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Abstract

In N-body simulations, nearly radial mergers can form shell-like overdensities in the sky position and phase space
(r —v,) due to the combination of dynamical friction and tidal stripping. The merger event of Gaia-Sausage-
Enceladus (GSE) has provided a unique opportunity to study the shells in the phase space. To search for them, we
integrate the orbits of 5949 GSE-related halo K giants from the LAMOST survey and record their positions at all
time intervals in the r — v, diagram. After the subtraction of a smoothed background, we find six significant and
complete thin chevron-like overdensities. The apocenters r,,, of stars in the six chevrons are around 6.75, 12.75,
18.75,25.25, 27.25, and 30.25 kpc. These chevrons reveal the multiple pileups of GSE stars at different apocenters.
The application of a different Milky Way mass M,; will change the opening angles of these chevrons, while
leaving their apocenters almost unchanged. By comparing with a recent study of the phase space overdensities of
local halo stars from the Gaia Radial Velocity Spectrometer survey, our results are more inclined to a medium M,;,
of 10'> M_.. The application of a nonaxisymmetric Galactic potential with a steadily rotating bar has a blurring
effect on the appearance of these chevron-like overdensities, especially for the chevrons with 7,,, > 20 kpc.
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1. Introduction

The arrival of the Gaia (Gaia Collaboration et al. 2018, 2022)
data reveals that the Galactic stellar halo is dominated by a
relatively metal-rich and highly eccentric (eccentricity, ec > 0.7)
stellar component of a major merger event known as Gaia-
Sausage-Enceladus (GSE) that occurred 11-8 Gyr ago (Belokurov
et al. 2018; Helmi et al. 2018). GSE is thought to be a massive
dwarf igalaxy with a total stellar mass M, on the order of
10°~10™ M., (Deason et al. 2019; Fattahi et al. 2019; Mackereth
et al. 2019; Vincenzo et al. 2019). The stellar debris of the GSE is
characterized by the large eccentricity and low angular momentum
L., and the metallicity distribution [Fe/H] of GSE stars peaks
around —1.4-1.1 dex (Gallart et al. 2019; Sahlholdt et al. 2019;
Das et al. 2020; Feuillet et al. 2020; Naidu et al. 2020; Bird et al.
2021; Zhao & Chen 2021; Limberg et al. 2022; Liu et al. 2022;
Myeong et al. 2022).

In N-body simulations, tidal debris of nearly radial merger
events can create patterns similar to shells or umbrellas both in
the sky position (Amorisco 2015; Karademir et al. 2019;
Valenzuela & Remus 2022) and phase space (r — v,; Seguin &
Dupraz 1996; Sanderson & Helmi 2013; Dong-Pédez et al.
2022). Such tidal features are found in M31 (Fardal et al. 2007)
and some elliptical galaxies (Hendel & Johnston 2015; Bilek
et al. 2022) from the photometric images of their surface
brightness. The massive and radial merger event of GSE
provides a unique way to search for possible stellar shells in
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phase space. A recent study using local halo stars from the Gaia
Data Release 3 (DR3) Radial Velocity Spectrometer (RVS)
survey revealed that stars likely belonging to the GSE form
several thin chevron-like overdensities in the r — v, diagram
(Belokurov et al. 2023). Further simulations showed that stars
in the chevron-like shells conserve similar orbits of unique
average energy, and the overdensities in r—v, space
correspond to the bumps of stars in energy distribution (Davies
et al. 2023b; Belokurov et al. 2023). However, their star sample
is constrained to the local stellar halo, and some of the
overdensities do not show an overall morphology.

In this article, we integrate the orbits of our selected GSE
stars to find possible chevron-like shells constructed by stars on
similar orbits. In previous studies, the orbit integration method
is useful to obtain the complete spatial and kinematic
distributions of the Galactic stellar halo when the star sample
is limited (Sato & Chiba 2022; Yang et al. 2022). In Section 2,
we describe the selection of the GSE-related stars and the orbit
integration method. In Section 3.1, we show the detection of
multiple thin stellar chevron-like overdensities with the
selection effects corrected. We discuss the influence of
applying a different virial mass M,; and a steadily rotating
bar in Sections 3.2 and 3.3. Our results are summarized in
Section 4.

2. Data Selection and Method

The K giants are selected from the LAMOST DRS survey
(Zhao et al. 2006; Cui et al. 2012; Luo et al. 2012; Zhao et al.
2012; Liu et al. 2015) and identified by a support vector machine
classifier based on the spectral line features (Liu et al. 2014).
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Figure 1. Chemical and kinematic patterns of the K giant sample. Left panel: by setting a boundary of [Al/Fe] = —0.05, we can divide these stars into one larger
group (blue points, accreted populations of the GSE) and two smaller groups (yellow points, in situ populations) in the [Fe/H]-[Mg/Fe] abundance diagram. Right
panel: the accreted group has a typical thin sausage-like pattern in the v, — v, diagram, while the in situ populations are more dispersed in the distribution of v,.

Distances of these K giants are estimated by a Bayesian method
presented in Xue et al. (2014). By making use of a Gaussian
mixture model, we select around 8000 GSE stars from this K
giant sample through the 3D velocities and metallicity [Fe/H] in
our previous studies (Wu et al. 2022a, 2022b). However, this
sample may suffer from the contamination of the in situ halo (Han
et al. 2022). To ensure its purity, we remove the in situ halo
component by requiring [Al/Fe] < 0 and signal-to-noise ratio S/
N > 20 as done in Belokurov & Kravtsov (2022). In Figure 1, we
can see that this criterion divides our star sample into one larger
accreted group and two smaller possible in situ groups in the [Fe/
H]—[Mg/Fe] panel. The accreted group has a clear sausage-like
pattern in the v, — v,, diagram. Values of [Al/Fe], [Mg/Fe], and
S/N are provided by a value added catalog of the LAMOST
survey using a deep convolutional neural network (Li et al. 2022)
The orbits are integrated by a python package galpy and a
Milky Way potential MWPotential2014 (Bovy 2015). We
use a bigger dark matter halo mass of M, = 1.0 x 10'* M,
rather than 0.8 X 1012M®. In Galactocentric Cartesian coordi-
nates, we use the values of the solar Galactocentric distance
Feeo = 8.122kpc (Gravity Collaboration et al. 2018), and
height Z., = 20.8 pc (Bennett & Bovy 2019). We adopt a solar
motion of (+12.9, +245.6, +7.78) km st (Reid &
Brunthaler 2004; Drimmel & Poggio 2018; Gravity Collabora-
tion et al. 2018). The uncertainties in distance, line-of-sight
radial velocity, and proper motion (including the measurement
error and covariance of proper motions) are propagated using
Monte Carlo sampling in order to estimate the median and
standard error of the orbital period P. We remove stars with
large uncertainties in the orbit integration by requiring AP/
P < 0.3. The final data sample contains 5949 GSE-related K
giants. For each star, we integrate 1 Gyr and store 1000
particles at all equal time intervals. Following Liu et al. (2017),
the selection function S in which the probability of a K giant
being included in the observation is given by their Galactic
coordinates (1, b), colors (c), and apparent magnitudes (m).

3. Results

3.1. Chevron-like Overdensities

In the left panel of Figure 2, we show the density distribution
of all particles in the » — v, map. Each particle of a star i is
weighted by the selection function S;. We use a 2D Gaussian

smoothing filter scipy.ndimage.Gaussian_filter to
obtain a smoothed distribution as a background. In the right
panel of Figure 2, six thin and complete chevron-like
overdensities are clearly visible after the subtraction of a
smoothed background. These overdensities are constructed by
GSE stars on similar orbits. As a comparison, we also show the
density distribution of the GSE-removed stellar particles in
Figure 3, including the GSE-removed stars selected from Wu
et al. (2022b) and stars satisfying [Al/Fe] > 0 in Figure 2.
After the subtraction of a smoothed background, the over-
density regions overlap with each other rather than form several
clearly separated chevrons like Figure 2.

In a nearly spherical potential, the trace of a star orbit in
r — v, space is determined by two free parameters of apocenter
a and eccentricity ec. The eccentricity of GSE stars in different
overdensities is similar (ec > 0.8), so the main difference is
their apocenters. To obtain the apocenters, we extract values of
the background-subtracted distribution at v, ~ 0 (pixels satisfy-
ing |v,] <6kms™"') and display them as a function of 7y in the
bottom panel of Figure 2. We can see several clear pulse
signals caused by the pileup of particles of the six over-
densities. We define the apocenter of these overdensities as the
corresponding r,. of the peak of the pulse signals. The
apocenters of the six overdensities are 6.75, 12.75, 18.75,
25.25, 27.25, and 30.25 kpc, and we label them as chevrons 1
—6. Besides the target selection in the spectroscopic survey, a
selection criterion of |Z] > 2 kpc is applied to exclude possible
disk stars in our K giant sample. This additional selection has a
larger impact on stars with a smaller 7., which could
artificially reduce the strength of chevrons in the inside halo,
specifically chevron 1 and 2. Besides these obvious chevrons,
we also find two peaks at r,. = 35 and 39 kpc. Since they are
too weak and not complete in the background-subtracted
distribution image, we are not sure about their reliabilities.

These chevron-like overdensities reveal the multiple pileups
of GSE stars at different apocenters. Han et al. (2022) find two
breaking radii at r,. of 12 and 28 kpc when fitting the stellar
density distribution of the accreted halo of the H3 survey with a
multiply broken power law. The apocenters of chevron 2 and 5
closely coincide with the two breaking radii, and this
consistency has been predicted by the N-body simulation of
Naidu et al. (2021). A series of studies argue that the major
merger of GSE is likely to be composed of multiple smaller
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Figure 2. Top left: stellar particle densny N of the GSE stars in rg. — v, space with selection effects corrected. This diagram contains 81 x 81 pixels, and each pixel
has an equal size of 0.5 kpc x 12 km s~ . Top middle: smoothed background obtained by convolving the density image with a Gaussian filter with an FWHM of 5
pixels. Top right: background-subtracted density image with chevron-like overdensities labeled. We set a lower limit of N = 0 to better show the overdensity regions.
Bottom: we select pixels of |v,| < 6 km s~ from the background-subtracted density image and display them as a function of rge. We can see several peaks
corresponding to the chevron-like overdensities. The apocenters of chevrons 1 to 6 are 6.75, 12.75, 18.75, 25.25, 27.25, and 30.25 kpc.
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Figure 3. Stellar particle density N of the GSE-removed stars in r,. — v, space with selection effects corrected. Compared to the GSE stellar particles, they have a
much more messy distribution in rg. — v, space. After the subtraction of a smoothed background, the overdensity regions tend to overlap with each other rather than
form several separated chevrons as Figure 2. These overdensity regions maybe related to the existence of multiple minor halo substructures in the K giant sample
identified by X.-X. Xue et al. (2023, in preparation).

mergers with different chemodynamics including the apoc- Cronus with a mean apocenter of 7.7 + 2.2 kpc, and chevron 2
enters (Donlon & Newberg 2023; Donlon et al. 2020, 2022). has a similar apocenter as the substructures of Nereus and
Chevron 1 is possibly related to their identified substructure Virgo Radial Merger. The difference between these
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Figure 4. Back%round—subtracted density image (top row) and values of pixels satisfying |v,| < 6 km s~! (bottom row) for M;, = 0.5 x 10'2 M., (left column),
M, =0.8 x 10" M., (middle column), and M;, = 1.5 x 10'2 M, (right column). The main changes of chevrons 1 to 6 are the strength and opening angles, while

their apocenters keep almost constant.

substructures is mainly shown in the element abundance space.
However, the low-resolution spectroscopic survey of our K
giants sample prevents us from a comprehensive study of the
chemical patterns of stars inside these chevrons.

3.2. Influence of a Different Potential and Constrain of
Virial Mass

We adopt a virial mass of My;, = 10> M_,, in the above orbit
integration. However, large uncertainties still exist in the
current estimation of the Milky Way mass. Using different
methods and tracers, values of the estimated M,;, range from a
lower side of 0.5 x 10'* M, to an upper side of 1.5 x 10'* M.
To check its influence, we repeat the above steps and obtain the
background-subtracted distributions with a different M. In
this paper, we adopt four values of M,;, which are
0.5x 10" M., (K giants, Bird et al. 2022), 0.8 x 10" M.,
(giants, Kafle et al. 2014), 1012M@ (BHB stars, Bird et al.
2022), and 1.5 x 1012M@ (globular clusters, Watkins et al.
2019). Combing Figures 2 and 4, we can see that the main
changes in chevrons 1—6are the morphology and strength,
while their apocenter keeps almost constant. For the six
chevrons, their opening angles decrease and strength increases
with a smaller M,;.. Besides them, there are another two
possible chevron-like overdensities with apocenters of 23.25
and 40 kpc in My;; = 0.5 x 10" M.

The formation of these chevrons is possibly related to the
nonuniform energy distribution of the GSE stars. By studying the
N-body stellar particles of GSE stars, Belokurov et al. (2023)
found prominent bumps related to the leading and trailing arms in

the energy distribution. Besides, they also found smaller-scale
bumps that become smoothed and fade away with time. Each
stripping episode could cause at least two bumps, and the
accretion event of GSE is thought to have three main stripping
episodes. Therefore, we could expect more than six chevron-like
overdensities related to the energy bumps. Besides the chevrons in
this study, Belokurov et al. (2023) also find signatures of other
five chevron-like overdensities in the r—v, diagram at
roe =4-12kpc using the Gaia DR3 RVS survey. Through a
linear extrapolation method, they estimate that the apocenters of
the five overdensities are 11.5, 15.5, 21, 23, and 25 kpc. Here we
label them as Be 1-5. Belokurov et al. (2023) do not need an orbit
integration method due to the large number of halo stars in a small
spatial region, thus meaning their results are independent of the
Galactic potential. However, their star sample is constrained to the
local stellar halo and may suffer from the contamination of the
in situ halo. Our GSE star sample has a wider distribution of r
and shows a complete morphology of the chevron-like over-
densities, but this result is highly potential dependent. Therefore, a
comparison between our study and Belokurov et al. (2023) not
only helps in identifying the overdensities but also in constraining
the range of M.

The signatures of Be 4 and 5 are too weak, and Be 1 has no
corresponding chevron in our results. Therefore, we compare
Be 2 and Be 3 with chevron 2 and chevron 3 respectively in
Figure 5. Be 2 is very consistent with chevron 2 of
M= lOle@ at rge =4-10kpc. At ro. > 12kpc, we can
see that Be 2 of the linear extrapolation deviates from chevron
2, and apocenter of Be 2 is likely to be overestimated. Be 3 is
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Figure 5. Left panel shows a comparison between Be 2 and chevron 2 of different M,;,. We select stars of the same apocenter as chevron 2. The approximate

morphology of chevron 2 is obtained by averaging the positions of these stellar particles in r —
real observation, while the dash line is the linear extrapolation result. Chevron 2 of M =

Ve space The black solid line is the approximate location of Be 2 in the
10'2 M., (green solid line) agrees well with Be 2. Right panel shows a

comparison of chevron 3 and Be 3. Be 3 is located between chevron 3 of M;, = 102 M, (green solld line) and M,;, = 1.5 x 10'? M, (red solid line).

located between chevron 3 of M., = 10" M, and 1.5x
10'2 M., and we can hardly decide which M,;, is more suitable
for Be 3. In general, this comparison is more inclined to a virial
mass of M;, = 10]2M®.

3.3. Influence of a Steadily Rotating Bar

In the last subsection we use an axisymmetric potential
during the orbit integration. However, considering the small
pericenter (7per < 5 kpc) of our K giants and the massive long
bulge/bar structure ~10"° M, (Portail et al. 2015, 2017), the
integrated orbits could be heavily perturbed by the bar when
passing the Galactic center or resonance trapped regions related
to the bar. Previous studies show that the dynamical influence
of a rotating bar is not only constrained to the disk stars (Chen
et al. 2022; Chiba & Schonrich 2022; Li et al. 2023) but also
reaches to a much further region (Chemel et al. 2018). The bar-
like perturbations is possibly related to the creation and growth
of several substructures, such as Hyades, Sirius, Hercules, and
Ophiuchus streams (Dehnen 1998; Antoja et al. 2014; Hattori
et al. 2016, 2019). A recent simulation work of Davies et al.
(2023a) showed that a rotating bar could accelerate the phase
mixing of these chevron-like substructures found in Belokurov
et al. (2023).

We add a steadily rotatln% bar to the modified MWPoten-
tial2014 with Moo= 10" M, by a python package Agama
(Vasiliev 2019). To represent the bar, we choose a model

following Chiba & Schonrich (2022) as
Dy(r, 0, ¢, t) = Pp(r)sin® cosm(p — Qpt), (1)

where (7, 0, ¢) are the spherical coordinates and m =2 is set to
only consider the quadrupole term. The radial dependence of

the bar potential &y, is
(_ (bt Y
b =+ I’/VCR ’

q)br(r) = e

where A is the strength of the bar, v, is the circular velocity in
the solar vicinity, and b is the ratio between the bar scale length
and the value of corotation radius rcg. Following Chiba &
Schonrich (2022), we set v = 235 kms ', A = 0.02,
b =0.28, and rcg = 6.7 kpc. The initial phase angle of the bar
¢p is 28° (Wegg et al. 2015). Different pattern speeds of
Q= —35, —40, —45km sflkpc*1 are chosen in the orbit
integration.

Figure 6 shows the background-subtracted images and the
distribution of N as a function of r,. with different (2,. We find
that the introduction of a steadily rotating bar could smooth the
overdensity regions, which leads to a decline of the strength of
these chevrons. The peak values N of the chevron 4, 5, 6 are
1.5, 2.9, 1.6 x 10* in Figure 2, while these values fall below
1.2 x 104 in a bar-added nonaxisymmetric potential. Our
results are consistent with Davies et al. (2023a) that a rotating
bar would result in a blurry chevron at r,. > 20 kpc.

The smoothing effect revealed in Figure 6 is mainly caused
by the disturbance of the stellar orbit under the perturbation of
the Galactic bar. In general, these K giants would finish 3—-10
orbit periods in the 1 Gyr integration. We obtain the apocenters
Fapo Of a star i at different periods, and show the difference
value Argp, (Max(ryp,) — min(7p,)) as a function of the mean
value (7,p0) in Figure 7. The change of r,p, (a mean value of
0.08 kpc) is almost negligible in a symmetric static potential,
while the adding of a rotating bar would cause a large bump of
Arypo (a mean value of 0.44 kpc). The disturbance leads to a
more diffuse distribution of the integrated stellar particles in
r — v, space, which decreases the strength of these chevrons in
Figure 6.

Motivated by Davies et al. (2023a), we divide the K giant
sample into two subsamples of large (rperi > Ry, 16438 stars) and
small (rperi < Ry, 4301 stars) pericenter, where R, = 1.87 kpc is
the bar scale length. Stars with a smaller pericenter are more
likely to be strongly influenced by the bar. These chevron-like
overdensities are clearly seen in the subsample with small
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Figure 6. Background-subtracted density image (top row) and values of pixels satisfying |v,| < 6 km s~ ' (bottom row) for a bar-added potential with Q, = —35 (left
column), 2, = —40 (middle column), and 2, = —45 (right column). The steadily rotating Galactic bar has a blurring effect on these overdensities, especially for the
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Figure 7. Change of apocenter Aryp,, vs. mean value (ryy) for the GSE stars in the MW2014 (orange points) and bar-added potential (blue points). The large increase
of Aryp, shows the strong chaotization effect of the Galactic bar on the stellar orbit during the integration.

pericenter, while they have a smaller opening angle and a more
diffusely mixed appearance in the other subsample. The most
significant difference is the chevron 2 (r,p, ~ 12.75 kpc), which
is obvious in the subsample with small pericenter but almost

invisible in the subsample with large pericenter. Davies et al.
(2023a) found that all the chevrons discovered in the Gaia RVS
sample almost disappear when they only considered stars with
large pericenter (rperi > 2 kpc). They thought it is somewhat in



THE ASTROPHYSICAL JOURNAL, 950:151 (8pp), 2023 June 20

0.0 0.2 0.5 0.8 1.0

x10%

Wu et al.

x10%
1.2 0.0 0.2 0.4 0.6 0.8

1.0+

=
ot

Number /104

A 1

g (kpc)

5 101520 25 30 35 40 5 10 15 20 25

ijA,

30 35 40
e (kpc)

Figure 8. Background-subtracted density image (top row) and values of pixels satisfying |v,| < 6 km s~! (bottom row) for the subsamples with small pericenter (left
column) and large pericenter (right column) in the bar-added potential 2, = —35. We can see a very clear image of these chevron-like overdensities in the left-hand
column. Most of the chevrons can still be found in the right column, but with a smaller opening angle and a more diffusely mixed appearance. Chevron 2 almost

disappears when we only consider stars satisfying rperi > Rp.

conflict with the smoothing effect of the bar in simulations, and
suspected that a resonance effect may account for the formation
of these chevrons. Using a test particle simulation and starting
with a smooth stellar halo, Dillamore et al. (2023) found that a
wedged-shape overdensity with a tip at 10.5 kpc forms in r — v,
space after the growth of the bar. Therefore, we note that a bar-
driven mechanism may work in the formation of these chevron-
like overdensities, especially for the chevron 2.

Only the steadily rotating bar model is adopted as the
perturbation to the background potential in this work. This
scenario reveals two possible flaws in the interpretations within
this subsection. On one hand, as it is reported in the literature
(Chiba et al. 2021), the pattern speed of the bar decreases in the
Galaxy, which leads to an increasing of the scale length
(Athanassoula 1992; Chiba et al. 2021). Thus, the number of
orbits strongly impacted by the bar should also increase, which

alters the results shown in Figure 8. Meanwhile, the corotation
radius of the bar also changes with the change of the pattern
speed. Naturally, it is worthwhile to investigate the influence to
the shape of the chevron-like structure by the time-varying bar
model. On the other hand, the self-gravity is neglected
throughout our particle simulation. However, since the stars
interested in this work mainly belong to halo population with
long orbital periods, the self-gravity could play an important
role in shaping the characteristics of the chevron-like
structures. This is consistent with the comparison between
our simulation and the result from Davies et al. (2023a), which
shows more blurring chevron structures compared with our
simulations. As a conclusion, a more realistic bar model
including the decrease of pattern speed together with the self-
gravity of the system should be considered in the future to
investigate the chevron-like features in the Galaxy.
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4. Summary

In this study, we explore the stellar distribution of GSE-
related K giants of LAMOST survey in r — v, space by orbit
integration. We summarize our results as follows:

1. We find six thin and complete chevron-like overdensities
in r — v, space. The apocenters of these overdensities are
6.75, 12.75, 18.75, 25.25, 27.25, and 30.25 kpc. These
chevrons are possible related to the pileups of GSE stars
at different apocenters.

2. The application of a different Milky Way mass M,;, will
change the morphologies and strength of these chevrons,
while the apocenters keep almost constant.

3. By comparing with a recent potential independent study, we
think that our results are more inclined to a My;, of 10" M.

4. The adding of a steadily rotating bar would significantly
chaotize the stellar orbit, which leads to a more diffusely
mixed appearance of these chevrons especially at
ree > 20 kpe.
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