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Abstract

We present a Galactic disk vertical velocity analysis using OB type stars (OB stars), red clump (RC) stars, and
main-sequence turnoff (MSTO) stars with different average age populations crossmatched with LAMOST DR5
and Gaia DR3. We show that the vertical velocities of the three populations clearly vary with the Galactocentric
distance (R) and the younger stellar population has a stronger increasing trend in general. The bending and
breathing modes indicated by the vertical motions are dependent on the populations and vary with spatial locations.
These vertical motions may be due to the Galactic warp, or minor mergers, or nonequilibrium of the disk.
Assuming the warp is the dominant component, we find that the amplitude of the warp (γ, Zω) of OB stars (younger
population) is larger than that of RC stars (medium population) and the latter is also larger than that for MSTO stars
(older population), which is in agreement with other independent analyses of stellar density distribution, and
supports that the warp is a long-lived, nonsteady structure and is time evolving. This conclusion is robust whether
the line of nodes fw is fixed or is a free parameter (with fw being around 3°−8°.5 as the best fit). Furthermore, we
find that the warp is lopsided with asymmetries along the azimuthal angle (f).
Unified Astronomy Thesaurus concepts: Milky Way disk (1050)

1. Introduction

Disk warp is a common asymmetrical structure found in
many disk galaxies (Sánchez-Saavedra et al. 1990; Reshetni-
kov & Combes 1998; Sánchez-Saavedra et al. 2003). They
have different shapes, including the L, S, and U shapes (Kim
et al. 2014). Ann & Park (2006) observed in 325 galaxies with
236 (73%) showing warped structures, including 165 S-shaped
(51%) and 71-U shaped (22%) structures, which might be
caused by different formation mechanisms (Saha & Jog 2006).
With the help of near-infrared sky surveys, Guijarro et al.
(2010) observed 20 galaxies and found that 13 Galactic disks
are warped. As one of the typical disk and spiral galaxies, the
Milky Way also has a clearly warped disk, which was first
discovered by observations of neutral hydrogen (HI)
(Kerr 1957; Westerhout 1957; Bosma 1981; Briggs 1990;
Nakanishi & Sofue 2003; Levine et al. 2006b), and was then
confirmed by observations of dust (Freudenreich et al. 1994;
Marshall et al. 2006), molecular clouds (Grabelsky et al. 1987;
Wouterloot et al. 1990; May et al. 1997), and different stellar
tracers (Momany et al. 2006; Reylé et al. 2009; Skowron et al.
2019a, 2019b). As can be seen from the view of the edge, the
warp bends upward from the Galactic disk plane to the north
and downward on the other side (Levine et al. 2006a) and the
strength in the north might be greater than that in the south
(Skowron et al. 2019a). To date, the origin of the Milky Way
warp is still unknown and further studies are needed.

Many mechanisms of the Galactic warp have been proposed
in recent years: the inflow of intergalactic matter into the halo
(and consequent misalignment of the halo disk that produces
the warp through gravitational interaction) (Ostriker &
Binney 1989; Quinn & Binney 1992; Jiang & Binney 1999;
Bailin & Steinmetz 2003) or directly onto the Galactic disk
(López-Corredoira et al. 2002a; Haan & Braun 2014), magnetic
fields that exist between galaxies (Battaner & Jiménez-Vice-
nte 1998), interaction between Sagittarius (Bailin 2003) or
Magellanic Clouds (Burke 1957; Weinberg & Blitz 2006) with
the disk, and the bending instability and self-excited warps or
internally driven warps of the Galactic disk (Revaz &
Pfenniger 2004; Sellwood & Debattista 2022).
The warp in various Galactic disks might be a long-lived

structure as mentioned in Roskar et al. (2010) andSellwood
(2013). López-Corredoira et al. (2014) analyzed the Milky Way
warp based on the kinematic model and stellar tracers in the
range of 5–16 kpc and suggested that the S-shaped warp is a
long-lived structure. However, Poggio et al. (2017) used OB
stars to point out that the vertical motions of the Galactic disk
cannot be explained by a stable long-lived warp model, and
warp may be a transient structure or some phenomena acting on
the gaseous component. There is no strict limit on long-lived
and short-lived warps. But in this work, we suggest that the
long-lived warp is more than a few gigayears old. For instance,
a warp that is less than 2 Gyr old can be considered short-lived,
whereas a warp that is more than 5 Gyr old can be considered
long-lived, and those between 2 and 5 Gyr are of inter-
mediate age.
Using red clump (RC) stars and their ages, Wang et al.

(2020b, 2020c) found that warp is a long-lived, nonsteady
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structure, clearly showed that the younger stellar populations
are stronger than the older ones. With the high-precision data
from Gaia EDR3, Chrobáková et al. (2022) used the star counts
and the warp model f f= -w w w

w[ ( ) ( )]z C R pc sin pc, where
Cω is the amplitude of the warp and fω is the Galactocentric
angle defining the warp’s line of nodes, to show that
supergiants (younger populations) reach a maximum amplitude
of zω= 0.658 kpc and a minimum amplitude of zω=−0.717
kpc at the distance R= [19.5, 20] kpc, while the whole EDR3
population (average old populations) reach a smaller maximum
amplitude of zω= 0.360 kpc and a minimum of zω=−0.370
kpc. These results strongly support the findings of Wang et al.
(2020c), that is, the warp is a long-lived, but unstable structure
or time evolving.

However, in contrast, Poggio et al. (2018) adopted two
stellar tracers with different typical ages (upper main-sequence
and giant stars) to reveal that these two populations have
similar kinematic characteristics. Similarly, Cheng et al. (2020)
explored the relations between stellar velocity and Galacto-
centric distance, angular momentum, and azimuth, and found
that stellar vertical velocity with azimuth and prececession are
basically similar in different age populations so they found that
the warp is from gravitational scenarios. These results are not
consistent with the Romero-Gómez et al. (2019) results of warp
kinematics using OB stars and RGB stars from Gaia DR2 to
show the dependency of Galactic warp on age.

Recently, in order to deepen the understanding of the origin
of the warp, Chrobáková & López-Corredoira (2021) further
investigated the kinematics of warp based on the same data
from Gaia DR2, with the warp model of Chrobáková et al.
(2020) to recalculate the warp precession (β). They discovered
the value of warp precession of β= -

+4 4
6 km s−1 kpc−1, to be

compatible with no precession at all. However, before that,
Poggio et al. (2020) found a value of warp precession
ofβ= 10.86± 0.03 (stat.)± 3.20 (syst.) km s−1 kpc−1 and
that the time-varying amplitude model cannot fit the data well.
Similarly, Cheng et al. (2020) found a value of warp precession
of β= -

+13.57 0.18
0.20 km s−1 kpc−1 with data from Gaia DR2 and

APOGEE (Majewski et al. 2017). According to Chrobáková &
López-Corredoira (2021), the significant detections of preces-
sion are due to a wrong assumption of the amplitude of the
warp, independent of the stellar populations, which when
properly taken into account, removes the necessity of
precession.

As is known, warp kinematics and dynamics are mechanisms
used to explain the disk oscillations, asymmetries, and
Galactoseismology, and as such, the vertical disturbance on
the Galactic disk, which could be propagating in the form of
bending waves. Based on two simulations in Khachaturyants
et al. (2022), one with warp caused by gas flowing into the
Galactic disk and the other without warp, they found that the
simulation with warp can produce a stronger bending wave. A
better understanding of warp will promote the understanding of
the kinematic structures and gas dynamics of the Galactic disk
and Galactoseismology (Wang et al. 2018a, 2018b, 2019,
2020a, 2020b, 2020c; Bland-Hawthorn & Tepper-Garcia 2021;
Yu et al. 2021; Wang et al. 2023; Antoja et al. 2022; Yang et al.
2023).

Assuming that the vertical motions could be contributed by
warp, modeled as a set of circular rings that are rotated and
whose orbit is in a plane with the angle with respect to the
Galactic plane, progress has already been made on warp

kinematics in López-Corredoira et al. (2014), Wang et al.
(2020b), and Wang et al. (2020c). In this work, different from
our previous works, we only chose to use three different stellar
populations (OB, RC, and main-sequence turnoff (MSTO)
stars) with the distance of LAMOST DR5 (including DR4
MSTO) and Gaia DR3, to explore the warp again mainly from
observational points of view in more detail.
This paper is organized as follows. Section 2 describes how

we selected the samples and vertical velocity distributions in
different stellar populations. Section 3 describes the model and
method. We present our results on the time-evolving warp in
Section 4, and a discussion is presented in Section 5. Finally,
we provide our conclusions in Section 6.

2. Data

In this work, the three different types of stellar tracers (OB,
RC, and MSTO stars) adopted are the common stars from the
Large Sky Area Multi-Object Fiber Spectroscopic Telescope
(LAMOST) Galactic spectroscopic survey (Cui et al. 2012;
Deng et al. 2012; Zhao et al. 2012) and the Gaia DR3
astrometric survey. The OB stellar samples can be obtained
from Liu et al. 2019. This catalog of 14,344 OB stars has been
tested and widely used (Cheng et al. 2019; Wang et al. 2020a;
Yu et al. 2021). The distance in this catalog is from Gaia DR3
parallaxes (Gaia Collaboration et al. 2016, 2018). Since we
only focus on the range of R= 8–14 kpc, the error in the
distance is acceptable. The details of the RC star sample can be
found in the work of Ting et al. (2018), which includes a
catalog of 175,202 RC stars, with an uncertainty of the distance
within 10%.This catalog is also widely used to explore the
stellar mass and age (Li et al. 2022). Our MSTO samples and
distances are based on the work of Xiang et al. (2017a, 2017b),
which includes a catalog of 670,714 MSTO stars, and the error
in the distance is estimated to be 10%–30%. The ridge structure
has been studied in detail using this sample (Wang et al.
2020a).
Thanks to the latest Gaia DR3, we have obtained more

accurate proper motions. The Gaia DR3 catalog (both Gaia
EDR3 and the full Gaia DR3) is based on data collected
between 2014 July 25 and 2017 May 28 spanning a period of
34 months of data collection. In comparison, Gaia DR2 is
based on 22 months of data and Gaia DR1 is based on
observations collected in the first 14 months of Gaia’s routine
operational phase. Gaia DR3 provides us with high-precision
position, parallax, and proper motion of 1.5 billion sources with
a limiting magnitude of about G ≈21, a bright limit of about
G ≈3, and a radial velocity of more than 33 million sources
with a limiting magnitude of G ≈14. A full astrometric solution
has been performed as a five-parameter solution for 585 million
sources and as a six-parameter solution for 882 million sources.
The median uncertainties are 0.01–0.02 mas for G < 15, 0.05
mas at G= 17, 0.4 mas at G= 20, and 1.0 mas at G= 21 mag.
The uncertainty of the proper motion is 0.02–0.03 mas yr−1 for
stars with G < 15 mag, 0.07 mas yr−1 for stars with
G= 17 mag, 0.5 mas yr−1 for stars with G= 20 mag, and
1.4 mas yr−1 for stars with G= 21 mag (Gaia Collaboration
et al. 2021, 2022).
Using the following criteria, we obtained the final sample we

use in this work:

1. We eliminated the samples without parameters such as
distance, radial velocity, and proper motion.
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2. We only selected samples in the range of ∣ ∣Z < 1 kpc and
8 kpc < R <14 kpc.

3. We chose samples with a signal-to-noise ratio greater
than 20, and [Fe/H] >−1.3 dex (for possible halo
contamination).

4. The three-dimensional velocity of the samples is in the
range of VR= [−150, 150] km s−1, Vf= [−50, 350] km
s−1, and VZ= [−150, 150] km s−1.

The three-dimensional velocity we use was obtained by
assuming that the location of the Sun is Re= 8.34 kpc (Reid
et al. 2014) and Ze= 27 pc (Chen et al. 2001). We use the Tian
et al. (2015) solar motion values of [Ue, Ve, We]= [9.58,
10.52, 7.01] km s−1. The value of the circular speed of the LSR
is 238 km s−1 (Schonrich 2012). Based on the Cartesian
coordinate system, we calculate the 3D velocity, radial
distance, vertical height, and azimuth f of the stars using the
galpy package (Bovy 2015). Notice that the different solar
values and LSR do not change our conclusions. These
kinematic parameters are also each described in detail in Wang
et al. (2018b), Wang et al. (2019), Wang et al. (2020b), and
Wang et al. (2020c).

After applying the above criteria, 529,995 MSTO stars,
85,663 RC stars, and 12,865 OB stars were left and the vertical

velocity distributions in the celestial coordinate system (long-
itude and latitude) are shown in Figure 1. In this work, we only
focus on stars with a Galactocentric distance range of 8–14 kpc
and a vertical height of ∣ ∣Z < 1 kpc. In order to clearly present
the variation in the vertical velocity (VZ) of different stellar
populations with the Galactocentric distance (R), we present the
analysis shown in Figure 2 and the stellar population is denoted
at the top of each panel. As can be seen from the figure, the
vertical velocity of the OB star increases from 2 to 6 km s−1,
the vertical velocity of RC stars increases from −2 to 5 km s−1,
and the vertical velocity of the MSTO increases from −2 to
2 km s−1 and then decreases by 6 km s−1. The distribution of
the kinematics of the stellar populations more or less shows the

Figure 1. The vertical velocity of different tracers distributed in the celestial
coordinates for longitude and latitude. From top to bottom, the panels
correspond to the OB, RC, and MSTO samples.

Figure 2. Vertical velocity distributions with radial distance for different stellar
populations. The number of samples and population name are labeled at the top
of each panel. The horizontal red-dashed line, used to guide the eye, represents
the zero velocity value. The three population samples are from the LAMOST
survey with different sampling rates and the azimuthal angle of the three
populations mainly ranges from −20° to 30°.

3

The Astrophysical Journal, 943:88 (12pp), 2023 February 1 Li et al.



signal of the warp, and for the overall trend, the younger stellar
populations increase faster than the older stellar populations,
possibly implying that younger stellar populations have
stronger warp features than the older stellar populations.
Similarly, vertical velocity distributions with vertical height for
different stellar populations are shown in Figure 3. Compared
to the illustration shown in Figure 2, the warp signal is not clear
but the vertical asymmetries on the north and south sides are
shown here.

3. Model

The vertical motions of the (outer) Galactic disk may be
related to the warp (Roskar et al. 2010; López-Corredoira et al.
2014; Wang et al. 2018b, 2020b, 2020c; López-Corredoira
et al. 2020). As a first approximation, we will assume the
observed vertical motions are mainly caused by the warp: a set
of circular rings that are rotated, and whose orbit is in a plane
with an angle variable with time, iw(t), with respect to the
Galactic plane. See López-Corredoira et al. (2014) for details.
We will discuss later whether this approach fits the data or
whether other elements (e.g., satellites interactions, and
nonequilibrium of the disk) (Wang et al. 2020b; López-
Corredoira et al. 2020) are also necessary to explain the vertical
velocities. With this assumption, we can explore the evolution
of the amplitude (Wang et al. 2020c) and the precession (Cheng
et al. 2020; Chrobáková & López-Corredoira 2021) of the warp
by vertical velocity, or whether the vertical velocity field will
be disturbed (Drimmel et al. 2000). We will also examine the
population-dependent bulk motions.

For this work, we use the model designed by Wang et al.
(2020c), which is similar to the model (López-Corredoira et al.
2014)

g f f

g f f

> »
-

W -

+ -

a
( ) ( ) [ ( )

( )] ( )


V R R

R R

R
R

cos

sin , 1

Z w

w

LSR

where fw is the azimuth of the line of nodes (deg), which is the
azimuth with the height of the warp equal to zero, γ (kpc−1) is
the amplitude of the warp, and g (−d(γ)/d(age), kpc−1 Gyr−1)

describes the evolution of the amplitude of the warp. We also
assume a constant rotation speed of Ω(R, z)=ΩLSR= 238 km
s−1 (Schonrich 2012). This may be slightly reduced for high R
or high ∣ ∣z (López-Corredoira et al. 2014), but the order of
magnitude does not change, and VZ is only weakly affected by
a change in the rotation speed. α is a power-law constant, and R
and f were obtained from observational data points.
First, we assume α= 1 (no units) (Reylé et al. 2009),

fw= 5◦ (in the literature, the azimuthal angle has a value
between −28° and 18° (López-Corredoira et al. 2002b;
Momany et al. 2006; Reylé et al. 2009; Skowron et al.
2019b; Chen et al. 2019). The results are shown in the next
section. Notice that the constant α= 2 (kpc−1) has also been
tested in our study and the conclusions drawn from the analysis
are stable, that is, the amplitude of the sample showed the same
decreasing trend as shown in the next section.
In this work, we use a sample with a Galactocentric distance

of R �8 kpc to obtain the best-fitting results based on a Markov
Chain Monte Carlo (MCMC) or EMCEE (Foreman-Mackey
et al. 2013) method so we can obtain the likelihood distribution
of the vertical velocity profile for the following fitting:

g g f

g g f

=

´ - -⎡
⎣

⎤
⎦

( ( ∣ )∣ )

(( ( ∣ ) ( ∣ )) ( )





 V R Z

V R Z V R Z

, ,

exp
1

2
, , , . 2

i w
i

i i w

obs

obs model
2

When we obtain the convergent parameters, the MCMC size is
50× 3× 10,000, and the step is 50. The values of each
parameter (γ, g , and fw) based on MCMC fitting will be
provided in the next section.

4. Results

4.1. Population-dependent Vertical Bulk Motions

The vertical velocity distributions of three samples in the
R−Z plane are shown in Figure 4. It is clear that vertical bulk
motions are shown here, but different populations have
different patterns. As seen for the distribution of the OB stars,
there are bending modes with a negative vertical velocity
between 10 and 12 kpc, and beyond 12 kpc there is a bending
mode with positive velocity, and to our knowledge, this is the
first time that this variable vertical bulk motion has been found
in young populations (left panel). The positive vertical bulk
motions or bending modes are shown in the RC star sample
(middle panel), and in contrast, for the MSTO population, we
could see the positive breathing mode between 8 and 9 kpc and
positive bending mode between 9 and 12.5 kpc and then the
breathing mode between 12.5 and 14 kpc. In general, the
bending mode could be described as vertical velocity moving
in the same direction and the breathing mode could be
described as vertical motions moving in a different direction;
more details can be found in Widrow et al. (2014). The bending
waves could have been caused by warp with gas infall, as
shown in Khachaturyants et al. (2022), which is confirmed here
by the bending and breathing modes from observations.
So we can claim here that the bending and breathing modes

are dependent on the populations and they are evolving with
spatial locations. The discovery of the population-dependent
vertical motions shown here is vital for a better understanding
of the Galactoseismology; however, in this work, we only
address the contributions of the warp.

Figure 3. Vertical velocity distributions with vertical height for different stellar
populations. Compared to the data shown in Figure 2, the warp signal is not
clear at all; however, the vertical asymmetries on the north and south sides are
shown here. So the difference in VZ is not driven by the different distribution
in Z.
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Figure 4. The upper three panels show the vertical velocity distributions of the disk in the R, Z plane, and the bottom three show the errors in the vertical velocity
derived by bootstrapping. The OB star is shown in the left panel, the RC star is shown in the middle panels, and the MSTO star is shown in the right panel. The
abundant vertical motions or bending and breathing modes are shown here, and the contours for the star counts are superimposed.

Figure 5. Likelihood distribution of the parameters (γ and g ) drawn from the MCMC simulation for each sample. From left to right, the panels correspond to OB, RC,
and MSTO stars. The amplitude of the warp γ of younger populations is larger than that of older populations.

Figure 6. The amplitude of the warp (γ) of different populations obtained by
MCMC fitting. The x-axis represents the sample name, and the vertical axis
represents the amplitude of the warp. The error bar is derived by bootstrapping
and the degeneracies of γ and g are shown here. A negative γ for some
populations is not expected, implying that the line of nodes should be a free
parameter in the fitting process.

Figure 7. Similar to Figure 6 but with free parameter fw. The decreasing
pattern is similar to that shown in Figure 6.

5
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4.2. Warp Parameters γ, g , and fw
Based on the vertical velocity of the sample we adopted, we

conducted the first MCMC fitting under Equation (1) in the
model. In this simulation, we assumed α= 1 (Reylé et al.
2009) and the azimuth of the line of nodes fw= 5◦, the fitting
result is shown in Figure 5, which has converged quite well.
The amplitude of the OB stars is γOB= 0.119 kpc−1, the
amplitude of the RC stars is γRC=−0.088 kpc−1, and the
amplitude of the MSTO stars is γMSTO=−0.216 kpc−1, which
is also shown in Figure 6 with the error derived by
bootstrapping. Notice the negative γ shown here implies that
a pure sinusoidal warp cannot fit the data perfectly so we need a
more robust model in the future; however, we only focus on the
relative difference in amplitude, that is, younger populations
are stronger than older ones.

Furthermore, negative γ for some populations is not
expected when we fix the line of nodes, although we cannot
rule out the small possibility that it means that we have detected
the opposite warp sign, which is expected in the south.
Nevertheless, our analyses may possibly indicate that the line
of nodes is different for different populations, and the clear
negative degeneracy for γ and g will be broken when we set the

line of nodes as a free parameter. Further analysis is shown in
Figure 7.
From Figure 6, we can see that the amplitude of the warp (γ)

of different stellar populations decreases with the samples with
different average ages. Note that, in this work, the typical
average age of OB stars is approximately or less than a few
hundred megayears (Wang et al. 2020a), that of RC stars is
around 3.2 Gyr, and that of MSTO stars is definitely older than
that of RC stars with 4.5 Gyr. So the younger stellar population
shows a stronger amplitude of warp than the older stellar
population here.
At first, we naively assume fw= 5°, but know the azimuth

of the line of nodes (fw) obtained by different tracers varies
from −28° to 18° (López-Corredoira et al. 2002b; Momany
et al. 2006; Reylé et al. 2009; Skowron et al. 2019b; Chen et al.
2019). Therefore, in order to explore whether fw will affect our
conclusions in more detail, we set fw as a free parameter to fit
again.
As shown in Figure 8, we assume α= 1 (Reylé et al. 2009)

and fw as a free parameter, and MCMC fitting is carried out
again. The values of the amplitudes of the warp are
γOB= 0.132 kpc−1, the amplitude of the RC star is
γRC= 0.069 kpc−1, and the amplitude of the MSTO star is
γMSTO= 0.022 kpc−1, as shown in Figure 7. Similarly, the x-
axis represents the sample names and the y-axis represents the
amplitude of different stellar populations acquired by model
fitting. Obviously, the trend is consistent with that in Figure 6.
With the increase in age, the amplitude of the warp decreases,
the conclusion of which is also validated by the analysis in
Figure 9, which does not the maximum height calculated by
Equation (3) in Wang et al. (2020c), but in this work, we adopt
α= 1 not 2:

f f p g> = + » - a( ) ( ) ( ) Z R R R R, 2 , 3w w

The height is induced by the warp for different populations
and shows that the younger the population is, the stronger the
amplitude of the warp is. The values of g for the three
populations we obtained are not equal to 0, which proves that
warp always exists but is not stable. The azimuth of the line of
nodes (fw) of the different stellar populations that we fitted are
about 3°–8°, and the change in fw is relatively small, which
may be caused by the fact that the precession is too small to be
detected in all warp models as mentioned in previous works

Figure 8. Similar to Figure 5, but fw is a free parameter, and the likelihood distribution of the parameters (γ, g , and fw) is drawn from the MCMC simulation. The
amplitude of the warp γ of the younger populations is larger than that of the older populations. Here we can also see that the degeneracy for γ and g is broken and
different from that shown in Figure 5. Note that g is also different in different populations.

Figure 9. The maximum height caused by the warp is shown here. The x-axis
shows the radial distance and the y-axis can be seen as the amplitude of
the warp.
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(López-Corredoira et al. 2002a; Dubinski & Chakrabarty 2009;
Jeon et al. 2009). Notice that the line of nodes is expected to be
straight within the R �4.5 disk scale lengths in some
modeling works (Shen & Sellwood 2006; Bland-Hawthorn &
Gerhard 2016).

Since the selection is bounded by |Z|<1 kpc, one may
wonder if this is introducing a possible systematic bias on the
mean VZ. So we select the sample using |Z−Z0(R)|<1 kpc, for
which Z0(R) is the height of the maximum density at radius R,
to test this possibility as shown in Figure 10. The results show
that the influence is very minor; see more details in the caption.

4.3. Comparison of the Model and Sample

In order to verify the results obtained by the model fitting,
we compare the vertical velocity predicted by the model with
the observed data. By using the warp parameters (γ, g , and fw)
obtained by the model fitting we have the mock data, which can
be compared with the observations directly. As shown in
Figure 11, the mean vertical velocity distribution is a function
of the Galactocentric distance, the blue line represents our
model distribution, the yellow line represents the model with
+1σ, the green line represents the model with −1σ, and the
black line represents our observational data. The error is

Figure 10. Top left: vertical height distributions for different stellar populations in order to investigate the possible systematics mentioned in Section 4.2. The peak
values of the heights are as follows: OB stars Z0(R) = [0.0604, 0.0455, −0.022, 0.0170, 0.0133, −0.0055, 0.0052, 0.0074, 0.0159, 0.0181, 0.0255, 0.1117, 0.1442,
0.1642, 0.1837, 0.2156, 0.2186, 0.1426, 0.1523, and 0.1120]; RC stars Z0(R) = [0.4525, 0.4973, −0.2908, −0.1939,−0.0483, 0.0528, 0.1054, 0.1158, 0.1429,
0.1522, 0.1939, 0.1690, 0.2185, 0.2182, 0.2642, 0.2507, 0.1642, −0.1402, −0.2015, and −0.2118]; and MSTO stars Z0(R) = [0.2709, 0.0714, 0.0072, 0.0356,
0.0437, 0.0491, 0.0553, 0.0725, 0.0979, 0.1783, 0.2589, 0.3433, 0.4197, 0.4944, 0.5243, 0.6012, 0.5973, 0.6271, 0.612, and 0.4969]. Bottom left: vertical velocity
distributions with radial distance for different stellar populations, similar to Figure 2 but we select the sample for |Z−Z0(R)|<1 kpc for a test, and as shown, there are
no large differences compared to Figure 2. Similar to Figure 7 but we select sample |Z−Z0(R)|<1 kpc for a test, and the decreasing pattern is the same and the values
are consistent within 1σ. The vertical midplane offsets are not a target of this work.
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derived by bootstrapping. From the top to bottom panels, the
three samples used in this work are shown, respectively, OB,
RC, and MSTO stars.

As can be seen from Figure 11, our model matches well the
overall trend of the observed data, at least in the 1σ region. A
two-dimensional (2D) comparison of the model and data is
shown in Figure 12. The first row denotes the observational
vertical velocity distribution on the R and f plane, the second
row denotes the observational error derived with bootstrapping,
the third row shows the mock data with the model fitting, the
fourth row denotes the error in the model, and the fifth row
denotes the final error for our model and observations
calculated by the model plus the observational error with error
propagation. The columns from the left to right correspond to
OB, RC, and MSTO stars. Although we can see that there are
some differences between the model and the data, due to the

model being a simplified one, and vertical motions might also
have been contributed by other mechanisms, the qualitative
match is acceptable here.

4.4. Vertical Velocity as Functions of Azimuth

Romero-Gómez et al. (2019) used two different stellar
populations from Gaia DR2 (OB stars and red giant branch
stars) to find the asymmetry of the mean vertical distance
between stars and the Galactic plane, and suggest that the warp
is lopsided. Recently, Cheng et al. (2020) combined a Gaia
DR2 astrometric solution, StarHorse distance, and stellar
abundances from the APOGEE survey to reveal the relations
between vertical velocity and azimuth. They found that the
vertical velocity increases with the azimuth within 170° and
reaches the peak at f≈ 170°, and then decreases with the
azimuth. The increasing and decreasing rates on both sides of
the peak are obviously different, which supports the warp being
lopsided.
Figure 13 shows the vertical velocity of three stellar

populations as functions of azimuth. The top panel shows the
distribution of the vertical velocity of all the samples with
azimuth. The blue line represents an OB star, the yellow line
represents an RC star, and the green line represents an MSTO
star, with the error derived by bootstrapping. As can be seen,
with the increase in azimuth, the vertical velocity also
increases, reaches the peak at f=−10° (our definition for
the anticenter direction, f=−10° is exactly 170°), and then
decreases with the increase in azimuth, which is not
symmetrical along the peak of the vertical velocity.
In order to further explore this feature of the warp, we divide

the three samples into six groups with the distance ([8−9] kpc,
[9−10] kpc, [10−11] kpc, [11−12] kpc, [12−13] kpc, and [13
−14] kpc). The distributions of the vertical velocity with the
azimuth are shown in the bottom three panels of Figure 13,
respectively. For the overall trend, we could see that the
vertical velocity of the sample increases within f=−10°, and
then, decreases with the increase of azimuth for the MSTO
stars, although the pattern is not as clear as in the whole
population. The asymmetry around f=−10° is not clear for
the OB and RC stars but some other asymmetries are detected
in different ranges of angles, for example, around f= 10°, all
of which points to some lopsidedness.
In short, based on the evolution of the amplitude and the first

derivative of the amplitude, and the vertical velocity patterns
along with azimuth. For the assumption that the vertical
velocities are produced by the warp, we conclude that this warp
is a long-lived, nonsteady, and lopsided structure with an
azimuth of the line of nodes of around 3°–8°, consistent with
other works. For the younger stellar populations, it is greater
than that of the older stellar populations, which is consistent
with the result of Wang et al. (2020c) using RC stars of
different ages, which possibly implies that the warp originated
from gas infall onto the disk or other hypotheses that suppose
that the warp mainly affects the gas, and consequently, younger
populations tracing the gas are stronger than older ones.

5. Discussion

The warp contributes vertical nonaxisymmetric velocity
patterns and wavelike density in the solar neighborhood and the
outer Galactic disk of the Milky Way (Widrow et al. 2012;
Carlin et al. 2013; Williams et al. 2013; Xu et al. 2015;

Figure 11. One-dimensional (1D) comparison of the model and data. The blue
line represents the model obtained by the MCMC fitting, the orange line
represents the model plus 1σ, the green line represents the model minus 1σ, and
the black line represents the data distribution. The panels from top to bottom
correspond to OB, RC, and MSTO stars, respectively. The error bar is derived
by the bootstrapping and the model can be matched well within 1σ.
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Pearl et al. 2017; Wang et al. 2018a, 2018b; Carrillo et al.
2018, 2019), but to date, we are still far from ascertaining its
exact origin. The Milky Way disk coupling framework for
population structure and Galactoseismology was mentioned in
Wang et al. (2018b, 2020b). Recently, using N-body simula-
tions with different Sgr masses, Bennett et al. (2022) clearly
showed that Sgr is clearly not enough to cause the observed
perturbation to the solar neighborhood and multiple mechan-
isms are needed, which is consistent with our coupling
framework.

In recent years, many models, such as the infall of gas, the
influence of the intergalactic magnetic field, and the interaction
of nearby galaxies, have been proposed as being responsible for
the formation of the warp (further details can be found in
Section 1). Skowron et al. (2019b) attempted to divide them
into two main scenarios: one is the nongravitational mechan-
isms (the amplitude of the warp is dependent on the stellar age)
dominated by, for example, the gas infalling model (friction
and collision), the other, for example, are the gravitational
mechanisms (the amplitude of the warp is not dependent on the

stellar age) of the influence of satellite galaxies like the Sgr
dSph galaxy.
In this work, three kinds of populations from spectroscopic

surveys are used to represent different age populations, from
younger to older with different average ages. Assuming the
vertical velocities produced by the warp, its signal would vary
with age as shown in this work: the younger one is stronger and
the warp has a clear evolution with age, which strongly
supports the warp not being a transient one. In this work, we
have conjectured that perhaps both mechanisms contribute to
the warp but there are different properties in the different
populations and different phase spaces, and this coupling
mechanism framework is nontrivial and needs to be further
scrutinized in the future. Notice also that to date we are still far
from understanding the Sgr dSph galaxy as we are not sure at
all about the gas contribution to it and its interaction with the
Milky Way (Wang et al. 2022a, 2022b).
Some different observational results were reached by Cheng

et al. (2020), who combined Gaia DR2 and StarHorse distance
to explore the vertical and radial motion of stars in the Galactic

Figure 12. Two-dimensional (2D) comparison of the model and data. (First row) Observational vertical velocity distribution on the R and f plane. (Second row) The
observational error using the bootstrap method. (Third row) Mock data with the model fitting. (Fourth row) The distribution of the error in the model. (Fifth row) The
final error for our model and the observations are calculated by the model error plus the observational error with error propagation. The columns from the left to right
correspond to OB, RC, and MSTO stars. Notice that the quantitative match is not expected and the qualitative comparison is acceptable here.
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disk, and in the meantime, they established a warp model to
support that warp is caused by the action of external gravity
due to that there is no evolution of the precession rate.
However, Chen et al. (2019) used 1339 classical Cepheids to
explore the Galactic disk and found that the young stellar
populations showed a stronger warp feature, which was also
found by Chrobáková et al. (2020) with the help of Gaia DR2.
More importantly, when we look carefully at the pattern of
vertical velocity versus f azimuth, we find that our decreasing
trend is weaker than that in Cheng et al. (2020), which will be
confirmed by our new Gaia DR3 results, implying that the
lopsidedness might be not so strong as found in Cheng et al.
(2020).

Nonetheless, vertical velocities alone cannot be used to
derive the properties of the warp because there are other
possible dynamical causes for non-null vertical velocities
(López-Corredoira et al. 2020). They might be generated by
external perturbations or mergers, or by the fact the Galactic
disk is a nonequilibrium system. The disk may not have
reached equilibrium since its creation or because external
forces, such as the Sgr dwarf galaxy, might perturb it, etc. We
have found that a pure warp model with variable amplitude of
time and the epoch of formation of the stellar population fits
reasonably well with the observed features (see Figure 11),
which may indicate that the warp has an important average
contribution to the vertical kinematics component. Moreover,
details such as the exact dependence on the stellar population
or the lopsidedness could be due to secondary factors such as
mergers, nonequilibrium, or others. And one needs analyses
different from the kinematics, mainly stellar density distribu-
tion (e.g., Chrobáková et al. 2022) to corroborate that the warp
is really dependent on the age.

6. Conclusions

In short, our analysis of the warp has some similar results or
implications (time-evolving warp for amplitude) to other
previous works (Liu et al. 2017; Chen et al. 2019; Romero-
Gómez et al. 2019; Wang et al. 2020b, 2020c; Chrobáková
et al. 2020), but there are also differences from some others
(Poggio et al. 2018; Cheng et al. 2020; Poggio et al. 2020),
which may be attributed to the different samples and models
adopted in different works. Moreover, the warp is lopsided,
which has been mentioned in many works (Amôres et al. 2017;
Poggio et al. 2018; Romero-Gómez et al. 2019; Cheng et al.
2020) and is also confirmed here, but due to the range of the
azimuth of our sample being smaller than 50°, we cannot
clearly show this feature as we do for others. Furthermore, the
asymmetry of the warp in the northern and southern disk is also
an interesting point of view, which has been presented in many
works (Momany et al. 2006; Reylé et al. 2009; Amôres et al.
2017; Chrobáková et al. 2022). We plan to continue to explore
all of these in future works using more samples and other warp
models.
Based on the three different kinds of stellar populations

(OB≈ a few to a few hundred megayears, RC stars ≈3 Gyr,
MSTO stars ≈4 Gyr) from the common stars of LAMOST DR5
and Gaia DR3, we investigate the evolution of warp amplitude,
the azimuth of the line of nodes, and the changes in vertical
velocity with the azimuth angles. We clearly find the amplitude
of the warp, obtained from the kinematic model, of the younger
stellar populations, is larger than that of the older stellar
populations with temporal evolution. Moreover, the azimuth of
the line of nodes is about 3°–8° and the vertical velocity is a
function of azimuth, which supports that the warp is lopsided
but perhaps not as strong as the results of recent APOGEE
work. Nonetheless, these conclusions are conditioned on a
predominance of the warp in the vertical velocities, and that the
effect of minor merger or nonequilibrium is much smaller.
Furthermore, we first discovered that the vertical bulk

motions are different in different populations, and the bending
and breathing modes are population dependent, which provide
more constraints on the theoretical models, and we invite the
theorist community to further investigate the disk bending and
breathing, and the relations to warp, mergers, or nonequili-
brium scenarios.

Figure 13. The vertical velocity distribution along with the azimuth. The first
panel shows the distributions of all of the samples. The bottom three panels
show the different distributions of the samples at different radial distances, and
the top to bottom panels show those of the OB, RC, and MSTO stars. The
increase is within −10° and the peak is at f ≈ −10°, and then decreases with
the azimuth as shown in the top panel, implying that the warp is lopsided.
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This analysis of vertical velocities in terms of a warp,
together with other independent analyses with different
methods and data, favors a scenario in which the warp is a
long-lived nonstationary lopsided structure. As prospects, in
future work, we will make full use of different kinds of stellar
samples with better sampling and sky coverage and different
models to unveil more of the mysteries of the S-shape Milky
Way warp (e.g., torque and precession), as more Gaia DR3
works will be finished in the future.
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