the angular momentum cut to the sample within r €
[7.5,8.5] kpc & |z| > 2.5 kpc, and test the performance
of the GMM. The best-fit chemo-dynamical distribu-
tions of this constrained sample are shown in Fig. 9.
Fig. 10 shows the comparison of the best-fit models with
(dotted lines) and without (solid lines) the angular mo-
mentum cut, with the 2.1%, 50% 97.9% percentiles of
posterior distributions of parameters in the GMM listed
in Tables. 2-4 for the three components, respectively.

The vy distribution of all three components have
smaller o4 as expected. The prograde rotation of the
non-disk components still remains, though the mean ro-
tation p, decreases from ~ 20 kms™! to ~ 4 kms™!
and ~ 14 kms™! for the substructure and halo compo-
nents, respectively, as shown in Tables. 3 and 4. For
all three components, the medians of the best-fit dis-
tributions of v,, vg, [Fe/H] are similar for the results

with and without the angular momentum constraint, as
shown in Fig. 10 and Tables. 2-4. The angular momen-
tum constraint significantly decreases the contribution
of the disk component and the substructure becomes
dominant, with component fractions of Qg = 0.361503,
Qs = 0.55700% and Q; = 0.0970053. The resultant
relative fraction of the substructure and halo compo-
nents is Q./(Qs + Qn) = 0.861’8:82. However, as the
v distributions of these two components have been
changed, the relative fractions of stars removed could
be different. In order to quantify and correct such a
bias, we apply the angular momentum constraint to the
best-fit distribution obtained from MCMC, and thus de-
duce the relative removed fractions in the substructure
and halo components, respectively. After correction,
Q:/(Qs + Qp) ~ 0.8, which is consistent with the re-
sults in Section 3.1.

Then we inspect the variation of the results with the
vertical cut zeut for samples with the L, cut and addi-
tionally study two vertical regions closer to the mid-
plane. We select stars within r € [7.5,8.5] kpc &
|L.| < 500 kpckms™!, and apply different vertical cuts
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Figure 7. Same as Fig. 5 but for samples with a same vertical cut (|z] > 2.5 kpc) and different radial range.

of |z| > zcus, varying zey from 0.5 to 4 kpc, including
two smaller z.,; of 0.5 and 1.5 kpc?. Fig. 11 shows the
vertical variation of the best-fit chemo-dynamical distri-
butions for the L.-cut samples similar to Fig. 4. The
angular momentum constraint cuts mainly the high ro-
tation part of the disk component, which is more sig-
nificant at lower vertical height. The remaining stars in
samples with different z.,; show almost invariant chemo-
dynamical distributions for all three components, even
for the two samples closer to the mid-plane. As shown in
Tabel. 4, for larger vertical cuts e.g. zcqt = 3.5,4.0 kpc,
the parameters of the halo component have larger un-
certainties when the L, constraint applied, which could
be caused by the degeneracy between the substructure
and halo components. The radial velocity distribution of
the substructure component also shows slightly stronger
bimodal distribution with increasing z..;. As the veloc-
ity correlation |p,¢| & |pos| < 0.1, we can regard vy to
be independent on v, & vy for each component. There-
fore, though the vy distribution has been significantly
changed by the L, cut, the near invariance of the re-
sults with z.,t means that we can safely extrapolate our
results to the Galactic plane.

Fig. 12 shows the comparison of fractions of the sub-
structure component relative to the non-disk compo-
nents for results with (red) and without (blue) the an-

2 With the angular momentum constraint, the samples are almost
the same for applying the vertical cuts zcut = 0 or 0.5 kpc in this
radial range. Therefore the case of zcut = 0 kpc is almost the

same as zcut = 0.5 kpc.

gular momentum constraint. The results from Necib
et al. (2019a) are also shown as the purple dots. This
fraction is consistent for samples with different verti-
cal and radial cuts, and also for samples with or with-
out the angular momentum constraint. It demonstrates
that for our sample Q,/(Qs+ Qp) = 0.8—0.85, which is
slightly higher than that obtained in Necib et al. (2019a)
of Q,/(Qs + Qn) = 0.6 — 0.8. Note that the actual
Q,/(Qs+ Qp) ratio that Necib et al. (2019a) adopted to
deduce the DM velocity distribution is 76%, a value com-
puted using all stars with dg < 4 kpe & |z| > 2.5 kpc.

5. DARK MATTER VELOCITY DISTRIBUTION
AND DETECTION LIMITS

In this section we construct the local DM velocity dis-
tribution for the dual DM model (i.e. the substructure
and halo components), and estimate its influence on the
DM direct detection limits compared to the SHM. In
Section 5.1 we present the conversion of the relative
fraction of the substructure component in the observed
non-disk stellar components to the fraction of the sub-
structure component in the total DM, based on which
we construct the local DM velocity distribution. In Sec-
tion 5.2 we show the impacts on the direct detection
limits where the spin-independent nuclear scattering is
considered.

5.1. DM Velocity Distribution

In the SHM the DM halo is spherical and isotropic
following the Maxwell-Boltzmann distribution in the
Galactocentric frame with the circular velocity of the lo-
cal standard of rest (LSR) vy = 238 kms~! (Schénrich
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2012). The velocity distribution is truncated at the es-
cape velocity vese = 544 kms™! at the Sun based on
the work of Smith et al. (2009) to construct finite ex-
tent halo which is also applied to the following dual halo
model.

The dual halo consists of a DM substructure and a
virialized SHM halo. In order to construct the local DM
velocity distribution from the stellar sample, we follow

the framework in Necib et al. (2019b) from which we
can reproduce their ¢; & c¢p in the following equation
including the error ranges. The velocity distribution of
the dual halo model is:

fam(v) =N Q*,hfh<v>+§zg*,sfs<v) NG
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Figure 9. The best-fit chemo-dynamical distributions of the sample in the region of r € [7.5,8.5] kpc & |z| > 2.5 kpc and

|L.| < 500 kpc kms™*.
Q9

where N is the normalization factor, Q. ; = oo, (j=
s, h), and f;(v) is the best-fit velocity distribution given
by the MCMC results in Section 3.1, based on the cor-
relation between the accreted stars and DM. Q; utilized
in the following computation is also from Section. 3.1.
¢ = 1\%’:;1;1’ in which Mpeax and M, tota1 are the peak
halo mass and the total stellar mass of the progeni-
tor galaxy for each DM component, respectively. How-
ever, Mpeax and M, tota1 Of the progenitor galaxies for
the substructure and halo components are not given by
observations directly. Therefore we need to correlate
Mpeax and M, io1a1 With observables like [Fe/H]. We uti-
lize the SMHM (stellar-mass-halo-mass) relation and the
[Fe/H]-M., tota1 (metallicity-stellar-mass) relation to de-
rive the correlation between ([Fe/H]) and ¢; as the fol-
lowing.

First, we generate M, tota1 from Mpeax by a Monte
Carlo procedure based on the SMHM relation. As il-
lustrated in Behroozi et al. (2013), this relation shows

dependence on the redshift z, and different trends for
Mpear larger or smaller than a critical mass M; ~
10 M. The general formalism is as below:

Mpeak
M,

log(Mi total) =10g1o (€M1 }Ff[logm( )]—f(o) , (6)

where

(logyo(1 + exp(x)))”

f(z) = —log,o(107**+1)+¢ T+ exp(10-7)

- (7)

For any given Mpeak, My total is randomly selected
from the lognormal distribution with a median given
by Eq. 6 and a scatter o. As illustrated in Garrison-
Kimmel et al. (2016), for Mpeax > My, free parameters
in Egs. 6 & 7, i.e. €,,6,7 and the scatter o, are fixed
to the values given in Behroozi et al. (2013). While for
Mpeax < M1, oo & o are determined by the factor v as:

a, = 0.250% — 1.37Tv + 1.69 , (8)



THE LOCAL DM KINEMATIC SUBSTRUCTURE 13
W71 1 W71 1
—— Disk
=4 =4 ~
Halo r € [7.5,8.5] kpc
sk Subs g |z] > 2.5 kpc
"""" Disk |L.| < 500 kpckm/s
------- Halo |L.| < 500 kpckm/s
Lo e Subs |L.| < 500 kpckm/s L
é 6 é 6
=) £
= =
T =
— —

300 100
vp [km/s]
T T LI T T
2 , Ty
0 -25 =20 -15 -10 -05 0.0
vy [km/s] [Fe/H] [dex]
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o, = 0.2+ v x (log1g Mpeax — logig M1) . (9)

We set v = —0.1 in this benchmark model as in Necib
et al. (2019b).

Secondly, we utilize the [Fe/H]-M, tota) relation for
dwarf galaxies in the MW investigated in Kirby et al.

(2013) to generate ([Fe/H]):

([Fe/H]) = (—1.69 + 0.04)
(10)

M*,total

©

([Fe/H]) is randomly selected from the normal distribu-
tion with a median given by Eq. 10 and a dispersion of
0.17.

Finally, we repeat the process above to compute the
uncertainties of ¢; & ¢ by selecting points around
([Fe/H]) ~ —1.15 and ([Fe/H]) ~ —2.04, represent-
ing the substructure and halo components, respectively.

This benchmark model gives < = 0.0579:5% (16%, 50%,
Ch .

84% percentiles). Thus we can construct the Galacto-
centric velocity distribution of the local DM from Eq. 5
as follows:

fdm(v) = Qdm,sfs(v) + Qdm,hfh(v) P (11)

where Qqm,s and Qqm,n are the mass fractions of DM
in the substructure and isotropic halo components, re-
spectively. In Eq. 5 the normalization requires

N(Qup+ 20,,)=1. (12)
Ch

From the above equation, Qgms N x E—ZQ*,S

25722% and Qmn = 1 — Qams, where Q. = 0.87.
The left panel of Fig. 13 shows the heliocentric speed
(Unelio = |VGal —V,Ga1|) distribution of the substructure
(blue dashed line) and halo (red dashed line) weighted
by their mass fractions, and their combination (black
solid line). For the comparison, the SHM is shown by
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Figure 11. Same as Fig. 4 but for samples within r € [7.5,8.5] kpc and an additional |L.| cut of |L,| < 500 kpc kms™'. The
distributions are roughly invariant even for the vy distribution of the disk component, as the angular momentum constraints

excludes most disk stars and reduces its vy to a small value.

the gray dashed line. Necib et al. (2019a) shows that the
heliocentric speed distribution of dual model (consisting
of the substructure and halo) shifts to the lower speed
and has a sharper peak compared with the SHM, shown
as the dark-blue shaded region in Fig. 13. Our result
agrees with them but shifts to an even lower speed by
~ T%. The uncertainty of the heliocentric speed dis-
tribution, shown as the gray shaded region in Fig. 13,
is contributed by two parts: one is the uncertainty of
the fractions of each component, the other is the uncer-
tainty in the velocity distribution especially for the halo
component.

5.2. Ezperimental Detection Limits

Considering the scattering between the DM particle
and the target nuclear with mass m, and mg respec-
tively, the differential rate of scattering events is given
by the following equation:

dR /
— v
dER V>VUmin

~ do

Px f(@@

mymr

= dv,  (13)

where ER is the recoil energy deposited by the scatter-
ing, p, is the local DM density set as 0.3 Gev/cm?® (Am-
sler et al. 2008) for both the SHM and the dual model,
and f(v) is the heliocentric velocity distribution® of the
local DM. vy, is the minimum velocity for a DM par-
ticle depositing the recoil energy Er defined as:

mrEgr

o (14)

Umin =

where p is the reduced mass of the DM particle and
target nuclear. The differential scattering cross section

ddT"R is defined as:
do mTA2O'SI 2
= F“(F 15
dEg 2/1,21}2 ( R) ’ ( )

3 Critically, it should be the laboratory velocity distribution con-
sidering cyclically velocity of the earth with respect to the Sun.
To simplify the computation, the time average of laboratory ve-
locity over one period is utilized here, namely the heliocentric
velocity.
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Figure 12. Left: the vertical variation of the fraction of the substructure component relative to the non-disk components with
r € [7.5,8.5] kpc. Right: similar to the panel but for the radial variation.

where A is the atomic number of the target nuclear,
0y, is the spin-independent scattering cross section and
F(ER) is the nuclear form factor set as the Helm form
(Helm 1956). Then Eq. 13 can be written as:

dR pXA20'SI 2
— =—=——F*(F min) 16
By = B Erg(uas) . (10
where g(vmin) is defined as:
9(Vmin) = / 1®) g, (17)
V>Umin v
Finally the total number of events is given by:
o dR
N, = MT / 6(Er)~——dEp , (18)
0 dEgr

where M is the total mass of the target, T is the ex-
posure time and ¢(ER) is the detector acceptance, i.e.
the efficiency for different recoil energy, which differs for
different experiments.

For a specific experiment, the number of events is the
function of my, osy and f(v). As an example, we uti-
lize corresponding parameters of the Xenon direct de-
tection experiment PandaX-4T (Meng et al. 2021) with
an exposure of 0.63 tonne x year. Applying the SHM,
we convert the published exclusion curve of PandaX-4T
into N, vs m, with the efficiency curve given in Meng
et al. (2021). Then applying the DM velocity distribu-
tion deduced in Section. 5.1, we re-compute the cross
section limit resulting in the same N, vs m,. All points
have m, 2 5 Gev due to the low signal efficiency for low
mass DM particles.

The right panel of Fig. 13 shows the 90% C.L. direct
detection limits of the DM substructure (blue dashed),
the DM halo (red dashed) and their total contribution
(black solid). When computing the g(vmin) we use the
fraction weighted velocity distribution of the substruc-
ture and halo components. Compared with the SHM
(gray dashed), the dual model results in a weaker limit
for lower mass DM due to the softer DM kinetic energy
distribution, and a slightly stronger limit for DM mass
above 150 GeV for which the signal acceptance increases
for a given set of selection cuts.

6. DISCUSSIONS

6.1. Methods of Decreasing the Contribution of Disk
Stars

In this work our main interest is the non-disk stars,
i.e. the substructure and main halo components. The
disk-dominance could lead to uncertainty for other two
components. There are many methods to remove the
disk stars, such as constraints on the spatial volume,
the chemical abundance, the kinematic information etc.
Here we try to decrease the contribution of disk stars
through different methods and assess the influence.

Wu et al. (2022) applied an effective selection criteria
(|z| > 5 kpc & [Fe/H] < —0.5) to remove possible disk
stars. As our interested region is the Solar neighbour-
hood with lower vertical height, we attempt to cut the
stellar sample with a more strict criteria of [Fe/H] < —1
to exclude most of possible disk stars. We then fit the
sample using a two-component model with only the sub-
structure and halo components. However, as the mean
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Figure 13. Left: the heliocentric speed distributions of the best-fit substructure (blue dashed line) and halo (red dashed line)
components, weighted by their relative fractions in the Solar neighbourhood. The combination of the two is shown as the black
solid line, while the gray shaded region displays the uncertainty. The gray dashed line represents the SHM. The dark-blue
shaded region shows the result from Necib et al. (2019a). Right: 90% C.L. upper DM direct detection limits on the cross section
(os1) vs. DM mass (my) plane, calculated based on the DM direct detection experiment PandaX-4T (Meng et al. 2021). The

representation of each line is the same as the left panel.

[Fe/H] of the substructure component is ~ —1.2 dex,
this metallicity cut would also exclude nearly half of the
substructure stars. The GMM method failed to fit the
stellar sample, as the peak metallicity of the substruc-
ture component would prefer a value beyond the upper
metallicity boundary of —1 dex.

In Section 4 we show one of the possible kinematic
constraints to decrease the contribution of disk, which
supports our results in Section 3 and also extrapolates
our results to the Galactic plane. Another commonly ap-
plied kinematic cut to select the GES stars is the Toomre
diagram as shown in Fig. 14. After excluding disk stars
from the Toomre diagram, the chemo-dynamical distri-
bution of our sample shows a non-negligible contribu-
tion of metal-rich stars with peak [Fe/H] ~ —0.6 dex.
Besides, v, & vy distributions of the remained sample
show prominent asymmetry as the cut is asymmetric in
velocity space, which excludes more stars with prograde
rotation. Thus, the GMM again failed to fit the sample
after the Toomre diagram cut due to such an asymme-
try. Though we can separate the bimodal Gaussian dis-
tribution into two Gaussian distributions with different
fractions, the fitting only gives consistent results with
Section 3 in the means of velocities. It may bias the
resultant velocity distributions of the non-disk compo-
nents.

The asymmetry of v, & v, distribution indicates that
the meal-rich peak might correspond to the hot thick
disk and the Nyx stream (Necib et al. 2020). Fur-

400 T T T 2
300 15
200f 12
E
100F 0.5
i) 0

v, [km/s|

Figure 14. Toomre diagram for the sample in the region of
r € [7.5,8.5] kpc & |z| > 2.5 kpc. The black circle represents
|[v—vis| = 210 kms™! where v, = (0,238,0) kms™!, which
presumably separates halo stars from disk stars.

thermore, Donlon & Newberg (2023) combined this
kinematic cut with an additional chemical abundance
cut (Das et al. 2020; Buder et al. 2021; Belokurov &
Kravtsov 2022) and obtained a local stellar halo sam-
ple. Their selection requires more chemical abundance
information such as [Al/Fe], [Mg/Mn], [C/Fe] besides
[Fe/H]. In the future, based on more chemical abundance
information from LAMOST, we might obtain more de-
tailed structures of the local stellar halo.

6.2. Degeneracy Between Substructure and Halo

In Section 3.3 we investigate the potential degeneracy
between the substructure and halo components espe-
cially for the radial velocity and metallicity distribution.
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As the halo component contributes a small fraction to
the total sample, we also tried a two-component model
including only the disk and substructure components to
fit the sample, and compare with the results from the
three-component model.

Besides in the regions of r € [8.5,9.0] kpc and r €
[9.5,10.0] kpc when |z| > 2.5 kpc, the halo component
has a mean metallicity p[pe/m) ~ —1.5 dex. The different
pre/n) from that in other radial bins could be caused by
the strong degeneracy with the substructure component.
Therefore we firstly apply the two-component model in
these two regions and compare with the tree-component
model.

The Bayesian information criterion (BIC, Schwarz
1978) is utilized to quantify which model performs bet-
ter. The BIC is defined as:

BIC = kIn N — 2 x In Lyap | (19)

where k is the number of free parameters in the model,
N is the size of the sample and Lyap is the maximum of
the likelihood function deciding the best-fit parameters.
Fitting to the same sample, these two models share the
same N while the two-component model contains 23 free
parameters in total.

We calculate the BIC for each model and find
|IBIC2¢om — BICscom| < 10, which means both mod-
els fit the sample statistically similarly. Nevertheless,
for other radial bins, BICscom — BIC3c0m =, 100, which
means that the three-component model performs better
and the contribution from the halo component is not
trivial.

One of possible contributions to the degeneracy is
from other substructures with similar chemical abun-
dance and kinematic properties as the substructure and
halo components. As mentioned in Wu et al. (2022)
the most significant contaminant is the Sgr stream with
pre/m) ~ —1.3 dex (Yang et al. 2019), which has similar
metallicity as the substructure component. Neverthe-
less, as we focus on the Solar neighbourhood with r < 10
kpc, the contribution of the Sgr stream is believed to be
negligible (Yang et al. 2019). Their results with the Sgr
stream removed showed that the radial motion of the
GES component, i.e. the substructure component in
our work, is affected by other substructures. With most
substructures removed, the radial velocity distribution
of the GES component shows stronger bimodal distribu-
tion. Note that, the hot thick disk and the Nyx stream
discussed in Necib et al. (2020) might contribute to the
disk and the substructure components, which need more
careful studies in the future.

6.3. Limitation of Tracing DM Velocity Distribution
with Stars

The correlation in velocity distribution between the
accreted stars and DM is the basic assumption in this
work, which is still being debated. Such a correlation is
found for those accreted from luminous satellite galaxies.
However, Wang et al. (2011) and Necib et al. (2019a)
showed that a non-negligible fraction of DM of Milky
Way-like galaxies could be accreted from smooth accre-
tion of dark satellites, which cannot be traced by ac-
creted stars. This limitation is also mentioned in Bo-
zorgnia et al. (2019) to explain the weak correlation in
the velocity distributions of metal-poor stars and DM
particles in Auriga simulations. We tried to investigate
such correlation in TNG-50 simulations (Pillepich et al.
2019; Nelson et al. 2019) and found a rough correlation
between stars and DM accreted from the same satellite.
However, the resolution of TNG-50 simulations is still
not enough for most Milky Way-like galaxies to check
the velocity distribution for accreted particles in the So-
lar neighbourhood. Higher resolution for Milky Way-like
galaxies is needed to further investigate the correlation
between the stars and DM. This correlation may also
depend on the merger orbit of the satellite galaxy.

The benchmark model of converting the relative con-
tribution of the substructure in the stellar sample to
that in DM is very sensitive to the metallicity of each
stellar component. Different spectroscopic surveys have
different selection effects thus different metallicity dis-
tribution of the stellar sample. It may contribute to the
difference between our results and Necib et al. (2019a).
Besides, this conversion also depends on the SMHM re-
lation of the satellites which varies for different simula-
tions. All these could result in additional uncertainties
in the relative contribution from the DM substructure.

Besides the contribution of the radial merger event of
GES happened around 8—10 Gyr ago (Sahlholdt et al.
2019; Bignone et al. 2019; Bonaca et al. 2020), other
recent merger events may also have non-negligible in-
fluence on the local DM density and velocity distri-
bution. O’Hare et al. (2020) computed the impact of
the S1 stream on WIMP and axion detectors, which
passes through the Solar neighbourhood on a low in-
clination and counter-rotating orbit, with a progeni-
tor mass comparable to the present-day Fornax dwarf
spheroidal. Donlon et al. (2022) identified three ra-
dial merger events, i.e. Virgo radial merger, Nereus
and Cronus, using local halo dwarf stars. They thought
stars comprising the GES velocity structure are a com-
bination of those components. Smith-Orlik et al. (2023)
studied the effect of the Large Magellanic Cloud (LMC)
on the DM distribution in the Solar neighbourhood uti-
lizing simulations of Milky Way analogues. They found
that DM particles in the Solar neighbourhood originat-
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ing from the LMC analogue dominate the high velocity
tail of the local DM velocity distribution, and the na-
tive DM particles of the MW in the Solar vicinity are
boosted to higher speeds as a result of a response to the
LMC’s motion.

7. CONCLUSION

In this work, we attempt to study the local DM ve-
locity distribution based on the correlations in velocity
distribution between stars and DM belonging to differ-
ent components. We apply the GMM to separate the
disk, the halo substructure and the main halo compo-
nents in the chemo-dynamical space utilizing K giants
of LAMOST DRS8 cross-matched with Gaia DR3. The
substructure component is radially anisotropic possibly
related to the GES debris flow, while the halo compo-
nent is referred to as the isotropic halo accreted earliest
and thus virialized. Our main results are derived from
the subsample within r € [7.5,10] kpc & |z| > 2.5 kpc.
We also explore the spatial variation of the best-fit dis-
tributions. We try to apply an additional angular mo-
mentum constraint to reduce the dominance of the disk
component. The main results are consistent and are
invariant with the vertical cut, which verifies the ro-
bustness of extrapolating our main results to the Solar
vicinity. Based on the stellar chemo-dynamical distribu-
tions, we compute the velocity distribution of the dual
DM, i.e. the substructure and halo components, apply-
ing the [Fe/H]-M, (ota1 relation and the SMHM relation.
This modified DM velocity distribution is different from
the SHM, resulting in different exclusion curves (ogy vs.
m, ) for DM direct detection experiments.

Our main results are as follows:

e The GMM performs well in separating stars be-
longing to different components in the chemo-
dynamical space. For our K giant stars within
r € [7.5,8.5] kpc & |z| > 2.5 kpc, the substructure
component, i.e. the GES debris flow, contributes
about 87% of the non-disk stars (Qs/(Qpn + Qs) =
0.8770:5%). This dominant stellar halo component
is highly radially anisotropic with an anisotropy

aﬁ-&-ai
202

than some previous works (e.g. Belokurov et al.

2018; Myeong et al. 2018; Bird et al. 2019; Wu

et al. 2022). The halo component referred to as

the virialized halo is more isotropic with g = 0.23.

Both components show a slightly prograde rota-

tion with pg ~ 20 kms™!. The median metallic-

ities for the substructure and halo components in
our sample are —1.15 and —2.04, respectively. The
substructure component is slightly more metal-
rich and the halo component is more metal-poor

parameter 8§ =1 — = 0.71, which is smaller

than the corresponding compnents in Necib et al.
(2019a) and Wu et al. (2022).

e The best-fit chemo-dynamical distributions of the
non-disk components are almost invariant for sub-
samples with different vertical cuts or different ra-
dial ranges in r € [7.5,10] kpc and |z| > 2.5 kpec.
Furthermore we extrapolate our results to the
Galactic plane with an additional angular momen-
tum (L,) constraint to reduce the dominance of
the disk component. The main results with the
angular momentum constraint, e.g. Q,/(Qn+Qs),
are consistent with those from samples without the
L, cut. These tests demonstrates the robustness of
extrapolating our main results to the Solar vicin-
ity.

e Some parameters in the GMM are degenerate,
especially between the parameters of metallicity
(1pe/H)» O[Fe/m)) and the fractions (Qs, Qp) of the
substructure and halo components. These cor-
relations imply the degeneracy between the sub-
structure and halo components, which is partly
due to the relatively small contribution of the halo
component. Nevertheless, the BIC test indicates
that in most regions (except re [8.5,9.0] kpc and
[9.5,10] kpc), the three-component model is pre-
ferred over a two-component model, which shows
that the halo component is non-negligible.

e Utilizing the [Fe/H]-M, tota1 relation and the
SMHM relation, we convert the relative contribu-
tion of the substructure component to the total
halo stars (Q,/(Qn + Qs) ~ 85%) to the relative
contribution in DM of 25722% in the Solar neigh-
bourhood. As a comparison, Necib et al. (2019a)
indicated the substructure contributes 60%-80% of
the local total halo stars and 42755% of DM.

e Considering the contributions from both the sub-
structure and halo DM, the local DM heliocentric
velocity distribution shifts to the lower speed and
has a sharper peak compared to the SHM. For
the Xenon direct detection experiment PandaX-
4T, the dual DM model indicates a significant
larger cross section og; for low mass DM of m,, <
150 Gev.
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APPENDIX

We provide more details of the GMM results in this appendix. In Tables. 2-4 we provide posterior distribution of
parameters of the GMM for the disk, substructure and halo component, respectively. The conner plots for the sample
in the region r € [7.5,8.5] kpc & |z| > 2.5 kpc are displayed in Figs. 15-17.

Table 2. Parameters for the GMM of the disk component with and without L. cut in the region of r € [7.5,8.5] kpc & |z| > zcut-
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3. Same as Table. 2 but for the substructure component.

Or

kms™!

g9

kms™?

¢

kms™!

Pro

Pro

Poo

H[Fe/H)

dex

O[Fe/H]

dex

With Angular Momentum Constraints

110.25+379
109.697298
107.3575-28
105.257513
105.071522
106.7379-9%

78.5075 9%
76.7375 9%
76.5075 1%
77.3415 24
78.23+2-59
79.5275-52

42.411148
42.9611°%
44.5911°%%
45.75733¢
46.937352
48817272

0.10750%
0.1375:07
0.1870:07
0.20700%
0.20700%
0.2155:90

0.05759%
—0.04735¢
—0.0579%8
—0.067959
—0.017359

0.0070:10

0.05 0.04
—0.0215:03 —1.221003

0.0155:0¢
0.03%5:08
0.0375:07
0.0255:08
0.0370:09

—1.2319:54
—1.2519:54
—1.28+5:08
—1.321957
—1.3340-07

0.3815:03
0.3870:0%
0.3775:0%
0.3975:95
0.427505

0.43%0:08

Without Angular Momentum Constraints

108.5275:29
106.9875-31
107.367892
107.00759%

79.887352
81.677597
83.017359
86.967755

93.437320
93.7775%¢
94.037352
94.47+459

0.1579:0%
0.18%5:0%
0.1715:97
0.1870-0%

—0.0879:9¢
—0.097957
—0.107958
—0.11%505

0.06700%
0.08%5:02
0.08%5:02
0.1019:07

0.04
—1.1510.03

+0.04
—1.21%504

0.04
—1.245:03
0.05
—1.2870:03

0.42%5:03
0.4175:03
0.40%5-03
0.3970:0%

Table 4. Same as Table. 2 but for the halo component.
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