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Abstract. Based on the second Gaia data release and spectroscopy from the Large Sky Area
Multi-Object Fiber Spectroscopic Telescope (LAMOST) Data, we identified 23,582 halo stars
kinematically. The halo streams in the solar neighborhood could be detected in the space of
energy and angular momentum. We reshuffle the velocities of these stars to determine the
significance of the substructure. Finally, we find 14 statistically significant substructures and
several substructures are not reported by previous works. These structures may be the debris
of dwarf galaxies accretion event and their dynamical and chemical information can help to
understand the history of the Galaxy.
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1. Introduction

In the standard hierarchical model of galaxy formation, the halos of galaxies like the
Milky Way, are thought to form hierarchically via the accumulation of stars from dwarf
galaxies and this merging process left behind many stellar streams and substructures in
the Galactic halo. Although the accumulated debris from old accretion events rapidly
disperses in space, a significant amount of recognizable substructure should be visible
both spatially and in phase-space distribution. Numerical simulations predict that most
accreted satellites would spread their tidal debris into the Galactic inner halo (Helmi, A.
& White, S. D. M. 1999), thus we can expect to find debris remnants in the local halo.
Some efforts have been made to find the debris relics in the local halo and the observa-
tional evidence is slowly growing. For example, Helmi et al. (1999b) have detected two
streams in the solar neighborhood by studying the angular momentum of stellar orbits.
Smith et al. (2009) found four discrete overdensities localized in angular momentum
in the solar neighborhood and suggested that they may be possible accretion remnants.
Kepley et al. (2007) assembled a sample of halo stars in the solar neighborhood to find two
new halo substructure in velocity and angular momentum space. Recently, Helmi et al.
(2017) use the TGAS dataset and RAVE survey to study the distribution of local halo
stars in “Integrals of Motion” space and discover several substructures that could poten-
tially be related to merger events. Although no longer spatially coherent, such stellar
streams keep their common origin imprinted into their chemical and dynamical proper-
ties. This allows us constrain various scenarios of hierarchical buildup of the Galaxy from
the phase-space distribution of local halo stars.
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The chemical evolution of stellar halos, supports the idea that the outer halo formed
primarily through the accretion of smaller stellar systems like dwarf spheroidal (dSph)
galaxies (Searle & Zinn 1978; Springel et al. 2008; Klypin et al. 2011). On the other
hand, part of the inner halo may have formed in-situ, either from dissipative collapse of
gaseous material onto the central region of the Galaxy (Eggen et al. 1962; Zolotov et al.
2010; Font et al. 2011), or from a heated disk during merger events (Cooper et al. 2015).
It is possible that the inner-halo was also built by accretion. In this work, based on the
second Gaia data and LAMOST data, we can obtain the full 6D phase space information
for halo stars to search substructures in the solar neighborhood.

2. Data

The second Gaia data (Gaia DR2) was released in April, 2018 and it includes high-
precision measurements of nearly 1.7 billion stars Gaia Collaboration (2018). This data
set contains positions, parallaxes, and mean proper motions for about 1.3 billion of the
brightest stars. For a subset of stars within a few thousand parsec of the Sun, Gaia has
measured the velocity in all three dimensions.

The LAMOST is a 4 meter quasi-meridian reflective Schmidt telescope with 4000 fibers
within a field of view of 5°. The LAMOST spectrograph has a resolution of R ~ 1,800
and wavelength range spanning 3,700 A to 9,000 A (Cui et al. 2012; Zhao et al. 2012).
The survey reaches a limiting magnitude of r =17.8 (where r denotes magnitude in the
SDSS r-band), but most targets are brighter than r ~ 17.

Our initial sample was obtained by cross-matching between the Gaia and LAMOST
catalogs. Considering the relative parallax error < 20%, signal-to-noise ration (SNR)
> 20, and radial velocity error egy < 10 km/s, the sample is 2,583,106 objects. To get
full 6D phase-space information, we invert the parallax to obtain distance. These star’s
Galactic space-velocity components U, V', and W can be derived.

3. Analysis method

Assuming the space velocities of the stellar populations in the thin-disk, the thick-disk,
and the halo have Gaussian distributions, we can get the probability that a given star
belongs to a specific population. At first, we use the SCI-KIT LEARN package in PYTHON
(Pedregosa et al. 2012) to fit a two component Gaussian Mixture Model to the spherical
velocities of the stars vg, vg and v,. The velocity dispersions are (g, 04, 0,) = (64, 42, 42)
km/s for thin disk and (og, 0¢,0.) = (35,22, 18) km/s for think disk. The center of vg
and v, are close to 0 km/s for both thin and thick disk. The center of vy is —222
km/s for thin disk and —181 km/s for think disk. By adopting the velocity ellipsoid
(0r,00,04) = (141,75, 85) km/s and mean rotation (us = —38.8 km/s) of halo stars from
Bond et al. (2010), we can get the probability of stellar halo (H) in spherical coordinate.
Then we can get two relative probabilities for the halo-to-thin-disk (H/D) and halo-to-
thick-disk (H/TD) for each star in our sample. We selected halo stars with H/D > 60
and H/TD > 60. The final sample has 23,582 stars.

We now search local stellar halo substructures in this sample halo stars. For each
star in our halo sample, we compute the energy and angular momentum by adopting a
Galaxy potential model provided by McMillan (2017). In order to constrain our sample
in populated region, we select these stars within —1600 < L, < 2300 km/s kpc, —2.1 x
10° < E < —0.7 x 10° km?/s?, and L, <2600 km/s kpc. We apply the SCI-KIT LEARN
implementation of a non-parametric density estimator to determine the density field of
the stars in ¥ — L, — L space. The data is scaled to unit variance.

To investigate the probability that any substructure in the real data may happen by
chance, we reshuffle velocities 6000 times to create randomized datasets. We recompute
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Figure 1. Distribution in ¥ — L, — L space, for the stars comprising the identified
substructures and disk.

their distribution in £ — L, — L space and use the kernel density estimator with same
parameters to get the density. For each pixel in F — L, — L, space, we count the fre-
quency of the randomized data larger than the real data and mark where the count
less than 20 temporarily. When we perform a similar analysis using one of the random
datasets as the real data, we notice that there are also some overdensities. It indicates
that the overdensities identified in the real data are probably produced by chance. Smaller
structures (small size or low density) are more likely produced by chance. So we change
these parameters to ensure that no substructure appears in 600 random datasets.

Finally, we identidied 15 statistical overdensities in “Integrals of Motion” space and
they are shown in Figure 1. Our halo sample contains some possible thick disk stars, and
these stars concentrate in the prograde and high binding energy region. One overdensity
may belong to the think disk, because the member stars in this substructure locate at
the above region and they have highly TD/H and metallicity. We label the substructures
GT-1 through 14.

We compare our substructures with other reported substructures (e.g. Klement et al.
2009). The substructure GL-14 identified in our sample and “Kapteyn” stream Eggen
(1996) have similar v, V,, and Vag. The GL-8 identified in this work is smilar to “C2”
stream in Klement et al. (2009), and the distributions of the part of GL-6 in our sample
are similar to VelHel-5 of Helmi et al. (2017). It is possible that these streams related to
each other, and could originate from the same population. Li et al. (2017) present the
candidate members of the Pal 5, GD-1, Cetus Polar and Orphan tidal stellar streams
found in LAMOST DR3, SDSS DR9 and APOGEE catalogs. But we found no overlap
between their stellar streams and our substructures. Liang et al. (2017) applied the
wavelet transform method to detect 16 significant overdensities in velocity space. Due to
the sample election effects, those stellar streams found in other surveys are not included
completely in our cross-matched set.

4. Conclusions

By cross-matching the Gaia DR2 and LAMOST DR5 data, we obtain a sample of stars
with full phase-space information and identified sample halo stars kinematically. Our final
halo sample consists of 23,582 stars. We determine the distribution of the sample halo
stars in “Integrals-of-Motion” space, defined by two components of the angular momen-
tum, L and L, and by energy. To remove the contamination, we estimate the statistical
significance for these overdensities and identify 15 overdensities. Of these overdensities,
one seems to be associated to the metal-poor tail of thick disk due to the velocities
and metallicity of prograde stars. Three substructures may correspond to the “Kapteyn”
stream of Eggen (1996), C2 of Klement et al. (2009) and VelHel-5 of Helmi et al. (2017).
Eleven substructures are not reported in previous works. The identified structures may
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be the debris from satellite accretion events and their dynamical and chemical properties
can aid in understanding the history of the Milky Way.
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Discussion
Q1. What is the contribution brought by LAMOST data to the analysis presented here?

A1l. We use the metallicity and radial velocity provided by LAMOST.
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