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ABSTRACT

The recent discovery of a spiral feature in Z — V; phase plane in the solar neighborhood implies that
the Galactic disk has been remarkably affected by a dwarf galaxy passing through it some hundreds of
millions of years ago. Using 429,500 LAMOST K giants stars, we show that the spiral feature exits not
only in the solar vicinity; it also extends to about 15 kpc from the Galactic center, and then disappears
beyond this radius. Moreover, we find that when the spiral features in a plot of V;, as a function of
position in the Z — V7 plane, at various Galactocentric radii, are re-mapped to R — Z plane, the spiral
can explain well the observed asymmetric velocity substructures. This is evidence that the phase
spiral features are the same as the bulk motions found in previous as well as this work. Test-particle
simulations and N-body simulations show that an encounter with a dwarf galaxy a few hundred million
years ago will induce a perturbation in the Galactic disk. In addition, we find that the last impact of
Sgr dSph can also contribute to the flare. As a consequence of the encounter, the distribution function

of disk stars at a large range of radii is imprinted by the gravitational perturbation.

Keywords: galaxies: kinematics and dynamics

1. INTRODUCTION

There is a great deal of evidence that the Milky Way
disk is in a state of disequilibrium. Near the Sun, there
are vertical oscillations both in density and bulk veloci-
ties of disk stars (Widrow et al. 2012; Carlin et al. 2013,
Williams et al. 2013; Carrillo et al. 2018). There are
kinematic substructures and a radial velocity gradient
(Siebert et al. 2011; Tian et al. 2015, 2017; Wang et al.
2018; Gaia Collaboration et al. 2018). There are ring-
like overdensites appearing alternately on the north and
south sides of the disk (Newberg et al. 2002; Xu et al.
2015; Rocha-Pinto et al. 2004; Price-Whelan et al. 2015),
From analysis of Gaia DR2 data, Lopez-Corredoira &
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Sylos Labini (2019) also provides evidence that the kine-
matic distribution of disk stars in the Milky Way de-
viates from a “simple stationary configuration in rota-
tional equilibrium.”

To explain the perturbations, both internal processes
(perturbation and resonance of the bar and the spiral
arms) and external ones (accretion and passage of satel-
lites) have been proposed (Monari et al. 2015; Bovy et
al. 2015; Siebert et al. 2012; Faure et al. 2014; Kawata
et al. 2014; Quillen et al. 2011; Grand et al. 2015; Tian
et al. 2017; Debattista 2014; Gémez et al. 2013, 2016;
Widrow et al. 2014; Khoperskov et al. 2019).

Some studies considered the coupled effects between
the vertical perturbation and planar perturbation. Re-
cent simulations show that the rotating bar and spiral
can produce vertical perturbation (Monari et al. 2015)
and the passage of satellite can also produce radial and
azimuth perturbation (D’Onghia et al. 2016).
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Some of the substructures of the outer disk are well
studied, such as the famous Monoceros overdensity
(Newberg et al. 2002; Ibata et al. 2003; Yanny et al.
2003; Crane et al. 2003; Conn et al. 2005; Martin et al.
2006; Ivezi¢ et al. 2008; Meisner et al. 2012; Li et al.
2012). The ring-like Monoceros overdensity was orig-
inally thought to be tidal debris (Martin et al. 2004;
Bellazzini et al. 2006; Penarrubia et al. 2005) or part of
warp or flare (Momany et al. 2004; Lopez-Corredoira, &
Molg6 2014; Wang et al. 2018), but more recent simu-
lations suggest the ring could be induced by the gravi-
tational interaction of the Sagittarius dwarf galaxy with
the disk (Purcell et al. 2011; Laporte et al. 2018).

Other studies show that the outer disk overdensities
could be related. Deason et al. (2018) and de Boer et
al. (2018) suggested that the Anti-Center Stream (ACS)
and Eastern Banded Structure (EBS) (Grillmair 2006,
2009) are parts of Monoceros overdensity, even though
they appear to be distinct structures in photometric
data. From star ages, Laporte et al. (2020) showed that
thin structures like the ACS and EBS are tidal struc-
tures excited by a satellite interaction with the disk,
while the Monoceros ring is a distinct structure formed
through the gradual flaring of the disk over a more ex-
tended disk-satellite interaction. Price-Whelan et al.
(2015) suggested that the Triangulum Andromeda Over-
density (TriAnd) is a disk component, since the stellar
population is more similar to the disk than to tidal de-
bris from a dwarf galaxy. Bergemann et al. (2018) show
that TriAnd and A13 have similar chemical abundance
patterns as the thin disk. Laporte et al. (2020) shows
that the Monoceros ring, ACS, and EBS have [Fe/H]~-
0.7 with no vertical gradient in [Mg/H] vs. [Fe/H],
which is consistent with chemistry of thin disk and not
consistent with the “knee” typically seen in [Mg/H] vs.
[Fe/H] for dwarf spheroided galaxies (Hayden et al. 2015;
Tolstoy 2019).Li et al. (2017) suggested that all of the
substructure in the outer disk: the Monoceros overden-
sity, TriAnd1l (Sheffield et al. 2014), A13 (Sharma et
al. 2010), and TriAnd2; which appear alternately north
and south of the Galactic plane with increasing distance
from the Galactic center, are vertical oscillations of the
disk. Xu et al. (2015) showed that the outer disk over-
densities which appear at 2 kpc (north near structure)
and 5 kpc (south middle structure) from the Sun can
be fit with a star count toy model for a bending wave
in the disk. Simulations show that the passage of the
Sagittarius dwarf spheroidal galaxy (Sgr dSph) through
the Milky Way halo could produce oscillations of the
disk with ring-like structures similar to those which are
observed (Purcell et al. 2011; Gémez et al. 2017; Laporte
et al. 2018).

Antoja et al. (2018) found a Z —V phase space spiral,
believed to result from non-equilibrium phase-mixing
from the passage of a satellite through the disk some
several hundred million years ago. Binney, & Schonrich
(2018) and Bland-Hawthorn et al. (2019) make test par-

ticle simulations that can produce a phase space spiral
which is quite similar to that found in Gaia DR2 and
GALAH data. Laporte et al. (2019) show four density
wraps on Z — Vz phase space of Gaia DR2 data within
1 kpc from the Sun; their simulation of Milky Way disk
interacting with Sgr dSph can reproduce many features
revealed in Gaia data. Khanna et al. (2019) show the
ridge-like structures in the (R,V;) phase space corre-
spond to constant energy or constant angular momen-
tum, and show that phase mixing can produce ridges of
constant energy. Chequers et al. (2018) suggest that the
cumulative effect of interaction between the disk and the
satellites in a clumpy halo can produce long-lived bend-
ing waves.

All of the observations mentioned above were made in
a volume of the disk that is limited to 3-4 kpc from the
Sun. LAMOST K giants can provide far more distant
data, up to at least 20 kpc from the Galactic center,
to compare with the results of simulations. Through
studying the LAMOST K giants, we find a strong con-
nection between disk kinematic substructures and the
phase space spiral. Our work provides new insight into
the origin of the outer disk substructures.

In Sections 2, 3, and 4, we describe our data selec-
tion, distance calibration, and calculation of the 3D ve-
locities for the K giant stars. In Sections 5, we analyze
the V;, kinematic maps, projected onto the (R, Z) plane;
we explore the velocity distribution in phase space and
the connection between substructures of K giants and
the phase space spiral. Section6, 7 and 8 show the Vg,
Vz and metallicity distribution in the (R, Z) plane. In
Section 9, the observational kinematic features are com-
pared with the results of simulations. Section 10 and 11
present the discussion and conclusion.

2. SAMPLE SELECTION

K giant stars from LAMOST DR5 were selected using
the selection criteria provided in Liu et al. (2014). The
stellar parameters for the K giants were obtained from
the Stellar LAbel Machine (SLAM) procedure (Zhang
et al. 2020). We then cross-matched the LAMOST DR5
K giants and Gaia DR2 stars using TOPCAT (Taylor
2005). The high-precision line-of-sight velocities mea-
sured by LAMOST DR5 (Cui et al. 2012; Deng et al.
2012; Zhao et al. 2012), and the proper motions from
Gaia DR2 (Perryman et al. 2001; Prusti 2018; Brown
2018), are combined to obtain 3D velocities.

We remove K giants with true metallicity [M/H]<
—1.2 from the sample to eliminate halo stars. We also
remove duplication, and red clump stars that were iden-
tified in Ting et al. (2018). Red clump stars are re-
moved because they have different absolute magnitudes
from other K giants at the same color. We require high
signal-to-noise in the g band (snrg > 15) to assure the
accuracy of derived stellar parameters, radial velocity
errors of less than 10 km s~!, and proper motion errors
less than 0.2 mas/yr are required to assure the preci-



sion of the velocity calculation. Stars with My > 0 are
eliminated because they have systematic distance errors
larger than 10% compared to distances from Gaia DR2
(Bailer-Jones et al. 2018), possibly due to contamination
from dwarf K stars. Using all of these selection criteria,
we construct a sample of 429,500 K giant stars.

3. DISTANCE CALIBRATION

Our results rest on creating accurate maps of the kine-
matic distribution of K giants as a function of position
in the Milky Way. To achieve this, we need accurate dis-
tances for the stars in our sample, which can be observed
out to 20 kpc from the Galactic Center. We derive the
distances to the K giants by applying the Bayesian esti-
mation method from Carlin et al. (2015), using the stel-
lar parameters from the SLAM pipeline; the distance es-
timates from Bayesian estimation with parameters from
SLAM were much closer to Gaia distances than those
produced using the standard LAMOST pipeline stellar
parameters.

In Carlin et al. (2015), they calibrated the distances
derived from LAMOST data with those from the Hip-
parcos sample to determine that the distance estimates
have an uncertainty of about 20%. However, Hipparcos
data could only validate distances within several hun-
derd pc from the Sun. The distances derived from Gaia
DR2 parallaxes can validate the distances within 4 kpc
from the Sun. So, we recalibrate the distance of LAM-
OST DR5 data with the best estimated distances pro-
vided by Gaia DR2 parallaxes as found by Bailer-Jones
et al. (2018). Stars from Gaia DR2 within 3 kpc of the
Sun and with relative distance errors of less than 10%
are matched to our dataset of LAMOST K giant stars.
The distance error is defined by 1o of the Gaussian dis-
tribution of estimated distance probability (Bailer-Jones
et al. 2018). But keep in mind that the distance ob-
tained by Bailer-Jones et al. (2018) is not model free;
the Bailer-Jones et al. (2018) distance is still influenced
by the adopted length scale model.

Figure 1 shows the distribution of relative difference
in distance for the two catalogs, Ay, as a function of the
Gaia DR2 distance for each star. The relative differ-
ence in distance is defined as Ay= (dcariin —dBJ)/dBJ-
doarlin 18 the distance estimated by procedure outlined
in Carlin et al. (2015), applied to the LAMOST DR5
data. dpy is distance obtained from Gaia DR2 paral-
laxes, as determined by Bailer-Jones et al. (2018). The
red dots indicate the median value of Ay in each distance
bin, of width 100 pc. The median value of median(A4)
is about 0.006, and the variation of median (A,) of the
calibration sample with distance is quite small. From
this analysis, we determine that the systematic distance
error can be ignored, since it is considerably smaller than
the random error.

We further checked our distances against a cleaner
sample of Gaia parallaxes. Schonrich et al. (2019) found
that the Gaia DR2 parallaxes have bias of 0.054 mas/yr,
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and produced a sample of corrected Gaia DR2 parallaxes
(Schonrich et al. 2019) that were free from this bias.
This sample uses the “entirely safe” criteria from Section
8 of Schonrich et al. (2019) to select stars from the Gaia
sample, thus assuring that the estimated Gaia distances
should be accurate. We crossmatch the LAMOST K gi-
ants sample with the selected sample. The right panel
of Figure 1 shows the distribution of relative difference
of distances, Ay, vs. estimated distance from Schonrich
et al. (2019). The median value of median(A4) is about
0.004, confirming that the LAMOST distances are also
consistent with estimated distance of Schonrich et al.
(2019), as expected. However, there appears to be a
trend with distance; at larger distances, the Bayesian
distance estimates are lower than the corrected Gaia
measurements, with a maximum deviation of 5%.

4. CYLINDRICAL VELOCITIES: Vg, Vg, AND Vy

The 3D velocities are calculated with using line-of-
sight velocities from LAMOST DRS5, proper motions
from Gaia DR2, and LAMOST distances calculated us-
ing the Baysian technique from (Carlin et al. 2015).
A known systematic error of 4.4 km s~! in radial ve-
locity is subtracted from the LAMOST catalog values
Wang et al. (2018). The 3D velocities in Galactic Carte-
sian coordinates (U, V, W) are calculated following the
method in Johnson, & Soderblom (1987). Positive U,
V, and W are oriented towards the Galactic center,
the direction of Galactic rotation, and the north Galac-
tic pole, respectively. We adopt a distance from Sun
to the Galactic center of Ry = 8.34 kpc (Reid et al.
2014), the height of Sun above the Galactic plane of
Zy = 27 pc (Chen et al. 2001), the peculiar velicity
of the Sun with respect of the local standard of rest
of (Us, Ve, Ws) = (9.58,10.52,7.01) km s~! (Tian et
al. 2015), and a circular velocity at the solar radius of
V., = 238 km s~! (Schonrich et al. 2010). Then the
3D Cartesian Galactocentric velocities can be obtained
fromU =U+Ug, V=V+Vog+V, W=W+Wg.
The cylindrical velocities Vg, Vg, and V, are obtained
following equations A13, A14, and A15 of Williams et
al. (2013).

5. MEDIAN V, DISTRIBUTION

In this section, we study both the spatial (as a func-
tion of R and Z) and phase space (as a function of Z
and Vyz) distribution of V. We also connect the bulk
motion of disk stars, as a function of spatial position,
with the phase space spiral. The spatial distribution
of Vg is illustrated in subsection 5.1. The phase space
distribution of Vj is illustrated in subsection 5.2. The
relationship between the bulk motion and phase space
spiral is illustrated in subsection 5.3.

5.1. Median Vy as a function of (R,Z)

Figure 2 shows the spatial distribution of our selected
LAMOST K giant stars. They extend to more than
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20 kpc from the Galactic center in the radial direction
and extend several kpc from the Galactic plane in the
Z direction. The right panel of Figure 2 shows that the
LAMOST K giants concentrate towards the anti-center
direction (—20° < ¢ < 10°, where ¢ is the Galactocen-
tric azimuthal angle from the anticenter direction).

In this subsection, we will create and analyze two di-
mentional projections of the bulk velocities of these stars
in (R, Z) space. This is a convenient projection because
K giants concentrate in a narrow range around the anti-
center direction. Figure 3 shows the number of K giant
stars in our sample as a function of (R, Z). All of the
bins contain at least 10 stars; within R < 20 kpc, most
bins have at least 50 stars.

Heat maps of the median Vz, V4, Vz as function of
(R, Z) are now constructed to study the kinematic dis-
tribution of disk stars as a function of spatial position.
The bin size in our maps is: (AR, AZ) = (0,5,0.5) kpc.

5.1.1. Disk Substructure in Vg

The first row of Figure 4 ' shows the median(V,) and
o(Vy) (the standard deviation of V) for our sample, as
a function of (R, Z). From this figure, the disk and halo
populations can be clearly distinguished; the disk has a
high V4 and a low o(V3).

The right panels of Figures 4 also illustrate the distri-
bution of o(Vg), 0(Vz), and o([M/H]), respectively. In
these panels the disk-like stars also show the same char-
acteristics; the disk-like stars are kinematically colder
and have a smaller metallicity scatter compared to those
of halo-like stars. The top right panel of Figure 4 shows
that in o(V,) there is a smooth transition from the
kinematically cold area with disk-like stars to the kine-
matically hot area with halo-like stars, especially be-
fore R < 13 kpc. Beyond R=13 kpc, the transition is
sharper.

If one looks at stars that are kinematically colder and
have smaller metallicity scatter across the entire (R, Z)
plane, one finds that the distribution of median(V) and
o(Vy) of disk-like stars is horn-shaped. The scale height
of disk stars grows quickly with R in the outer disk,
characteristic of a disk flare. The flare is consistent with
the one seen in blue stragglers in the Canada-France
Imaging Survey, crossmatched to Gaia DR2 and SEGUE
and LAMOST (Thomas et al. 2019).

In the solar neighborhood, the Vy distribution is quite
similar to the known disk kinematics, which are “dom-
inated by rotation with a smooth vertical gradient”
(Bond et al. 2010).

L The image of Figure 4 is smoothed to more clearly show
the features. The median(V;), median(Vg), median(Vz), me-
dian([Fe/H]) of each grid of (R, Z) with bin size (R —1/2*x AR <
R<R+1/2+xAR, Z—-1/2«AZ < Z < Z+1/2%AZ) is cal-
culated from stars within the range of (R — AR < R < R+ AR,
Z—-NZ<Z<Z+NAZ).

Along the mid-plane, the median Vj decreases with
increasing R, which is consistent with the result of Tian
et al. (2016). In the range R < 11 kpc, the median Vj
for bins in the mid-plane of the disk reaches to 230 km
s!. The median V, in the disk midplane decreases to
around 210 km s~! when R = 15 kpc.

Beyond R = 11 kpc, the most significant structure in
disk kinematics is that the high Vj stars are split into
three branches, which we call the “main branch,” “north
branch,” and “south branch.” The “main branch” bends
southward; the ridge line of the “main branch” is dis-
tributed roughly along the line from (R, Z) = (12, —0.5)
kpc to (R,Z) = (14,—1) kpc. The “north branch” is
found along the slope from (R,Z) = (13,1.5) kpc to
(17,5) kpc. The “south branch” is found along the line
from (R,Z) = (11,-1) kpc to (R,Z) = (16,—4) kpc.
The “south branch” has higher median V, than that of
“north branch.” Both of the north and south branches
stretch along the boundary of the flare.

It is apparent from the o(V}) panel of Figure 4, in
the range of R < 13 kpc, that the ridge of minimum
standard deviation in Vj is located slightly above the
midplane, roughly at Z = 0.25 kpc. When R > 13
kpc, the ridgeline of minimum velocity dispersion skews
towards the south, following the main branch. This is
consistent with a vertical displacement of the midplane
of the disk. We will discuss this in more detail in Section
5.1.2.

Also apparent in the o(Vy) panel of Figure 4 is an area
with quite small 0(Vy) in the range of 16.5 < R < 20 kpc
, 1.5 < Z < 5 kpe. This location is consistent with fa-
mous substructure called the “Monoceros overdensity.”
The location of the “main branch,” “north branch” and
“south branch” kinematic structures, identified from the
median(Vy) panel of Figure 4, as well as the “Monoceros
area” identified from the o(V,) panel of Figure 4, are la-
beled by lines and a square in each panel the figure.

Estimates of the kinematic characteristics of “north
branch,” “south branch,” and “Monoceros area” from
Figure 4 are summarized in Table 1. To measure these
properties, we selected stars most likely associated with
the substructures, in the regions of parameter space de-
lineated in Figure 4. The measured properties are the
median over the the selected bins in Vj, Vi and V.

5.1.2. The oscillating disk traced by kinematic features

Using SDSS main sequence star counts, Xu et al.
(2015) found that the midplane of the disk stars ap-
pears to oscillate vertically across the Galactic plane, as
a function of distance from the Galactic center. The os-
cillating disk asymmetries appear at D = 2 kpc, 5 kpc,
10 kpc, and 15 kpc, where D is the distance from the
Sun. The two nearer oscillation asymmetries can be ap-
proximated by model with an oscillating disk, in which
the disk is offset up by 70 pc at a distance of 2 kpc from
the Sun towards the anticenter, and down by 170 pc at
a distance of 5 kpc from the Sun towards the anticenter.



In this work, the mid-plane is traced by the locus of
minimum standard deviation in Vy, and minimum stan-
dard deviation in Vz. We slice the data into bins of
different Galactocentric radius, R, and find the Z loca-
tion of the minimum standard deviation for each bin.
We use a bin size of AR = 0.2 kpc for R < 12 kpc and
0.5 kpc for R > 12kpc, due to fewer stars and larger
statistical noise in the measurement of the minimum at
large radius.

In Figure 5, the red triangles and the blue triangles
show the locations of the minimum standard deviation
of V4 and V7, respectively. The Z position of the mini-
mum standard deviation in V,, and V follow each other
very closely. The mid-plane shifts north in the range
of R = 10 — 13 kpc with amplitude of up to 300 pc,
and then again shifts south. The black curve is the “os-
cillation” derived from fitting disk main sequence star
counts in Xu et al. (2015). The trend found in the os-
cillation model obtained by fitting SDSS main sequence
stars is consistent with that of the mid-plane oscillation
identified kinematically using LAMOST K giants. How-
ever, the oscillation in K giant stars suggests a larger
oscillation amplitude. Wang et al. (2018) identified the
South middle structure from LAMOST K giant star
counts. They clarified that the South middle Structure
defined by Xu et al. (2015) is an extended structure from
(R, Z) = (10,—-0.5) kpc to (15, —3) kpc, and found that
the asymmetry across the plane can be erased by shift-
ing the mid-plane south by about 300 pc at R = 14
kpc. This suggested a mid-plane offset is indicated in
Figure 5 with a green plus sign.

We traced the mid-plane using the location of min-
imum standard deviation of V; and Vz for R < 14.5
kpc. After 14.5 kpc, the locus of minimum standard
deviation in V is dominated by substructure with high
Z. For example, the Monoceros area has small standard
deviation in Vg with median Z of about 3 kpc, which is
more consistent with substructure kicked out of the disk
than it is with an oscillation.

5.2. The V4 phase space spiral and the outer disk
substructures

Antoja et al. (2018) discovered an impressive snail-like
spiral in Z vs. Vz phase space, providing direct evidence
of phase mixing produced by a strong perturbation of
the disk. The Sgr dSph was identified as the most likely
Galactic intruder to produce this perturbation, due to
the match between the very recent impact time and the
phase mixing time scale.

In this section, we will show the variation of the Vg
phase space spiral with Galactocentric radius, and show
the connection between the Vy phase spiral and the outer
disk kinematic features.

5.2.1. Comparison of the Vg phase space spiral in
LAMOST K giants with that of Gaia DR2 data in
the Solar neighborhood
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Before we construct the phase spiral maps for differ-
ent ranges of Galactocentric radius, it is necessary to
compare the Vy phase spiral seen in LAMOST K giants
with that of Gaia DR2 data in the solar neighborhood.

The upper panel of Figure 6 shows the median Vj
distribution in (Z — Vz) phase space for 0.62 million
stars crossmatched between LAMOST DR5 and Guaia
DR2, that have Galactocentric distances in the 8.24 <
R < 8.44 kpc range. We will refer to it as the “total
sample” in this subsection. The upper panel of Figure 6
perfectly reproduces the two and half circles of phase
spiral discovered by Antoja et al. (2018). To produce
this panel we used distances from Bailer-Jones et al.
(2018).

The upper right panel of Figure 6 shows the 12,870 K
giants selected from the “total sample” with the addi-
tional selection criteria of Section 2. Using these stars
we can only barely see the phase spiral. The K giants
in the disk might not be quite as good as main sequence
stars for illustrating the phase spiral, because they are a
kinematically hotter disk population with a larger scale
height and therefore less influenced by the Sgr dSph im-
pact. Also, there are many fewer stars in the K giant
sample. K giant stars comprise only one twentieth of
the total sample within 8.24 < R < 8.44 kpc; the subset
of K giants that meet the criteria outlined in Section 2
are only one fiftieth of the “total sample” in this radial
slice.

To determine the main reason for the difference in
clarity between the upper panels of Figure 6, we tried
randomly extracting one fiftieth of the stars from the
total sample and building the Z — Vz phase space map.
The histograms in the second row of Figure 6 show the
distribution in Z of the “total sample” and K giant stars.
The K giants are more spread out in the Z direction, and
less concentrated right at the solar position. This is be-
cause they are intrinsically bright and can be observed
to further distances than many of the stars in the “total
sample.” To determine whether the wider range of dis-
tances is important, we subsampled 12,870 stars from
the “total sample” in two ways. In the left panel of the
third row, the stars are randomly sampled. In the right
panel of the third row, the stars are extracted from the
“total sample” with a distribution in Z that matches
the K giant stars’ Z distribution. The two panels in the
third row are also produced with distances from Bailer-
Jones et al. (2018).

Both of the phase spirals of random samples in the
third row of Figure 6 are similar, and only a little clearer
than that of the K giant sample in the upper right panel.
Extracting randomly from the “total sample” or extract-
ing based on a broader distribution in Z didn’t make
much difference, but the lower star number did make a
big difference. From this experiment, we illustrate the
importance of sample size in tracing the phase space spi-
ral. Since K giants are much more sparsely distributed
in space than main sequence stars, we cannot gather as
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Table 1. Characteristics of kinematic substructures of disk stars

kinematic features  median(Vy) o (V)

median(Vgy) o(VRr)

median(Vz) o(Vz)

(km/s)  (km/s) (km/s) (km/s) (km/s) (km/s)
(i) north branch 213 32.5 -1.6 35 -4.3 33.9
(ii) south branch 213 40.7 0.9 42 -2.5 39.3
(iii) Monoceros area 195.5 26.4 -12.8 30 -7 31.

many K giants as main sequence stars in a thin slice. Be-
cause the phase space spiral changes with Galactocentric
distance, there is a tradeoff between using a thicker slice
that will include more stars, and a thinner slice that will
sample a narrower range of spiral properties; the phase
spiral will be blurred in thicker slices of R. We choose
1 kpc bins in R as a trade-off between gathering more
stars and cutting the slice as thinly as possible.

The lower panels of Figure 6 show the K giant phase
spiral for 8 < R < 9 kpc. The sample size is about one
twelfth of the total sample in the upper left panel. The
lower left panel is constructed with distances from Car-
lin et al. (2015); it shows a big central “bulge” (centroid)
which is the blurred inner circle of the phase spiral and
also shows the wide strong, tail of the phase space spiral.
In Figure 1 of Antoja et al. (2018), the width of the inner
circle is about AZ = 0.1 — 0.2 kpc and the outer circle
width is about 0.2 — 0.3 kpc. Because the inner portion
of the spiral has a finer structure, the inner phase spi-
ral can’t be distinguished from the LAMOST K giant
sample in solar neighborhood when the sample size is
too small. The lower right panel shows the same data
as the lower left panel, but constructed instead with the
Gaia DR2 distances (Bailer-Jones et al. 2018), which
is more precise than the LAMOST distances (Carlin et
al. 2015) in the solar neighborhood. In the lower right
panel, we see that the outer portion of the spiral more
closely matches the position of the outer spiral in the
upper left plot. But the inner portion is not sampled, as
can be understood from a comparison of the histograms
in the second row of the figure; the central region of
the spiral is heavily populated with a large number of
intrinsically fainter stars.

Given that the LAMOST K giants are much sparser
tracers but sample a much larger volume, we can explore
the phase spiral over a larger portion of the Milky Way,
but with lower resolution than was seen in local Gaia
DR2 data. We will use LAMOST K giants to determine
whether there is a phase space spiral in volumes within
20 kpc of the Galactic center and trace the outline of
any observed spiral, but we will not be able to observe
the phase space spiral’s detail.

5.2.2. The median(Vy) phase spiral as a function of
distance from the Galactic center

We are now in a position to look for variations in the
phase space spiral as a function of position in the Galaxy.

First, we separate the disk stars into 1 kpc bins along the
projected Galactic radius, R, in the range 6 < R < 20
kpc. In Figure 7, the stars in each bin are plotted in (Z,
Vz) phase space, color coded by median(V).

The phase spiral appears in each bin from 7 kpc to 15
kpc; after that, the spiral disappears.

At first glance, the phase space spiral in Figure 7 ap-
pears to be sketched by the high median(Vy) stars. In
the gap of high median(Vy) spiral, there are relatively
low Vy stars. From 7 kpc to 15 kpc, each phase spi-
ral map is similar to the last one, with some small but
significant change. The R = 14 to 15 kpc bin is the
last bin in which we can see a full circle of the phase
spiral. There is still a high-V, spiral standing out from
the lower Vy4 background, though it is blurry and not
smooth. After R = 15 kpc, there are only a few high V;
segments in the R = 15 to 16 kpc bins.

In the caption of Figure 7, the sample size of each bin
is labeled. It is noticeable that sample size is only 5
thousand in the R = 14 to 15 kpc bin. In the upper
right panel of Figure 6, the phase spiral can only barely
be seen when the sample size decreases to around 12
thousand. However, the phase spiral can still be seen in
the panels of Figure 7 in the bin R=14 to 15 kpc. This
is because the phase spiral is in the range of —0.5 < Z <
0.5 kpc in the R = 8 kpc bin, and the interval between
the different phase spiral circles is narrow so the phase
spiral is quite easily blurred. In the R > 12 kpc bin,
the phase spiral is spread over a wider distance from
the Galactic plane, —3 < Z < 3 kpc, with a different
distribution. The spiral is still visible because the K
giants are more spread in Z when R is larger.

From 7 kpc to 15 kpc, the winding of the phase spi-
rals becomes looser with increasing R. Moreover, in the
7 < R < 15 kpc range, the phase space gets narrower
(compression) in the Vz direction and wider (stretching)
in Z direction with each increasing R bin. For example,
in the bins from 10 < R < 11 kpc to 13 < R < 14
kpc, the high Vy spiral spreads from 2 kpc extent to 3.5
kpc in the Z dimension. This is consistent with simu-
lation of Laporte et al. (2019) and Bland-Hawthorn et
al. (2019) ; who explained this behavior as due to the
weaker potential with increasing R. As R increases, the
stars travel further in the Z direction and move more
slowly.



5.2.3. Comparing the Vg phase spiral in LAMOST K
giants with previous studies

With Figure 7, we showed that the LAMOST K giants
can be used to trace the global features of the phase spi-
ral, which change with increasing R. The global features
of the phase spirals are consistent with the theoretical
predictions, but the detailed features of the phase spiral
cannot be fully explored with LAMOST K giants data.
We are here trying to corroborate the characteristics of
Vs phase spiral in LAMOST K giants by comparing with
Gaia DR2 data within R < 10 kpc.

Laporte et al. (2019) construct the Vi, phase spiral at
R =6, 8, and 10 kpc with Gaia DR2 stars in Figure 14
in their paper. Comparing their phase spiral with that
of the R = 8 to 11 kpc bin of LAMOST K giants, the
shape of the outline is similar and we also can see the
outer circle tail from our data, but the inner circle data
is also blurred into big centroid, and it is clear that the
phase of the phase spiral in the Gaia DR2 data changes
with Galactocentric radius. The number of phase spiral
circles also changes with Galactic radius.

Wang et al. (2019) study the shape of the phase spi-
ral as function of R using stars in common between
the LAMOST and Gaia samples, in the range R < 12
kpc. They also see different phases of spiral shapes with
different R. Before R = 9.34 kpc, there are two and
half spirals and after that radius there is only one cir-
cle in Wang et al. (2019). From Figure 7 of this work,
we also can see the phase of spirals changing with R,
though the phase spiral is blurry. In the first three bins,
with 7 < R < 10 kpc, the spiral warp leads towards
(Z,Vz) = (0 kpe,0 kms™ '), where we see a centroid
with a strong and wide tail protruding in the clock-
wise direction in the first and second quadrants. In the
10 < R < 11 kpc bin, the spiral is composed of a big cen-
troid and a long, narrow “tail” in the second and third
quadrant. The centroid fades with increasing R, and
the centroid deviates from (Z,Vz) = (0 kpc, 0 km s 1)
to the location of Z < 0 kpc.

From Figure 14 of Laporte et al. (2019), the tail of
the phase spiral splits when R > 8 kpc. For example,
the lower middle panel of Figure 14 of Laporte et al.
(2019) shows a branching of spiral in the range —1 <
Z < 1 kpe, 30 < Vz < 60 km s~ for stars in Gaia
DR2 data that are within 1 kpc of the Sun. We see
similar branching in the 8 < R < 9 kpc bin of Figure 7;
at the position of (Z,Vz) = (0.7 kpc, 30 km s~ '), the
spiral separates into several branches. We also see that
the tail of phase spiral bifurcating in the third quadrant
in the bin 10 < R < 11 kpc. We barely see that the
tail of phase spiral bifurcating in the fourth quadrant
in the 11 < R < 14 kpc bin. This means that either
Z,Vz space is not the correct projection space in which
to count the wraps (Laporte et al. 2019), or the simple
harmonic oscillation becomes chaotic, or it is not the
simple harmonic oscillation but has higher modes.

5.2.4. Cautions

The phase spirals observed in LAMOST K giants
are blurry and not smooth. The smaller sample size
and larger distance error compared with the Gaia DR2
data explains part of the blurring, but there is an-
other reason for this blurring effect. When we con-
struct the phase spiral, the adopted bin in (R, Z) space
is AR,AZ = (1 kpc,0.125 kpc) when R < 12 kpc,
AR,AZ = (1 kpc,0.15 kpc) when 12 < R < 15 kpe,
AR,AZ = (1kpc,0.2 kpc) when 15 < R < 16 kpc,
AR,AZ = (1 kpc,0.25 kpc) when 16 < R < 18 kpc,
AR,AZ = (1 kpc,0.3 kpc) when 18 < R < 19 kpc. The
AZ bin size is larger with increasing R in order to get
enough stars in the sample, since the number of stars per
radial increment decreases with increasing R. When we
construct the phase spiral, there is an underlying assup-
tion that there is no selection effect inside the (R, Z) bin
and the sampled V, distributions are not biased. This
assumption deviates more from the real situation when
the bin size is larger. In the R < 10 kpc bin, the phase
spiral from LAMOST K giants reproduces most of the
features of phase spiral from Gaia DR2, but the prop-
erties of the phase spiral beyond this range still need to
be confirmed by a larger and more precise dataset.

5.3. Connection between the Vi phase spiral and
kinematic substructures

In order to study the relevance between the V, kine-
matic feature in R — Z and phase space, we rotate the
panels from Figure 7 clockwise and arrange them hori-
zontally in order of increasing R (Figure 8). Then, we
compare Figure 8 with the median(V,) panel of Figure 4:

i) In Figure 8, the centroid of the phase spiral be-
comes less and less pronounced with increasing R. This
is partially due to the smaller number of K giants with
increasing R, and partially because of the lower restoring
force which causes the phase spiral to be more spatially
extended with larger R (Laporte et al. 2019).

The phase spiral is centered at (Z, V) = (0 kpe, 0 km s~ 1)
when R = 8 to 9 kpcand (Z,Vy) = (—0.5 kpc, 10 km s~ 1)
when R = 14 to 15 kpc. In Figure 5, the mid-plane of
the disk as identified by the position of the minimum
standard deviation of V4 and Vz. The mean values of
the location of minimum Vj standard deviation from
Figure 5 in each 1 kpc R bin are also shown as black
triangles in Figure 8. We found that the black triangles
trace the centroid of the phase spiral. We can con-
nect this with the observation that the median(Vy) of
the“main branch” decreases with R and bends south
after R > 13 kpc in the median(V;) panel of Figure 4.
That is consistent with the prediction that the phase
spiral traces the bending wave(Laporte et al. 2019).

ii) The “north branch” and “south branch” of Figure 4
have higher V, than the adjacent disk-like stars. The
location of “north branch” and “south branch” are just
at the location where the high median(V,) phase space
spiral passes through this projection.



8 XU ET AL.

For example, in the R=13 to 14 kpc bin the segment
of the phase spiral within —50 < V; < 50,7 < 0 kpc
has a small Z range; after integrating along V it corre-
sponds to a pronounced high V; locus at (R, Z)=(13.5,
-2) kpc. If we imagine compressing each R bin in the Vy
direction, we see that the kinematic substructure of the
“south branch” in the median(V,) panel of Figure 4,
which stretches from (R,Z)=(12,-1.5) kpc to (15,-4)
kpc, is equivalant to the location of the high median(V)
spiral at each radius.

Similarly, the integration of the segment of the spiral
with —50 < Vz < 0 km s™! and Z > 0 kpc, in bins in
the range 12 < R < 16 kpc, corresponds to the “north
branch” in the median(V,) panel of Figure 4. From this
comparison, we know the “north branch” and “south
branch” kinematic substructures are a projection of the
phase space spiral into the R — Z plane.

The peak lines of “north branch” and “south branch”
in the median(Vy) panel of Figure 4 are overplotted on
Figure 8 by crosses to show the corresponding relation-
ship.

iii) There are different theories for how a flare is pro-
duced, such as secular evolution (Minchev et al. 2012,
2015; Narayan & Jog 2002; Minchev et al. 2012) or
the cumulative effect of interactions with passing dwarf
galaxies (Kazantzidis et al. 2008; Villalobos & Helmi
2008; Laporte et al. 2018).

In Figure 4, the disk-like stars flare with larger R. In
Figure 8, the edge of the flare aligns with the location of
outer circle of phase space spiral, especially after 11 <
R < 15 kpe. Since the phase spiral is most likely induced
by a recent passage of the Sgr dSph through the disk,
it is reasonable to infer that the last passage of the Sgr
dSph contributed stars to the flare.

6. MEDIAN Vi DISTRIBUTION

The second row of Figure 4 shows the distribution of
the median and standard deviation of Vi as a function
of position in the (R — Z) plane. In the first row of
Figure 4, both the maps of median(V,) and that of o(V})
show the distinction between disk-like stars and halo-
like stars. There is no significant distinction between
disk-like stars and halo-like stars in the Vz map. So in
the median(Vg) panel of Figure 4, the boundary within
which the bins of median(V,) panel of Figure 4 have a
median(V,,) > 160 km s™! is labeled to guide the eyes.
The region of disk-like stars defined by median(V,) lies
between these dark green lines.

Observing the disk-like stars, we see the median(Vg)
is positive when R < 8 kpc. The median(Vg) is slightly
lower than 0 km s=* at R = 9 kpc. The median(Vy) is
positive in the range of 10 < R < 13.5 kpc, |Z| < 3 kpec.
Then the median(Vg) is negative again. To show it more
clearly, the radial variations of Vg within |Z] < 1 kpc
and |Z| < 3 kpc are plotted in Figure 9. The median Vg
of the two positive Vi areas in the range of R < 8 kpc,

|Z| < 3 and 10 < R < 13.5 kpc, |Z] < 3 kpc is about 5
km s~ 1.

These Vg features are consistent previous studies. Us-
ing RAVE data, Siebert et al. (2011) were the first to
find a negative Vg gradient in the range 6 < R < 9
kpc; the negative gradient is consistent with that of the
median(Vg) of disk-like LAMOST K giants; it is posi-
tive in the range of R < 8 kpc and negative in the range
of 8 < R < 9 kpc near the Galactic plane.

Tian et al. (2017) and Liu et al. (2017) observed the
same negative Vg gradient when R < 9 kpc and another
positive gradient after R > 9 kpc using RAVE-TGAS
data, LAMOST red clump data, and LAMOST RGB
data around the anticenter direction. The positive gra-
dient after R > 9 kpc is consistent with the positive Vg
area in the range of 10 < R < 13.5 kpc and |Z| < 3 with
LAMOST K giant tracers.

Gaia Collaboration et al. (2018) showed the X — Y
distribution of disk radial velocities in the range 4 <
R < 12 kpc using giant stars from Gaia DR2. Figure 10
of Gaia Collaboration et al. (2018) shows that there are
two positive Vi regions at 4 < R < 8 kpc and R > 10
kpc, which is also consistent with our result.

Lépez-Corredoira et al. (2019) showed that the Vg
velocity of APOGEE stars increased towards the anti-
center in the R = 9—13 kpc range, reaching a maximum
of 6 km s™!. Vg decreased at larger R, crossing from
positive Vi to negative Vr around R = 15 kpc, which is
the position of the Outer spiral arm.

The Vg gradients have variously been explained as a
perturbation due to spiral arms (Gaia Collaboration et
al. 2018; Lépez-Corredoira et al. 2019) or a resonance
with the bar (Tian et al. 2017). Cheng et al. (2019)
reexamines the Vg distribution in the X —Y plane with
LAMOST OB stars, over a larger range in Y. They find
that the two positive stripes are not aligned with the
spiral arm, and therefore suggest that a satellite impact
such as the Sgr dSph would better explain the Vg ridges
observed in the X — Y plane.

We were not able to clearly trace the V phase spiral,
which is not as significant as the V;; phase space spiral,
using LAMOST K giants, so it is not included here;
a larger amount data is needed to trace the Vi phase
spiral.

7. MEDIAN V; DISTRIBUTION

The third row of Figure 4 shows the median and stan-
dard deviation of Vz as a function of (R — Z). The
stars around the anti-center direction are near the node
of the warp, where V is expected to be positive. The
mid-plane stars show positive median V; of about 5 km
s~1, which is consistent with the presence of a warp as
detected from Gaiac DR2 kinematics (Poggio et al. 2019;
Wang et al. 2020).

From the third row of Figure 4, we can see that the
area of disk-like stars with positive median(Vy) bends
to the south after 12 kpc, following the “main branch”



as defined in Figure 4. The fact that both the locus of
high median V, and the locus of positive Vz bend south-
ward suggests that the disk mid-plane bends towards the
south outside of 12 kpc from the Galactic center.

8. DISTRIBUTION OF METALLICITIES
ABUNDANCE

The fourth row of Figure 4 shows the metallicity dis-
tribution, [M/H], as a function of (R, Z) in our sam-
ple. [M/H] is obtained from LAMOST spectra using the
SLAM pipeline (Zhang et al. 2020). The median([M/H])
panel in Figure 4 shows that the value of [M/H] is max-
imum in the Galactic plane and decreases with increas-
ing |Z]. Also, the flared area in the (R — Z) map, where
we find stars with the kinematics of disk stars, also has
disk-like metallicity; the median([M/H]) value for stars
in the “north branch,” “south branch,” and “Monoceros
area” is about -0.5 dex. Not only do these stars have a
high [M/H], but they also have a small spread in metal-
licity compared to the halo-like stars in our sample, as
illustrated in the o[M/H] panel of Figure 4.

9. COMPARISON WITH SIMULATIONS

To better understand the observational data, we com-
pare our results using LAMOST K giants with the re-
sults of both a test particle simulation and an N-body
simulation (Laporte et al. 2018) of the Sgr dSph galaxy
gravitationally interacting with a Milky Way disk. Test
particle simulations have relatively high efficiency and
less computational cost; because the model is highly
simplified, it is easy to observe the direct influence of
the intruder to the disk. The N-body simulation (La-
porte et al. 2018) is more realistic, because it includes
self-gravity, which cannot be ignored in many situations
(Darling et al. 2019). In addition, the N-body simula-
tion includes the effects of the Sgr dSph passing through
the disk more than once. In this section, we will describe
this test particle simulation and N-body simulation, and
then compare observational data with the results.

9.1. Description of the test particle simulation

We reproduced Binney, & Schonrich (2018)’s toy
model with galpy (Bovy 2014). In the test particle
simulation, the intruder passes perpendicularly through
the disk only once, and the gravitational effect of the
dwarf galaxy is calculated as an impulse to each of the
bodies in the disk.

The galpy potential MKPotential2014, which is a con-
venient approximation for the Milky Way potential, is
adopted. The potential MKPotential2014 includes three
parts: a bulge model with spherical potentials that are
derived from power-law density models, a disk model
that follows the Miyamoto-Nagai potential, and a halo
model that follows the NFW potential. The parame-
ters and properties of MWPotential2014 are summarized
in Table 1 of Bovy et al. (2014). The virial mass of
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the Galaxy is 0.8 x 10'2M,. The mass of the disk is
6.8 x 101°M,. The scale length of the disk is 2.6 kpc.

The galpy distribution function (df.quasiisothermaldf)
is adopted in this work. It is an approximately isother-
mal distribution function based on action angle vari-
ables. The MKPotential2014 and df.quasiisothermaldf
are basically self-consistent; the simulated disk is stable
for several hundred million years of integration.

The dwarf galaxy is modeled as a point mass, simu-
lated with the galpy Kepler potential. The influence of
the Milky Way on the passing dwarf galaxy is not con-
sidered. The point mass is 2 x 10'°M, as in Binney, &
Schonrich (2018). It passes through the disk from north
side of the disk, starting from Z = 10 kpc. The speed
of the point mass remains constant at 300 km s~!. The
influence of the dwarf galaxy disappears after 66 Myr,
when it arrives on the south side of the disk at z = —10
kpc.

The time at the end of the impact is defined as t=0.0
Gyr in our simulation. The impact starts at -0.066 Gyr
and it ends at 0.0 Gyr. The orbit integration, however,
starts at -0.5 Gyr (434 Myr before the impact) and ends
at 0.5 Gyr (500 Myr after the impact).

The goal of this section is to search across the whole
disk in the simulated result to look for similar kine-
matic distributions to those found in observational data
in both R — Z space and Z — V; space during the or-
bit integration time. We observe each snapshot at each
time grid in the directions ¢ = 0°,180°,45°,135°,225°,
and 315°, with a bin size of +20°. Finally, the stars in
the wedge with 315° —20° < ¢ < 315° +20° are selected
to show the detail of kinematic features, because the
phase space spiral several hundred million years after
the impact in this direction is most similar to the obser-
vations. We will compare the observational data with
simulation results in subsection 9.3. If the simulation
was an exact replica of the encounter that produced the
phase space spiral, then the ¢ directon in the simulation
that matches the data would tell us something about
the place or time of the impact that caused the spiral.
But since this is only a toy model, the correspondance
is only expected to be approximate.

A detailed description of the results of the test particle
simulation is available in the appendix.

9.2. Description of Laporte et al. (2018)’s N-body
simulation

The N-body simulation of Laporte et al. (2018) is a
high precision simulation which considers the entire or-
bit of the Sgr dSph after falling into the virial radius
(Ra00) of the Milky Way, including all disk passages,
focussing on the reaction and evolution of the disk to
the Sgr dSph. The results of the Laporte et al. (2018)
simulation reproduce the vertical density and kinematic
oscillation observed in the solar neighborhood and also
the ring-like structure in the outer disk.
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Laporte et al. (2018) built 4 kinds of N-body sim-
ulation models (L1, L2, H1, H2) with different initial
mass and different radial profiles for the Sgr dSph. The
L2 model can best reproduce the spatial distribution of
stars in the outer disk and flaring (Thomas et al. 2019)
as well as the amplitude of density residual in the solar
neighbourhood. In Laporte et al. (2019), the L2 model
is adopted to explain the observed disk oscillation and
phase spiral. We will use the simulation results for the
L2 model in this work to compare with the observational
data.

The L2 model has a progenitor mass of M200=6 x
10*° M, and is twice as concentrated as the mean of
the mass-concentration relation (Gao et al. 2008), with
c¢=28. In the L2 model, the Sgr dSph travels around or
passes through the Galaxy 5 times from 5 Gyr ago to
the present day. Each passing can produce a disk os-
cillation and ring-like structures. It can also erase the
imprint of the previous passing to a large degree, de-
pending on a tradeoff between the rest mass of the Sgr
dSph and the Galactocentric distance of the impact posi-
tion. Each passing, the Sgr dSph losses mass, reducing
the influence of the satellite on the Galactic disk. At
the same time, the Sgr dSph gets nearer to the Galac-
tic center, increasing the influence. These two effects
compete with each other. From the simulation, the disk
passage occurring at present day has a trivial effect on
the disk, because the current mass of main body of Sgr
dSph is only 10° M. While the last passage happened
more than 0.5 Gyr ago, is important because it reset
the velocity distribution that we observe today in both
physical space and phase space.

In Laporte et al. (2019), the N-body simulation results
are compared with Gaia data in the range 6 < R < 10
kpc mainly in X — Y space and Z — V space. We will
compare with the LAMOST K giants in larger volume of
the Galaxy, 8 < R < 20 kpc in R — Z space and Z — Vy
phase space.

The time window of the last Sgr dSph impact is about
0.46 Gyr - 0.8 Gyr ago (Laporte et al. 2019), so we
observe snapshots at 0.46 Gyr, 0.63 Gyr, and 0.8 Gyr
in the directions ¢ = 0°,180°,45°,135°,225°, and 315°,
with a bin size of £20°. For N-body simulation, the Vy
phase spiral is most similar to that of observational data
in the wedge with 225° — 20° < ¢ < 225° 4 20°.

The definition of coordinates used by Laporte et al.
(2019) is the same as the test particle simulation. The
position of the Sun is (X,Y) = (—8,0) kpc. The az
imuth angle ¢ is 0 in the direction of the negative X-
axis. ¢ increases in the direction of disk star rotation.

9.3. Comparison of the observational data to the
results of simulations

In subsection 9.3.1, we compare the observed phase
spiral with both the test particle and the N-body sim-
ulations (Laporte et al. 2018); each simulation provides
different insights into the dynamical interaction. In sub-

section 9.3.2, other observational kinematic features in
the data are compared with the test particle simulation
only.

9.3.1. Comparison of the observed and simulated phase
spirals

Both simulations can qualitatively reproduce the V
phase space spiral. For the test particle simulation, the
wedge with 315° — 20° < ¢ < 315° 4 20° is selected as
the most similar to the data. For the N-body simulation,
the wedge with 225° — 20° < ¢ < 225° + 20° is selected
as the most similar.

For the test particle simulation, in the direction of
315° — 20° < ¢ < 315° + 20°, Figure 10 shows the
median(Vy) distribution in Z — Vyz space in three differ-
ent Galactic radii and five different times between 120
Myr and 400 Myr after the impact.

Figure 10 shows that the V;, phase spiral appears first
at smaller Galactic radii, and moves to larger radii with
time. In this simulation, the phase spiral starts to ap-
pear in the bin with 8 < R < 9 kpc when ¢t = 120
Myr after the impact. In the panel with (R,t) =(8 kpc,
120 Myr), the phase of the modeled spiral is consistent
with that of the observed spiral; the phase space spiral
is centered at (Z,Vz)=(0 kpc, 0 km s~!) and trails in
the counterclockwise direction. At ¢ = 200 Myr after
the impact, the phase space spiral starts to appear at
larger R, where R = 14 — 15 kpc.

Figure 10 also shows that as the phase spiral appears
at larger radii, it disappears at smaller radii. The phase
spiral has already disappeared from the 8 < R < 12
kpc region by ¢t = 360 Myr after the impact. The phase
spiral is just fading from the 14 < R < 15 kpc region
when ¢ = 400 Myr.

The fact that the phase spiral moves to successively
larger values of R is consistent with a perturbation
that is propogating outwards. In Figure 10, the low
median(Vy) spiral appears at R = 11 — 12 kpc at
t = 200 Myr. Then the low median(V;) spiral appears
at R = 14 — 15 kpc at t = 280 Myr. This is consis-
tent with Figure A1 which shows that in the direction
of 315° —20° < ¢ < 315°+20°, the low median(V;) ring
propagates outwards from R = 10 kpc to R = 24 kpc as
the time evolves from ¢ = 180 Myr to ¢t = 400 Myr after
the impact. Similarly, the high median(Vy) phase spiral
appears at radius R = 11 — 12 kpc at t = 280 Myr, and
then moves outward to R = 14 — 15 kpc when ¢t = 360
Myr.

Figure 11 shows the phase spiral distribution over the
full range of Galactocentric radius at a point t = 0.21
Gyr after the encounter with the dwarf galaxy. Note
that the phase space spiral can be seen over a wide range
of radius (9 — 15 kpc).

In the N-body simulation result, the phase space spi-
ral matched the observational phase space spiral in the
Solar neighborhood 0.4 —0.8 Gyr after the Sgr dSph im-
pact (see Figure 10 of Laporte et al. 2019). In this time



period, the distance range in which the phase space spi-
ral appears changes from 8 < R < 15 kpcto 8 < R < 20
kpc, depending on azimuth angle. Figure 12 shows an
example of phase spiral of each R bin of the azimuth
slice with 225° — 20° < ¢ < 225° + 20° in the N-body
simulation result when ¢t = 0.8 Gyr.

The phase space spirals produced by both the test par-
ticle simulation and the N-body simulation qualitatively
match the observational phase spirals. Similar to the be-
havior of the observational phase space spiral, the phase
space spirals in simulations also are more extended in
the direction of Z and more contracted in the direction
of V; as R increases. The winding of phase space spi-
ral gets looser with increasing R. In Figure 11 and 12,
there are two different phase space spiral shapes, one
before and one after R = 12 kpc. This finding is also
similar to the observational phase spirals.

The most significant difference between the results of
the test particle simulation and the N-body simulation
is the persistence time scale of phase space spirals. In
the test particle simulation, the phase space spiral only
exists for a short time; it survived only 400 Myr within
the range of R < 15 kpc. But in the Laporte et al.
(2019) N-body simulation (Figure 10 of their paper), the
phase space spiral survived more than 800 Myr within
the same distance range. This is consistent with the con-
clusion of Darling, & Widrow (2019), who compared the
responses of model disks with and without self-gravity
to the same pertubation; they found the bending wave
can last 1 Gyr in the simulated disk with self-gravity (as
is present in the N-body simulation) while the bending
wave damps out within 500 Myr in the simulated disk
without self gravity (similar to the test particle simula-
tion).

At Galactocentric distances larger than 16 kpc, the
complete phase space spiral is not seen in the result of
N-body simulations in the direction of 225° —20° < ¢ <
225° 4+ 20°; only “hatched chunks” are visible in Z — Vy
space. This is because the phase space spiral has been
refreshed by the last impact of Sgr dSph in the inner
disk, while in the outer disk the phase space shows the
result of perturbations from multiple impacts (Laporte
et al. 2019). The “hatched chunks” are not seen in the
results of the test particle simulation outside of 16 kpc.
This is because there is only one time impact in the test
particle simulation.

9.3.2. Comparison of the other observed kinematic features
with the test particle simulation

(i) The test particle simulation reproduces vertical
disk oscillations several hundred million years after the
impact. For example, the Figure 13 shows the median
Z distribution in the X — Y plane at time ¢t = 0.21 Gyr
after the impact in the test particle simulation. One
sees an oscillating disk around ¢ = 270° (the direction
of the negative Y axis). The disk bends to the south at
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R = 13 kpc, then bends to the north at R = 17 kpc,
with an oscillation amplitude of about 300 pc.

(ii) The test particle simulations can reproduce Vg
ripples similar to those found by Cheng et al. (2019)
or the Vg ripple in median(Vg) panel of Figures 4 of
this work. Cheng et al. (2019) studied the kinematic
distribution of O, B stars in X — Y plane. They found
a ripple pattern: Vg is -8 km s~! at R = 9 kpe, 0 km
s at R = 12 kpc, and -10 km s~ when R > 13 kpc.
This ripple is similar to the Vg distribution in R — Z
space of Figure 4 and Vy distribution in R of Figure 9
of our paper. In Figure 4 and Figure 9, we see that
the median(Vg) of disk-like stars is positive when R < 8
kpc, dips lower at R = 9 kpc, and is positive again when
R > 10 kpc.

In the test particle simulation wedge with 315°—20° <
¢ < 315° 4+ 20°, the Vy ripple pattern appears after ¢ =
0.14 Gyr. The upper right panel of Figure 14 shows an
example Vg distribution for 315° —20° < ¢ < 315°420°
in R — Z space when t=0.24 Gyr. The Vg ripple is ap-
parent in this panel. The median(Vg) is about 10 km
s~! when 2.5 < R < 4 kpc, about -15 km s~! when
5 < R < 7.5 kpc, and larger than 10 km s~! when
7.5 < R < 14 kpc. This ripple is illustrated more clearly
in Figure 15, which shows the Vg variation of stars
within |Z| < 1 kpc as a function of Galactocentric ra-
dius. Comparing the Figure 15 with the Figure 9, the
two positive Vi peaks in the test particle simulation re-
sult are quite similar to those in the observations. The
full sequence of snapshots of the Vg distribution in R—Z
space is shown in Figure A6 of Appendix.

(iii) The test particle simulation can reproduce the
high median Vj; substructure in R — Z space, similar to
the “north branch” and “south branch” defined in sub-
section 5.1. If we study the phase space spiral in the sim-
ulation results, we also find a correspondence between
the projection of the phase space spiral in the R — Z
space and the high median V, structures.

Figure 16 shows an example of the median Vi distri-
bution in the R — Z plane (the upper panel) and the Vj
phase space spiral in the Z—V plane for each R bin (the
lower panel) of snapshot of the test particle simulation
with 315°—20° < ¢ < 315°+20° and t = 0.21 Gyr. The
panels of the phase space spiral map are rotated clock-
wise and lined up in the direction of increasing R. The
upper panel of Figure 16 shows the high median V; sub-
structure in the range 10 < R < 13 kpc has Z around 1.5
kpc, which is quite similar with the “north branch” of
Figure 4. There is a less well populated “south branch”
with Z ~ —2 kpc in that same distance range. The
lower panel of Figure 16 shows that the high median V,
branch is equivalent to the projection of the phase space
spirals in the 10 < R < 13 kpc bins.

(iv) The test particle simulation exhibits a transient
flare that is excited by the Sgr dSph impact. The upper
panel of Figure 16 shows an example of a flare excited
by a dwarf galaxy impact in the test particle simulation.
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Comparing the upper and lower panels, we see that the
boundary of the flare is defined by the outer ring of
the phase space spiral, just as in Figure 8. Figure A4,
A6, and A7 show that the flares grow as a function
of R, with the oscillation propagating outward. From
Figure A4, we can see that there is no flare before the
Sgr dSph impact.

(v) The test particle simulations produce Monoceros-
like substructures. For test particle simulation, Fig-
ure 14 shows kinematically cold substucture at (R, Z) =
(15,2) kpc with median V; = 160 km s=!, oV, = 15 km
s7!, and median Vz = 20 km s~!. Figure A4 shows
that this substructure is puffer and has moved to higher
radius at ¢t = 0.46 Gyr.

We use the test particle simulation to explore the par-
ticle dynamics qualitatively, but the test particle simu-
lation does not include self-gravity which is important in
reducing substructure and maintaining waves over long
periods of time(Darling, & Widrow 2019). These con-
cerns are mitigated by the fact that we are only looking
at times within a few hundred million years of the im-
pace, but the test particle results in this section should
be verified in the future with full N-body simulations.

9.3.3. Summary of simulation results

Comparing observations with simulations, the Sgr
dSph impact can qualitatively explain most of the ob-
served disk substructure phenomena. From the test par-
ticle and N-body simulations, the influenced stars are
rotated and dragged into rings, and show a phase space
spiral several hundred Myr after the impact. The phase
space spiral first appears at small R, and then gradu-
ally moves to larger R because the azimuthal frequency
decreases with R. Spirals wind up quickly after a few
orbital periods.

The passage of the Sgr dSph through the disk can pro-
duce the observed substructure. It can produce vertical
and radial waves (Gémez et al. 2013; D’Onghia et al.
2016; Laporte et al. 2019); Vg, V4 ripples (D’Onghia et
al. 2016); (Laporte et al. 2018) phase space spirals (Bin-
ney, & Schonrich 2018; Bland-Hawthorn et al. 2019; La-
porte et al. 2019); and stream-like rings like the Mono-
ceros ring. In summary, the Sgr dSph passing through
the disk is likely the reason for the disk substructures,
as was reported in (Laporte et al. 2018). We show here
in great detail how that substructure, seen in many dif-
ferent phase space projections, is related.

10. DISCUSSION
10.1. Comparison with the previous studies

6D phase space information from Gaia DR2 allowed
the local sample of stars to be studied in many pro-
jections. Antoja et al. (2018) studied the V; and V.
distributions in Z — V phase space and discovered the
phase space spiral. Laporte et al. (2019) find the num-
ber counts in the Z — V; phase space spiral. And they

find that the vertical density oscillation (Widrow et al.
2012; Yanny & Gardner 2013) is consistent with the 1D
projection of the number counts for the spiral in the Z
direction. Schénrich & Dehnen (2018) study the W vs.
Ly distribution with Gaia-TAGS data, and find that a
feature of the warp is that W is positive in the direction
of the anti-center. Also, they find that there is an os-
cillation in the increase of W with Lz. They find that
the W — V4 oscillation is just the projection of a spi-
ral in Z — Vz phase space. Cheng et al. (2019) study
LAMOST K giants in the X —Y plane. From our obser-
vational data and previous study, we know the dominant
features of the velocity fieldin R—Z, X —-Y, Z—V,, and
R —V, phase space; the density distribution in the solar
neighborhood along Z, and the density distribution in
Z —Vy phase space, are different projections of the same
kinematic feature imprinted by the same perturbation.

From our observational data and previous study, the
bar is ruled out as the main reason for phase space spi-
rals. This is because i) The observational phase spiral
in LAMOST K giants is apparent 7 — 15 kpc from the
Galactic center, while the phase spiral produced by bar
buckling is apparent only 4 — 10 kpc from the Galactic
center, even 4 Gyr after the buckling (Khoperskov et al.
2019). ii) Stars with different ages coexist in the same
phase space spiral at the same R (Tian et al. 2018; La-
porte et al. 2019). iii) From the simulations, the bar
cannot produce the observed size of the bending wave
(Monari et al. 2015). iv) A pattern speed of 60 km s~*
kpc~! is required to fit the observed radial variation of
the median(Vz) in the test particle simulation of Liu
et al. (2018), which is large compared with recent mea-
surements of 34 —47 km s~! kpc™! for the pattern speed
(Bland-Hawthorn & Gerhard 2016).

Spiral structure is also ruled out as the main formation
mechanism for the phase space spiral. If the heavy spiral
arms produce ripples in the disk, the ripple should follow
those spiral arms (Debattista 2014; Siebert et al. 2012;
Faure et al. 2014; Monari et al. 2016; Gaia Collaboration
et al. 2018). However, in the larger volume of LAMOST
data we see that the ripples do not follow the spiral arms
(Cheng et al. 2019).

In the Milky Way disk, there are still kinematic sub-
structures which can’t be explained in detail as a pro-
jection of the high-Vy phase spiral, and which need more
precise data and more research to explore. For example
“South middle opposite” found by Wang et al. (2019) is
located in an apparent gap in the phase spiral. In addi-
tion, Carrillo et al. (2019) found that there is a strong
azimuthal gradient in Vg, which is not predicted by the
phase space spiral.

10.2. The Monoceros substructure

The Monoceros overdensity is characterized by a ve-
locity streaming feature. The stars in the “Monoceros
area” have disk-like metallicity ([M/H]~-0.5 dex).



Morganson et al. (2016) estimate that the mass of the
stars on the north side of the disk in the Monoceros over-
density is 4 x 10M,, and the mass of stars in “south
Monoceros,” which is identified as a distinct structure
from the south middle structure of Xu et al. (2015), is
4 — 4.8 x 10" M. The total stellar mass of the Mono-
ceros overdensity is less than 5.2 x 107 M, even when the
“south Monoceros” structure is included. However, the
simulation of Grebel (2005) demonstrates that a dwarf
galaxy stellar mass should be at least 108 M, to produce
[Fe/H] as high as -0.5 dex which is an index of the total
metallicity. This metallicity estimate for LAMOST K
giants is additional evidence pointing to the identifica-
tion of the Monoceros overdensity being part of the disk
rather than an accreted satellite.

Laporte et al. (2020) also find that the Monoceros
ring is an extension of the outer disk, and not accreted
tidal debris, from a more detailed chemical composi-
tion of the stars. They detect the iron abundance and
the a-abundance of the Monoceros ring and ACS with
APOGEE data, and find that both of the structures
have abundances in the range —0.8 <[Fe/H]< —0.3,
0 <[Mg/Fe]< 0.15. Stars with these abundances are
at the metal poor end of the thin disk branch in the
map of [Fe/H] vs. [Mg/Fe] in Figure 6 of Laporte et al.
(2019Db).

Li et al. (2019, in submition) show the same result
using LAMOST K giant and M giant stars to trace the
Galactic anticenter substructure(GASS), which includes
Monoceros ring stars. They find the mean and disper-
sion of the GASS iron abundance are -0.56 dex and 0.5
dex, respectively. The a abundance is concentrated in
the range of 0 to 0.2 dex. The lower panel of Figure 7 in
Li et al. (2019, in submition) also shows a evidence that
the dwarf galaxies of the Milky Way and GASS do not
occupy the same region of the [a/Fe] vs. [Fe/H] plane.
In addition, the high metallicity of the Monoceros ring
is inconsistent with a dwarf galaxy of the mass of For-
nax; if one uses the mass-metallicity relation for dwarf
spheroidal from Kirby et al. (2013), the implied stellar
mass of a galaxy of metallicity [M/H]~ —0.5 would be
101 M.

The metallicity suggests that the substructures are
very likely connected to the disk rather than with debris
from and accretion event.

11. CONCLUSION

We validate the Gaia proper motions further than
R = 20 kpc, where R is the distance from the Galac-
tic center. The distance and radial velocities of the
LAMOST K giants are validated to similar Galacto-
centric distance. The combination of Gaia proper mo-
tions, LAMOST radial velocities, and distances calcu-
lated from LAMOST spectra allow us to study the ve-
locity field within the range 6 < R < 20 kpc. Be-
cause LAMOST K giants are mostly observed within
¢ = +20° of the anticenter direction, it is most conve-
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nient to project velocities in R — Z space, while slicing
the data in R. We study the velocity distribution in the
R — Z plane, and compare it with projections in Z —Vy
phase space. From the data we learn:

1)There are plenty of features in the map of the Vj
distribution in the R— Z plane. The main characteristics
are: (i) The mid-plane as determined by the location of
the minimum standard deviation Vj is oscillating in the
Z direction. (i) The outer disk bends southward. (iii)
The oscillation in the centroid of the phase spiral traces
the large scale bulk motion of the disc (see Figure 8).
(iv) The high Vj locus is trifurcated after R = 13 kpc.

2)The V, Spiral pattens in the Z — Vz plane extend
from R = 7 to 15 kpc. Spirals are more tightly wound
at smaller R and more loosely wound at larger R. In
addition, spirals more elongated along Z and are more
squashed along Vz with increasing R. The simulations
predict the same trends due to decreasing of self grav-
ity and longer dynamical time scale with increasing R
(Laporte et al. 2019; Bland-Hawthorn et al. 2019). In
the observational data, after R = 15 kpc, there are no
complete spirals and the Z — V; phase space is full of
“hatched chunk.” Similar to the prediction of Laporte et
al. (2019), the imprint of multiple passages of the dwarf
galaxy through the disk are present in the stars of the
outer disk.

3)The most significant bulk motion is consistent with
the 1D projection of the Vj phase space spiral, inte-
grated along V7 in each radial bin.

4) The observed flaring of the disk is substantial. The
flare in the outer disk is even thicker than the thick disk
in the Solar neighborhood. From Fig 8, the boundary of
the flare is defined by the extension along Z of the phase
space spiral. Since the Sgr dSph was found to induce the
phase space spiral, this suggests that the recent impact
of the Sgr dSph also contributes to the flare.

We can’t rule out other possible mechanisms(such as
Narayan & Jog (2002); Minchev et al. (2012)) to produce
a flare except the explanation of Saggitarius passage.

5) The test particle simulation and N-body simula-
tion can reproduce the above observational character-
istics qualitatively, including the phase spiral and bulk
motions.

In summary, we observed the one-to-one relationship
between the phase spiral and the most significant bulk
motion of the disk stars. Because the most likely origin
of the phase spiral is the last impact of the Sgr dSph,
the bulk motion of the disk stars is likely the result of
the same impact.
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Figure 1. Comparison of the derived distances to LAMOST stars with parallax measurements from Gaia. The left panel shows
the relative difference between LAMOST and Gaia distances (Aq=(dcariin —dBJ)/dBJ), 88 a function of the Gaia DR2 parallax
distance (dp.), for stars with in 3 kpc of the Sun with distance errors smaller than 10%. Red dots indicate the median offset in
each bin of width 100 pc. The right panel gives the same information for the LAMOST distances compared with the corrected
Gaia DR2 parallax for the “entirely safe” sample from Schonrich et al. (2019). These plots show that the systematic error in
the distances we derive from LAMOST are small compared to the statistical errors.

1.0e5

Z(kpo)

X (kpc) X (kpo) phi

Figure 2. The spatial distribution of LAMOST K giant stars. The left panel shows Galactocentric Y vs. X. The middle panel
shows Galactocentric Z vs. X. The right panel shows that the stars are heavily concentrated towards the Galactic anticenter.
Here, phi = arctan(Y/X), which is azimuthal angle from the anticenter directions, as seen from the Galactic center. Positive ¢
are found in the third quadrant, and negative ¢ are found in the second quadrant.
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Figure 3. Heat map of the number of K giants in each bin of the R-Z map, using logarithmic scaling. Note that most of the
stars are located closer to the Sun. The lines and square are for comparison with structures in Figures 4-7.
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Figure 4. The first row: The median (left panel) and standard deviation (right panel) of V for LAMOST K giants, as a
function of (R, Z). The bounds of the “main branch,” “north branch” and “south branch,” which are identified as ridge lines in
the left panel, are labeled by black lines, pink lines and green lines, respectively. The ridge line of the “north branch” lies along
(R, Z) = (13.5,1.53), (14.5,2.81), (15.5,4.1), (16.5, 5.38) kpc, as labeled in the left panel by pink crosses. The ridge line of the
“south branch” lies along (R, Z) = (13.5,—1.7), (14.5, —2.625), (15.5, —3.54), (16.5, —4.46), (17.5, —5.375) kpc, as labeled in the
left panel by green crosses. The “Monoceros area,” which is identified as a region of low standard deviation in the right panel,
is labeled by a red square. The second, third and fourth row: The median (left panel) and standard deviation (right panel) of
Vi, Vz, and [Fe/H] for LAMOST K giants, as a function of (R, Z). The bounds of the “main branch,” “north branch,” “south
branch,” and “Monoceros area” are labeled as in the first row of panels. In the left panels, the dark, jagged curves label the
boundary of the region with median(V;) > 160 km s™* in the top left.
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Figure 5. The red triangles and blue diamonds trace the location peak of minimum standard deviation of V4 and Vz in R—Z
plane of Figures 4 with bins of size (A R, A Z)=(0.2, 0.1) kpc. The black curve is the “oscillating” model fit to star counts of
SDSS K dwarf stars (Xu et al. 2015). The green plus shows the location of mid-plane shifting at R = 14 kpc, estimated from
LAMOST K giant star counts (Wang et al. 2018).
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Figure 6. The distribution of Vi in (Z — Vz) phase space for stars in common between Gaia DR2 and LAMOST DR5. The
upper left panel shows 0.62 million stars (the “total sample”) within the range 8.24 < R < 8.44 kpc from the Galactic center.
The upper right panel shows 12,870 K giants included in the “total sample” which satisfy the selection criteria of Section 2. The
panels in the second row show the distribution of “total sample” stars in the Z direction (left panel of the second row) and K
giants sample of the first row (right panel of the second row). It is obvious that the K giants sample spread wider in Z direction.
The left panel of third row shows the random 12,870 stars drawn from the “total sample.” The right panel of the third row
shows the 12,870 stars drawn from the “total sample” with the Z distribution of K giants illustrated in right panel of second
row. The Gaia DR2 distances (Bailer-Jones et al. 2018) are adopted to make the all of above plots. The fourth row of panels
of shows the distribution of V,, in (Z — V) phase space for 77 thousand LAMOST K giants within the range of 8 < R < 9 kpc.
The two panels on the fourth row differ only in the method used to calculate the distances to the stars; distances are calculated
from the LAMOST spectra (Carlin et al. 2015) in the left panel and from Gaia parallaxes (Bailer-Jones et al. 2018) in the right
panel.
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Figure 7. V, distribution in Z — Vz phase space, as a function of radial distance from the Galactic center, R. Each panel
shows a 1 kpc range of R. In the left panels, from the top to bottom, R changes from 7 < R < 8 kpc to 12 < R < 13 kpc.
In the right panels, R changes from 13 < R < 14 kpc to 18 < R < 19 kpc. The Vy range of the color bar for the left panels
is from 173 to 243 km s~ !, and the range is 168 to 238 km s~ ! for the right panels. The Z-axis range in the left panels is
—3.5 < Z < 3.5 kpc and it is —4.5 < Z < 4.5 kpc for the right panels. The number of stars in each pixel of each map is larger
than 5. The total number of stars of each R bin is 61,571 (7 < R < 8 kpc); 77,335 (8 < R < 9 kpc); 100,519 (9 < R < 10 kpc);
72,030 (10 < R < 11 kpc); 41,380 (11 < R < 12 kpc); 20,470 (12 < R < 13 kpce); 9,679 (13 < R < 14 kpc); 5,139 (14 < R < 15
kpc); 3,190 (15 < R < 16 kpc); 2,114 (16 < R < 17 kpc); 1,479 (17 < R < 18 kpc); and 978 (18 < R < 19 kpc). The bin size in
phase space is (AZ,AVz) = (0.125 kpc, 3 km s™') when R < 12 kpc, (AZ, AVz) = (0.15 kpc, 5 km s™') when 12 < R < 15
kpc, (AZ,AVz) = (0.2 kpc, 7 km s™') when 15 < R < 16 kpc, (AZ, AVz) = (0.25 kpc, 8 km s™') when 16 < R < 18 kpc, and
(AZ,AVz) = (0.3 kpc, 9 km s~ ') when 18 < R < 19 kpc.
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Figure 8. V,(Vz,Z) as function of R. The panels are same as the panels of Figure 7; they are rotated counterclockwise and
ordered by increasing R. The locations of Z of peak lines in each R bin of the “north branch” and the “south branch,” as seen
in the left panel of Figure 4, are shown with crosses. The mean Z value in each 1 kpc R bin, at the location of the minimum
standard deviation in Vi as shown in Figure 5, is labeled with a triangle.
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Figure 9. Radial variation of the median(Vg). The black squares show radial variation of median(Vg) within |Z| < 1 kpc.
The red squares show the radial variation of median(Vg) within |Z| < 3 kpc at R < 15 kpc. From Figure 4, the median(Vg) is
seriously influenced by stars of the “Monoceros area” after R > 15 kpc, especially at higher Z, so the red squares are limited

to R < 15 kpc. The error bars show the standard deviation of the values of median(Vg) for subsamples obtained by 1000 times
bootstrap.
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Figure 10. The Vy distribution from the test particle simulation. Each panel shows the median(Vy) distribution in Z —V, space
for one time and one range of Galactocentric radius for one wedge of the test particle simulation with 315°—20° < ¢ < 315°4-20°.
The top row shows data within 8 < R < 9 kpc, the middle row shows 11 < R < 12 kpc, and the bottom row shows 14 < R < 15
kpc. From left to right the simulation times shown are ¢ = 0.12 Gyr, 0.2 Gyr, 0.28 Gyr, 0.36 Gyr, and 0.4 Gyr. This figure
shows that the oscillation propagates outwards with increasing R. The phase spiral gradually moves from smaller R to larger
R after the impact time.
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Figure 11. V, phase spirals at 210 Myr after impact and in the range 315° — 20° < ¢ < 315° 4+ 20° over a full range of R.
Note that the phase spirals appear in a large R range.

170 180 190 200 210 220 230 240
median(Vphi) (km/s)
R=8,9 (kpc) R=9,10 (kpc) R=10,11 (kpc) R=11,12 (kpc) R=12,13 (kpc) R=13,14 (kpc)
i - B BTN 4] .

80 “.E_ T 'ﬂ' -
f.‘:'_#’:i.
=

o

Vz (km/s)
o
-

-4 2

0 0
Z (kpc) Z (kpc)

R=14,15 (kpc) R=18,19 (kpc) R=19,20 (kpc)

Vz (km/s)
o

2 - -2 0 - -2 0 - -2 [ p7 -2 [ - -2 0
Z (kpc) Z (kpc) Z (kpc) Z (kpc) Z (kpc)

Figure 12. The result of N-body simulation (Laporte et al. 2019). The Vy distribution in Z — Vz phase space of stars in the
range of 225° — 20° < ¢ < 225° — 20° at a time of 0.8 Gyr.
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Figure 15. Ripple in median(Vg) as a function of R within |Z| < 1 kpc and azimulthal angle 315° — 20° < ¢ < 315° + 20°
for the test particle simulation when t=0.24 Gyr. This variation is comparable to the ripple in the median(VRz) in the data, as
shown in Figure 9.
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Figure 16. The upper panel shows that the median(Vy) distribution in R — Z space in the range of 315° —20° < ¢ < 315° 4 20°
when ¢ = 0.21 Gyr after the impact. The lower panel shows the V, phase spiral in Z-Vz space of each R bin. The phase spiral
map is rotated unclockwise and lined up in the sequence of increasing R.
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Figure A1l. The median(V;) distribution on the X — Y plane in a series of snapshots from the test particle simulation. The
time after the impact is labeled on top of each panel. The wedge in the lower right panel shows the direction of 315° — 20° <
¢ < 315° 4+ 20°. Arcs at 10 kpc, 20 kpc, and 30 kpc from the Galactic center are shown in the wedge.

APPENDIX
A. DETAILED RESULTS OF THE TEST PARTICLE SIMULATION

The Figure A1, A2, and A3 show the median(V,), median(Vg), and median(Vy) distributions, respectively, of the
simulation results in X — Y plane. The Sun is located at (X,Y) = (—8,0) kpc. The disk stars rotate clockwise. The
azimuth angle (¢) is defined so that ¢ = 0 in the direction from the Galactic center to the Sun and ¢ increases in
the clockwise direction. The toy model is simplistic, but allows us to study the effect of the impact itself, without
complication from other physical effects.

The motion of stars on the X — Y plane are described by median(Vy) and median(Vz). From Figures Al and A2,
we see that the disk feels the disturbance right after the impact begins. The stars are accelerated towards the intruder;
stars moving towards the intruder develop a faster speed and stars moving away from the intruder are slowed. Inside
the radius of the position of impact, the median(Vg) > 0. Outside that radius, the median(Vg) < 0. After the impact,
the high median(V}) accelerated stars and the low median(Vy) of decelerated stars are dragged into rings. The high
median(Vy) stars overtake the low median(V;) stars at about 0.02 Gyr. Then the high median(Vy) stars are separated
into two parts with median(Vg) > 0 and median(Vg) < 0. The part with median(Vg) < 0 moves inward and rolls up,
and the part with median(Vz) > 0 becomes a ring at about 0.1 Gyr. The low median(V,) forms a ring in between two
high median(V;) rings at about 0.18 Gyr. The rings generally propagate outwards.

The distribution of median(Vyz) on the X —Y plane of Figure A3 shows us that the stars around the point of impact
have positive median(Vz) when the intruder is on the north side of the disk. The median(Vz) of stars around the
point of impact is negative while the intruder is on the south side of the disk. The stars that gain an extra Vz deviate
from their original planar orbit to oscillate above and below the disk. The influenced stars are then dragged to rings
as the disk rotates, and the rings propagate outwards.

Figures A1, A2, and A3 show that the entire disk of stars is oscillating after several hundred million years. We
observed snapshots in the direction of ¢ = 0°,180°,45°,135°,225°, and 315°. The stars in the wedge of 315° — 20° <
¢ < 315° +20° were selected to show the detailed of kinematic features in R — Z space (Figure A4, A5, A6, and AT).
This aximuthal angle was selected because the phase space spiral in this direction, several hundred million years after
the impact, is most similar to the observed one. From the snapshots, we see the evolution of kinematic substructures
induced by the impact of the passing dwarf galaxy. The position of the wedge is shown in the last panel of Figures A1,
A2, and A3.
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