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Abstract We present the peculiar in-plane velocities derived from LAMOST red clump stars, which are

purified and separated by a novel approach into two groups with different ages. The samples are mostly

contributed around the Galactic anti-center direction so that we are able to map the radial profiles of

the radial and azimuthal velocities in the outer disc. From variations of the in-plane velocities with

Galactocentric radius for the younger and older populations, we find that both radial and azimuthal

velocities are not axisymmetric at 8 < R < 14 kpc. The two red clump populations show that the

mean radial velocity is negative within R ∼ 9 kpc and positive beyond. This is likely because of the

perturbation induced by the rotating bar. The cross-zero radius, R ∼ 9 kpc, essentially indicates the

rough location of the Outer Lindblad Resonance radius. Given the circular speed of 238 km s−1, the

pattern speed of the bar can be approximated as 45 km s−1 kpc−1. The young red clump stars show

larger mean radial velocity than the old population by about 3 km s−1 between R ∼ 9 and 12 kpc.

This is possibly because the younger population is more sensitive to the perturbation than the older

one. The radial profiles of the mean azimuthal velocity for the two populations show an interesting

U-shape, i.e. at R < 10.5 kpc, the azimuthal velocity declines with R by about 10 km s−1, while at

R > 10.5 kpc it increases with R to 240 − 245 km s−1. It is not clear why the mean azimuthal velocity

shows this U-shape along the Galactic anti-center direction. Moreover, the azimuthal velocity for the

younger population is slightly larger than that for the older one and the difference moderately declines

with R. Beyond R ∼ 12 kpc, the azimuthal velocities for the two populations are indistinguishable.

Key words: Galaxy: disc — Galaxy: structure — Galaxy: kinematics and dynamics — Galaxy: stellar

content — stars: kinematics and dynamics

1 INTRODUCTION

In recent years, the Galactic disc has been found to be

not symmetric in both stellar density and kinematics.

Widrow et al. (2012) claimed that the vertical stellar den-

sity shows small-amplitude but significant oscillation,

both north and south of the Galactic mid-plane. Xu et al.

(2015) discovered a wave-like ring from a stellar count

in the Galactic outer disc. Siebert et al. (2011a) found,

from RAVE survey data (Siebert et al. 2011b), that the

radial velocity in the solar neighborhood is not symmet-

ric, and these stars show a bulk motion of about 7 km s−1

toward the inner Galaxy. Bond et al. (2010) also con-
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firmed this from SDSS survey data. Carlin et al. (2013),

Williams et al. (2013) and Sun et al. (2015) demonstrated

that the asymmetric motion is not only in the radial direc-

tion, but also in the vertical direction. Tian et al. (2015)

showed that asymmetric motion may be related to the age

of the stars, i.e., younger populations show larger pecu-

liar velocities in both radial and vertical directions than

older populations. Bovy et al. (2015) studied the power

spectrum of the velocity map in the X–Y plane with

APOGEE (Alam et al. 2015) red clump (RC) stars and

argued that the velocity oscillation with a broad peak at

the wave number of 0.2–0.9 kpc−1 is likely due to the

Galactic central bar.

Although some works attribute the asymmetric stel-

lar density and oscillating velocity to perturbations from

minor mergers (Gómez et al. 2013), many other theo-

retical works associated the peculiar velocity with either

spiral structures or the rotating bar located in the central

region of the Galaxy. Siebert et al. (2012), who used a

simplified model of perturbation from the spiral density

wave, and Faure et al. (2014), who ran N-body simula-

tions with spiral arms, attributed the radial asymmetric

motion to perturbation induced by the spiral structures.

Debattista (2014) found from N-body simulations that

the (strong) spiral structures can also induce a vertical os-

cillation near the disc mid-plane. Recently, Grand et al.

(2015) applied the power spectrum approach to N-body

simulation data and found that the bar with transient co-

rotating spiral structures can produce features similar to

those found in Bovy et al. (2015).

For a disc with a rotating bar in the central region, the

originally circular closed orbits in axisymmetric gravita-

tional potentials would become elliptical due to pertur-

bation of the rotating weak bar potential. Contopoulos

& Papayannopoulos (1980) derived that the radius of

a closed loop orbit is a function of the azimuth angle

(also see eqs (3.148a,b) in Binney & Tremaine 2008)

and demonstrated that, in the rotating frame, the major-

axes of the closed loop orbits change their directions at

various radii: inside the Inner Lindblad Resonance ra-

dius (ILR) the major axes of the closed loop orbits are

aligned with the minor-axis of the bar; between ILR and

Corotation Resonance radius (CR) they are aligned with

the major-axis of the bar; between CR and the Outer

Lindblad Resonance radius (OLR) they are aligned with

the minor-axis again; and beyond OLR they are aligned

back with the major-axis of the bar. The reshaping of the

orbits at different radii may lead to non-zero and oscillat-

ing mean in-plane velocities in the disc.

In this paper, we investigate the peculiar in-plane ve-

locities from Galactocentric radius of R ∼ 7 to 14 kpc

in the Galactic disc using RC stars mostly distributed in

the Galactic anti-center region from the LAMOST sur-

vey (Cui et al. 2012; Zhao et al. 2012).

The paper is organized as follows. In Section 2,

we describe how to refine RC stars from the LAMOST

catalog and separate them into young and old popula-

tions. In Sections 3, we discuss the approach to derive

the mean in-plane velocity based on the velocity de-

projection technique. In Section 4, we demonstrate our

results of the peculiar in-plane velocities, which show os-

cillations in both the radial and azimuthal components. In

Section 5, we discuss possible mechanisms which induce

these peculiar velocities. Finally, we draw brief conclu-

sions in Section 6.

2 DATA

The Large Aperture Multi-Object Fiber Spectroscopic

Telescope (LAMOST, also called the Guo Shou Jing

Telescope), is a quasi-meridian reflecting Schmidt tele-

scope with an effective aperture of about 4 meters. A total

of 4000 fibers, which are capable of obtaining a similar

number of low resolution spectra (R∼ 1800) covering the

range from 380 to 900 nm simultaneously, are installed

on its 5◦ focal plane (Cui et al. 2012; Zhao et al. 2012).

In the 5-year survey plan, it will obtain a few million stel-

lar spectra in about 20 000 square degrees in the north-

ern sky (Deng et al. 2012). A large fraction of the sur-

vey footprint covers the Galactic anti-center region due

to special conditions at the site (Yao et al. 2012).

In December 2015, LAMOST delivered its third data

release (DR3), containing about 5.7 million stellar spec-

tra. Among them, the LAMOST pipeline has provided

stellar astrophysical parameters (effective temperature,

surface gravity and metallicity) as well as line-of-sight

velocities for about 3 million FGK type stars (Wu et al.

2014). Most of these spectra have well measured line in-

dices (Liu et al. 2015b). Based on the line indices and ap-

plying the classification approach developed by Liu et al.

(2014b), about 700 thousand K giant stars have been

identified from the LAMOST DR3 catalog. Liu et al.

(2015a) improved the surface gravity (log g) estimation

to an uncertainty of ∼ 0.1 dex for the metal-rich giant

stars. Wan et al. (2015) subsequently identified about a

hundred thousand RC star candidates based on the empir-

ical distribution model in Teff–log g–[Fe/H] space. Not

only primary RC stars, which are usually considered as
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standard candles, but also secondary RC stars, which are

more massive and younger, are recognized in Wan et al.

(2015). The distances to both types of RC stars are es-

timated by these authors using isochrone fitting with an

accuracy of ∼ 10%.

2.1 Removing the RGB Contaminations

The technique used in Wan et al. (2015) is based on

statistics, i.e., for each star, the method can only give the

probability of being an RC star. Consequently, a small

fraction of red giant branch (RGB) stars are mixed in

the RC candidates. In order to remove these contamina-

tions, we apply another technique mentioned in the ap-

pendix of Liu et al. (2014b) to further disentangle RGB

stars from RC candidates. We map the RC candidates

to the [Fe/H] vs. Mgb plane, where Mgb is the Lick in-

dex for the spectral line of Mg I located around 5184 Å

based on Worthey et al. (1994), in Figure 1. It is ob-

viously seen that the density map of RC candidates in

the [Fe/H] vs. Mgb plane shows clear bimodality with

an elongated gap from [Fe/H]=–0.6 dex and Mgb∼ 2 Å

to [Fe/H]∼ −0.1 dex and Mgb∼ 2.5 Å. Because the RC

stars are always warmer than the RGB stars given the

same metallicity and surface gravity, they show relatively

smaller values of Mgb than RGB stars with the same

[Fe/H] and log g. On the other hand, log g of the RC stars

should be smaller than that of RGB stars with the same

metallicity and effective temperature. The smaller log g

also leads to smaller value of Mgb. Combining the two

trends together, given a metallicity, the RC stars are al-

ways located at the side with smaller Mgb than the RGB

stars.

Therefore, the clump with smaller Mgb should be

mostly contributed by RC stars, while the other clump

with larger Mgb should be contributed by RGB stars. For

stars with [Fe/H]> −0.1, the separation between RC and

RGB stars is not quite clear. We then superpose com-

mon stars between LAMOST and Stello et al. (2013),

who classified RGB and primary and secondary RC stars

using seismic features. The RC stars (blue hollow circles

for primary RC stars and the blue filled triangles for sec-

ondary RC stars) and the RGB stars (represented with

black hollow squares) from Stello et al. (2013) are well

separated in the [Fe/H]–Mgb plane. Then, we are able to

extend the separation between RGB and RC stars over a

broad range of metallicity using the empirical separation

line from (Mgb, [Fe/H]) = (2.1Å,−0.5 dex) and (2.5Å,

−0.3 dex), through (3.3 Å, 0.0 dex) to (5.0 Å, 0.38 dex)

(the thick black line).

With the empirical separation, 97% of seismically-

identified RC stars are identified as RC stars and 94% of

seismically-identified RGB stars are classified as RGB

stars. The empirical identification of RC stars shown in

Figure 1 can reduce the contamination of the RGB stars

by only about 2%, according to the data from Stello et al.

(2013).

2.2 The Young and Old RC Populations

Primary RC stars are those in the helium core burning

stage which had a degenerate helium core in the late

RGB stage and have experienced a helium flash. On

the other hand, secondary RC stars have initial stellar

mass larger than the critical mass of helium flash (around

2 M⊙) and thus ignite the helium core before the core

becomes electron degenerate. Because of the different

evolutionary tracks, the positions of the two types of

stars in the Hertzprung–Russell diagram (or equivalently,

the Teff–log g diagram) are slightly different. Moreover,

because the initial stellar masses of the secondary RC

stars are larger, they are in general younger than the

primary RC stars. However, the two types of RC stars

are not significantly separated in the Teff–log g diagram

since no clear gap is found between the two popula-

tions. Although they can be separated by their distinct

asteroseismic features (Bedding et al. 2011; Stello et al.

2013), only very few stars have accurate seismic mea-

surements. Therefore, we turn to statistically separat-

ing the young and old populations of RC stars with the

help of isochrones. We use PARSEC isochrones (Bressan

et al. 2012) for the age separation. The triangles shown

in the panels of Figure 2 are the theoretical positions of

the helium core burning stars in the Teff–log g plane with

different metallicities (from the left to the right panels,

[Fe/H]=(−0.6, −0.3), (−0.3,0.0) and (0.0, 0.4), respec-

tively). For each [Fe/H] bin, we select a straight line best

fitting the isochrone data points at 2 Gyr as the separation

line. We define the RC stars located below the 2 Gyr lines

to be the young population and those located above the

2 Gyr lines to be old.

Some RC stars younger than 2 Gyr may be located

above the separation lines due to the large uncertainty of

their log g or because they are very massive (& 10 M⊙)

and hence the intrinsic location is above the lines. For the

later case, these stars can be negligible because they are

very rare. For the former case, we assess the performance
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Fig. 1 The distribution of RC candidate stars from Wan et al. (2015) in the [Fe/H]-Mgb plane. The contours show the number density

of the LAMOST RC candidates. The black squares, blue circles and blue filled triangles are the RGB stars, and the primary and

secondary RC stars identified by Stello et al. (2013), respectively. The black solid line indicates the empirical separation between

RGB (below) and RC (above) stars.
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Fig. 2 The separation of young and old RC stars in three [Fe/H] bins, −0.6<[Fe/H]< −0.3 (left panel), −0.3<[Fe/H]<0 (middle

panel) and 0<[Fe/H]<0.4 (right panel). The black triangles are isochrones for helium core burning stars from Bressan et al.

(2012). From left to right in the left panel, the isochrones are at [Fe/H]= −0.6, −0.5 and −0.4. For each isochrone, the triangles

represent 0.2, 0.5, 1.0, 2.0, 3.0 and 5.0 Gyr from left to top-right, respectively. In the middle panel, the isochrone tracks are at

[Fe/H]= −0.3,−0.2 and −0.1 from left to right, respectively. In the right panel, the isochrones are at [Fe/H]= 0.1 and 0.3 from

left to right, respectively. The straight lines are the best fit of the points representing isochrones with age=2 Gyr in different ranges

of [Fe/H]. Below the lines is the isochrone-based young population with age< 2 Gyr and above is the old population with age

> 2 Gyr. Color codes the stellar density.

of the age separation using the APOGEE data. We cross-

match the LAMOST RC catalog with the APOGEE data

that contains age estimates from Martig et al. (2016). We

find about 2100 common RC stars after cross-matching.

Figure 3 shows the distributions of age for the young

(dashed line) and old (solid line) RC stars identified from

Figure 2. We find that most of the old RC stars are located

on the right side of the 2 Gyr line (the vertical black dot-

dashed line in Fig. 3). While lots of the young RC stars

are older than 2 Gyr, most of them are younger than the

old population. The mean values (standard deviations) of

the age are 2.7 (1.6) and 4.6 (2.1) Gyr for the isochrone-
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Fig. 3 The distribution of age for the isochrone-separated young (dashed line) and old (solid line) RC stars. The age is derived

from Martig et al. (2016). The vertical black dot-dashed line indicates the position of 2 Gyr.

identified young and old RC stars, respectively. This

shows that the over-simplified isochrone-based age sepa-

ration is sufficient to separate the young/old populations.

Because Martig et al. (2016) did not cross-calibrate their

ages with PARSEC isochrones, the age values in Figure 3

are not necessarily consistent with those in Figure 2.

2.3 The Final Sample

We further select RC stars close to the Galactic mid-

plane with the criterion |z| < 1 kpc, where z is the verti-

cal height above or beneath the mid-plane. To ensure that

stellar parameters applied in the above data selection are

reliable, we only select stars with signal-to-noise ratio

larger than 10. Finally, we obtain 62 813 old and 29 118

young RC stars.

Figure 4 displays the spatial distributions of the old

(in left panels) and young (in the right panels) RC stars

in Galactocentric cylindrical coordinates. Figure 5 repre-

sents the sample distribution in the l vs. b plane. The stars

are mainly towards the Galactic anti-center.

3 METHOD

Ideally, to obtain the in-plane velocity of the Galactic

disc, we need to know the tangential velocity as well

as the line-of-sight velocity for the tracers. In practice,

as shown in Figure 4, lots of the samples are too far to

have reliable proper motions. Therefore, we cannot di-

rectly obtain the tangential velocities for them. However,

we can obtain 〈vR〉, 〈vφ〉and 〈vz〉 at given Galactocentric

radius R through the velocity de-projection technique.

3.1 The Velocity De-projection Approach

Given a star, the line-of-sight velocity can be obtained

from

vlos = −vR cos(l + φ) cos b + vφ sin(l + φ) cos b

+vz sin b − v⊙,los, (1)

where l, b and φ are Galactic longitude, latitude and az-

imuth angle with respect to (w.r.t.) the Galactic center

(GC), respectively.

The line-of-sight velocity for the star of interest

should follow the underlying distribution function at the

position of the star, i.e. (R, φ, Z). Then the expectation

of the line-of-sight velocity at the position, denoted as

E(vlos|R, φ, z), turns out to be

E(vlos|R, φ, z) = −E(vR|R, φ, z) cos(l + φ) cos b

+E(vφ|R, φ, z) sin(l + φ) cos b

+E(vz|R, φ, z) sin b − v⊙,los. (2)

Because of the existence of the bar and spiral arms,

the Galactic disc should not be kinematically axisym-

metric. Then the three velocity components, vR, vφ and
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Fig. 4 The spatial density distribution, in Galactocentric cylindrical coordinates, for the old (left column) and young (right column)

RC populations. The color contours represent the number density of stars with levels from 50 to 500 stars per bin with a step of 50.

Fig. 5 Distribution of the sample in the l vs. b plane.

vz , should vary with φ, although the variations may be

small within ∼ 20◦ (the angle over which the data sam-

ples essentially span φ). Mathematically, we can approx-

imate each term of E(v|R, φ, z) through Taylor expan-

sion. Given that the variation of velocity with φ (i.e.

the derivative of velocity about φ) is small, the averaged

value can be obtained by ignoring all the terms higher

than 1 in the Taylor expansion and only keep the zeroth-

order term, which is constant about φ.

Similarly, because the data samples only cover |z| <

1 kpc, we take the zeroth-order approximation of the

three velocities with respect to z and finally obtain

E(vlos|R, φ, z) ≈ −E(vR|R) cos(l + φ) cos b

+E(vφ|R) sin(l + φ) cos b

+E(vz |R) sin b − v⊙,los. (3)

Note that Bond et al. (2010) and Smith et al. (2012) found

that, in the solar neighborhood, vφ decreases with Z .
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Therefore, E(vφ|R) should not be the value at z = 0, but

takes a value between vφ(R, z = 0) and vφ(R, z = ±1),

because of the averaging over z.

Moreover, Carlin et al. (2013) showed that 〈vR〉 and

〈vz〉 also vary with z. Again, such slightly asymmetric

motions are ignored in Equation (3) through the zeroth-

order approximation.

Finally, at a small R bin, the three expected velocity

components can be statistically derived from one dimen-

sional vlos of a bunch of stars located within the R bin,

if only stars in the bin span a large angle, and their vlos

can provide lots of directions on the sky. In the rest of the

paper, we denote the three averaged velocities at R bin as

〈vR〉, 〈vφ〉 and 〈vz〉. Although the zeroth-order approx-

imation ignores a lot of detailed variations in the veloc-

ities, the method can still be very useful in investigating

the asymmetric motion along R.

Solar motion about the GC projected to the line of

sight can be written as

v⊙,los = U⊙ cos l cos b + (v0 + V⊙) sin l cos b

+W⊙ sin b, (4)

where U⊙, V⊙ and W⊙ are the three components

of the solar motion w.r.t. the local standard of rest

(LSR) and v0 is the circular speed of the LSR.

We adopt the solar motion as (U⊙, V⊙, W⊙) =

(9.58, 10.52, 7.01)km s−1 (Tian et al. 2015), the dis-

tance of the Sun to the GC as R0 = 8 kpc and the circular

speed of LSR as v0 = 238 km s−1 (Schönrich 2012).

Although McMillan & Binney (2009) found that the

de-projection can induce systematic bias in the velocity

ellipsoid, especially the cross-terms, Tian et al. (2015)

demonstrated that the de-projection approach can repro-

duce the first-order momenta well, i.e. the mean velocity

components, without taking into account bias due to the

spatial sampling.

3.2 Method Validation with the Mock Data

Before we apply the velocity de-projection method to

the observed data, we run a Monte Carlo simulation to

validate the method using a mock dataset. The mock

dataset borrows the three dimensional (3D) spatial posi-

tions from the observed RC samples so that it can reflect

the same spatial sampling as the survey. The 3D veloc-

ities of the mock stars are randomly drawn from a pre-

defined velocity distribution function such that we can

compare the resulting mean velocities derived from the

de-projection method with the pre-defined “true” values.

Moreover, since we use the same spatial positions for the

observed RC stars, the test is also able to derive the un-

certainties of the mean velocity components induced by

spatial sampling of the survey.

For each mock star, we draw an arbitrary velocity

vector from a 3D Gaussian distribution with the peak

value of (vR, vφ, vz) = (0, 200, 0) km s−1and dispersion

of (σR, σφ, σz) = (35, 25, 20) km s−1. Then, for each R

bin we determine the most likely 〈vR〉, 〈vφ〉and 〈vz〉 and

their uncertainties using a Markov chain Monte Carlo

(MCMC) simulation1. We repeatedly produce 50 sets of

the mock dataset with different random velocities drawn

from the same Gaussian distribution. The final mean in-

plane velocities as functions of R are shown in Figure 6

for the mock data that mimic the young and old popula-

tions. The top panel shows the mean radial velocity as a

function of R for the mimic young (blue asterisks) and

old (red circles) mock stars. The de-projection-derived

〈vR〉 for both populations reproduces the true value of

〈vR〉 well, which is zero. The error bars at various R

bins are the standard deviations of 〈vR〉 for the 50 sim-

ulations. The first two points at R < 8 kpc show larger

errors, because the lines of sight for the stars in these bins

are less sensitive to the radial velocity.

The bottom panel shows the test result for the az-

imuthal velocity. Again, the de-projection-derived 〈vφ〉
follows the “true” value of 200 km s−1 well. Compared

with 〈vR〉, the error bars of 〈vφ〉 are slightly larger be-

cause the observed RC stars expand in a much smaller

range in the azimuth angle near the Galactic anti-center

direction and thus they are less sensitive to the azimuthal

velocity.

Nevertheless, this test illustrates that the velocity de-

projection approach is feasible for deriving 〈vR〉 and

〈vφ〉 with moderate uncertainties due to spatial sampling

of the survey.

To assess whether the presumption of a 3D Gaussian

velocity distribution affects the de-projection, we further

run a more realistic test using a torus model-based non-

Gaussian velocity distribution. The result of the second

test, which is briefly described in Appendix A, shows no

significant difference with the first one.

4 RESULTS

Tian et al. (2015) claimed that the LAMOST line-

of-sight velocity is systematically smaller than the

1 We use the emcee code to run the MCMC (Foreman-Mackey et al.

2013).
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Fig. 6 The mean in-line velocities and their uncertainties derived from the velocity de-projection for the mock data. The top panel

shows the variation of 〈vR〉 with R and the bottom shows the variation of 〈vφ〉 with R. The red and blue lines are the estimated

velocities from mimic old and young RC samples, respectively. The black lines indicate the input values when generating the mock

data.
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Fig. 7 The top-left panel displays the variation of 〈vR〉 for the young (blue) and old (red) RC stars. The green dashed values

indicate the zero line. The bottom-left shows the variation of 〈vφ〉 for both populations. The green dashed line indicates 238 km s−1

as a reference. The top-right panel shows the differential radial velocity (Young - Old) along R, and the bottom-right panel shows

the differential azimuthal velocities as a function of R. The cyan vertical solid and dashed lines in all panels mark the locations of

spiral arms (Reid et al. 2014). The corresponding values in all four panels are also specified in Table 1.



H. -J. Tian et al.: The Peculiar Velocities in the Outer Disc 114–9

Table 1 The Mean in-plane Velocities in Each R Bin for the Young and Old RC Stars

R Num. of stars 〈vR〉 ∆〈vR〉 〈vφ〉 ∆〈vφ〉

(kpc) (km s−1) (km s−1)

Young Old Young Old Young – Old Young Old Young – Old

7.75 1617 4882 −11.48 ± 5.66 −6.67 ± 3.72 −5.13 ± 6.77 232.48 ± 2.33 227.08 ± 1.98 5.45 ± 3.06

8.25 2851 7793 −5.11 ± 2.03 −4.20 ± 1.42 −1.29 ± 2.48 233.09 ± 0.66 226.66 ± 0.72 6.99 ± 0.98

8.75 6003 13827 −0.84 ± 0.67 −1.23 ± 0.49 0.09 ± 0.83 226.60 ± 0.58 222.30 ± 0.59 4.29 ± 0.83

9.25 8935 19647 1.27 ± 0.54 1.11 ± 0.43 −0.10 ± 0.69 227.63 ± 0.82 222.35 ± 0.58 5.74 ± 1.00

9.75 8744 18508 4.51 ± 0.51 3.12 ± 0.48 1.18 ± 0.70 223.30 ± 0.91 218.75 ± 0.82 4.67 ± 1.22

10.25 7726 15444 7.09 ± 0.57 4.77 ± 0.46 2.35 ± 0.73 221.41 ± 1.00 217.84 ± 0.93 3.43 ± 1.37

10.75 6403 12588 7.62 ± 0.70 4.54 ± 0.45 3.06 ± 0.83 221.12 ± 1.33 218.90 ± 1.23 1.74 ± 1.81

11.50 4406 8678 8.11 ± 0.64 4.75 ± 0.41 3.29 ± 0.76 227.22 ± 1.03 224.57 ± 0.92 2.20 ± 1.38

12.50 1977 4063 7.77 ± 0.77 5.79 ± 0.49 1.97 ± 0.91 232.54 ± 2.11 231.58 ± 1.85 0.65 ± 2.81

13.50 693 1413 6.63 ± 1.28 5.93 ± 0.98 0.87 ± 1.61 243.40 ± 4.61 236.49 ± 4.09 6.12 ± 6.16

14.50 264 536 6.99 ± 2.49 3.22 ± 1.42 3.77 ± 2.87 241.98 ± 8.11 248.95 ± 5.73 −6.97 ± 9.93

APOGEE measure by 5.7 km s−1 for unclear reasons.

Thus, we add 5.7 km s−1 to the line-of-sight velocity for

all the RC stars before deriving the mean in-plane veloc-

ity components.

We then apply the velocity de-projection technique

to the observed dataset and obtain the 3D mean velocity

components at each R bin, as shown in the left panels of

Figure 7. Meanwhile, all the data shown in the plots are

also listed in Table 1.

In this work, we only focus on the in-plane veloc-

ities, i.e. 〈vR〉 and 〈vφ〉. It is worth noting that the ve-

locity de-projection also produces the mean vertical ve-

locity. However, since this work mainly focuses on the

particular velocities in the Galactic mid-plane, more in-

vestigations on the vertical velocity will be discussed in

another work (Liu et al. in preparation).

4.1 Radial Variation of 〈vR〉

The top-left panel of Figure 7 shows the radial variation

of 〈vR〉 for both the young (blue lines) and old (red lines)

RC stars. The error bars are composed of two parts: the

uncertainty of the derived 〈vR〉 from the MCMC proce-

dure (the error induced by the method) and the uncer-

tainty of the spatial sampling obtained from the Monte

Carlo simulation mentioned in Section 3.2 (see Fig. 6).

The most prominent feature displayed in the panel

is that 〈vR〉 is oscillating along R for both populations:

〈vR〉 is negative at R <∼9 kpc, but it becomes positive be-

yond R ∼ 9 kpc.

The overall trend in the radial variation of 〈vR〉 for

both RC populations is quite consistent with Bovy et al.

(2015), who mapped the line-of-sight velocity into the

X-Y plane using APOGEE RC stars (see their figure

2). If we only focus on about 1 kpc around the Sun, the

variation of radial velocity with R is also in agreement

with Siebert et al. (2011a). At the location of the Sun,

their vR reads about −7 ∼ −24 km s−1, while we de-

rive about −6 km s−1 for the young RC stars. We then

look at the variation of 〈vR〉 from Carlin et al. (2013)

and find that at R <∼9 kpc, their radial velocities are about

−10 km s−1 and at R & 9 kpc, their radial velocity in-

creases to about −5 km s−1. The increase of 〈vR〉 with

increasing R in their result is similar to this work, but the

values of velocity shift by about −10 km s−1 compared

to our result. Notice that Carlin et al. (2013) measured

the radial velocity from the combination of line-of-sight

velocities and proper motions, and complicated system-

atics may be responsible for the offset. Moreover, Carlin

et al. (2013) did not correct the LAMOST DR1 derived

line-of-sight velocities by adding 5.7 km s−1 for the sys-

tematic offset.

Although the overall trends and cross-zero points of

the radial profile of 〈vR〉 for the young and old popula-

tions are quite similar, they exhibit a difference in am-

plitude of 〈vR〉 at different R. The top-right panel of

Figure 7 shows the differential radial velocity derived by

subtracting the velocities of the old population from that

of the young. At R < 8 kpc, the radial velocity of the

young population is smaller than that of the old by about

5 km s−1 with large uncertainty. When 8 < R < 9.5 kpc,

the radial velocities of the two populations are roughly

the same. However, when 9.5 < R < 13 kpc, the radial

velocity of the young population is larger than that of the

old by at most 3 km s−1, and subsequently shows a bump

∆〈vR〉 between R ∼ 9.5 and 13 kpc. When we super-

pose the locations of the spiral structures, i.e. the Local,

Perseus and Outer Arms (Reid et al. 2014), it shows that
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the bump ∆〈vR〉 happens between the two spiral arms:

Perseus and Outer Arms.

4.2 Radial Variation of 〈vφ〉

The stars are mainly located in the Galactic anti-center,

but still extend over a large range in l as shown in

Figure 5, so 〈vφ〉 can be effectively constrained, just not

as well as 〈vR〉 in Equation (3). The bottom-left panel

of Figure 7 displays the radial profiles of 〈vφ〉 for the

young (blue line) and old (red line) RC stars. As a ref-

erence, the dashed horizontal line indicates the velocity

of 238 km s−1, which is the adopted circular speed in the

solar neighborhood.

The radial profile of 〈vφ〉 shows different trends at

different radii. In the region of R <∼10.5 kpc, the mean

azimuthal velocities for both the young and old popu-

lations mildly decrease by ∼10 km s−1. Beyond R ∼
10.5 kpc, the mean azimuthal velocities for both popu-

lations increase to 240–245 km s−1 at R ∼ 13 kpc.

Such a U-shaped profile is quite consistent with the re-

sult from Liu et al. (2014a), who used the primary RC

stars to reconstruct in-plane kinematics of the Galactic

outer disc.

The bottom-right panel of Figure 7 displays the ra-

dial profile of differential mean azimuthal velocities,

∆〈vφ〉, which is derived from the subtraction of 〈vφ〉
for the old stars from that for the young stars. It can be

seen that ∆〈vφ〉 mildly declines from about 5 km s−1at

R ∼ 8 kpc to about zero at around 12 kpc.

5 DISCUSSION

5.1 The Radial Profile of the Radial Velocity

Previous works have demonstrated that velocity waves

perturbed by the spiral structures are always spatially

correlated with spiral arms (Siebert et al. 2012; Faure

et al. 2014; Grand et al. 2015). The oscillation in radial

velocity, however, does not show such kind of correla-

tion with any spiral arm in the outer disc. On the other

hand, perturbation from the merging dwarf galaxies, e.g.

the Sgr dwarf, may raise a vertical wave (Gómez et al.

2013) but may not intensively affect the in-plane veloc-

ity. Therefore, the oscillation may neither be induced by

the spiral arms nor by the merging dwarf galaxies.

Then, we consider whether it is the Galactic bar that

induces such a peculiar velocity in the outer disc.

According to previous works, e.g. Binney &

Tremaine (2008) and Dehnen (2000), the stellar orbits

are different inside and outside OLR when the pertur-

bation of the rotating bar is taken into account. Within

OLR the major-axis of the stellar orbits aligns with the

minor-axis of the bar, but it aligns with the major-axis

when it is located outside OLR. Notice that our sam-

ples are roughly concentrated in the Galactic anti-center

direction with a moderate expansion in the azimuth di-

rection, so the specific angle from the major-axis of the

bar to the GC-Sun radial line leads to non-zero radial ve-

locity for these two types of orbits. For the one within

OLR, the velocity component projected to the Galactic-

anti-center direction (i.e. the radial velocity) may show

a negative value, while for the one outside OLR, the ra-

dial velocity will show a positive value. The cartoon in

Figure 8 demonstrates that the radial velocity projected

to the GC-Sun line is negative within OLR and positive

outside OLR.

At around OLR, where both of the two types of or-

bits overlap, the negative and positive radial velocities of

the different orbits may cancel each other at some radius,

and consequently, show a zero radial velocity.

Therefore, the radius of the cross-zero point should

be quite close to the OLR of the Galactic bar. However,

because the samples used in this work are not extremely

cold and the contribution to the cross-zero point from the

inner and outer disc orbits may be related to the distri-

bution of the disc populations and selection effect of the

LAMOST survey, it is not trivial to infer an accurate po-

sition of the OLR from this point. Then, we can only give

a coarse approximation of the OLR using the cross-zero

radius, which is around 9 kpc. This is consistent with

the result of López-Corredoira & González-Fernández

(2016). They found the average Galactocentric radial ve-

locity is a linear function of R in the range of 5 < R <

16 kpc, and measured a cross-zero radius of 8.8±2.7kpc

using around 3000 APOGEE RC giants.

According to Binney & Tremaine (2008), at OLR we

have

(Ω − Ωp) = −κ

2
, (5)

where Ω and κ are the azimuthal and radial frequencies,

respectively. For the orbits with very low eccentricity, the

epicyclic approximation gives

κ2 =

(

R
dΩ2

dR
+ 4Ω2

)

. (6)

The first term turns out to be −2Ω2 when the circular

speed is flat. Then we obtain κ =
√

2Ω. Bringing this

back to Equation (5), the pattern speed can be written
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Fig. 8 This cartoon demonstrates the two different stellar orbits inside (blue curve) and outside (red curve) OLR. The red and blue

straight lines represent the major axes of the two orbits, respectively. The arrows indicate the velocity vectors in the Galactic anti-

center direction. φb is the angle of the bar from the GC-Sun baseline, while φa is angle of the minor axis of the bar. The locations

of OLR and the Sun are marked as the black dashed circle and asterisk, respectively.

as Ωb = (1 +
√

2/2)Ω. It is worthwhile to point out

that the approximation is only valid when the stellar or-

bits are nearly-circular so that they can be separated into

two harmonic oscillations in azimuthal and radial direc-

tions, respectively. Adopting that the circular speed is

238 km s−1 and ROLR is ∼ 9 kpc, we obtain that the pat-

tern speed of the bar should be around 45 km s−1 kpc−1.

Alternatively, if the circular speed of 220 km s−1 is cho-

sen, the patten speed becomes 42 km s−1 kpc−1. This

approximation is quite comparable with previous esti-

mations (Gerhard 2011; Long et al. 2013; Wang et al.

2013). It is noted that Pérez-Villegas et al. (2017) com-

pare the Hercules stream with their dynamical model

and found that when the model adopts the pattern speed

of 39 km s−1 kpc−1 for the bar, a Hercules stream-like

velocity distribution can be reproduced well from their

model. Although the cross-zero radius may not accu-

rately reflect the location of the OLR, our estimate of the

pattern speed is still quite close to their preferred value.

5.2 The Radial Profile of the Azimuthal Velocity

Unlike the radial velocity, the U-shape of the profile

of azimuthal velocity shown in the bottom-left panel of

Figure 7 is more complicated to explain. First, the pertur-

bation induced by the bar may not produce any peak or

dip in 〈vφ〉 at around OLR if the amplitude of the in-plane

velocity is roughly flat at both sides of OLR. Second,

recalling that the derived 〈vφ〉 using the de-projection

method is averaged over z, different vertical gradients

of vφ at different R may alter the radial profile of 〈vφ〉.
Third, vφ highly depends on the orbital angular momen-

tum, whose variation with R in the Galactic outer disc

is not clear. Finally, if the outer disk is lopsided (Rix

& Zaritsky 1995), and the Galactic anti-center direction

happens to point to the near end of the lopsidedness, then

〈vφ〉 could also show large values. For these reasons, we

cannot give any clear explanations about the interesting

U-shaped profile of 〈vφ〉. It would be quite interesting if,

in the future, one can compare the radial profiles of vφ at

different azimuth angles.

5.3 The Radial Profiles of the Differential Radial

and Azimuthal Velocities

The roughly same cross-zero points for the young and

old populations imply that the two populations respond

to the perturbation induced by the bar in a similar way.

Normally, one would expect that the younger popula-

tion, which is also kinematically colder, should be more

sensitive to the perturbation. Indeed, the non-zero dif-

ferential 〈vR〉 does show that the amplitude of the non-

axisymmetric radial motion for the younger population

is larger than the older one by about 3 km s−1.

However, at R ∼ 13.5 kpc, ∆〈vR〉 decreases to

around zero. Such a dip may be related to the Outer Arm.
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But the relatively larger error bar at R > 13 kpc implies

that the statistics may not be quite robust. Further investi-

gation with more data samples and thus smaller error bar

and better spatial resolution is required.

In the bottom-right panel of Figure 7, ∆〈vφ〉 shows

a declining trend with R. This is likely because the angu-

lar momenta of both the younger and older populations

tend to be similar in the outer disc.

6 CONCLUSIONS

In this work, we develop a novel method to purify the

LAMOST RC stars and separate them into two groups

with different ages. Wan et al. (2015) released a sample

of RC stars from LAMOST, but the sample is contami-

nated by a small fraction of RGB stars. Through building

the [Fe/H]-Mgb density map, the RC sample is purified

up to 97%, and the RGB contamination is reduced by

only ∼ 2%. Because of the different evolutionary tracks,

the positions for the two types of stars in the Teff-log g di-

agram are slightly different. With the help of isochrones,

we separate the RC stars into young (< 2 Gyr) and old

(> 2 Gyr) groups within the different metallicity bins.

Then, with the de-projection approach, we present

the peculiar in-plane velocities derived from LAMOST

RC stars with different ages. From variations of the in-

plane velocities with Galactocentric radius for the young

and old populations, we discover that: 1) both RC pop-

ulations show that the radial velocity is negative within

R ∼ 9 kpc and positive beyond; 2) the young RC stars

show larger mean radial velocity than the old popula-

tion by about 3 km s−1 between R ∼ 9 and 12 kpc; 3)

the radial profile of 〈vφ〉 displays a U-shape in the outer

disc; and 4) the younger population shows larger mean

azimuthal velocity than the older one by about 5 km s−1

at R ∼ 8 and then its 〈vφ〉 gradually decreases with R

and shows similar values with the older population at

R ∼ 12 kpc.

The perturbation induced by the bar may be a pos-

sible explanation for the oscillation of radial velocity in

both populations. The differential velocities between the

younger and older populations may be related to the dif-

fering extents of response to the oscillation in the two

populations.

The U-shaped profile of 〈vφ〉 is extremely interest-

ing without any sensible explanation in this work. We

propose to further investigate this issue by looking at the

radial profile of the azimuthal velocity at different φ in

the future.
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Appendix A: VALIDATION OF THE MODEL

WITH NON-GAUSSIAN VELOCITY

DISTRIBUTION

It is well known that the velocity distribution, especially

the azimuthal component, is not Gaussian in the disc.

In order to apply a more robust test of the velocity de-

projection method, we consider a set of mock stars with

a more realistic non-Gaussian velocity distribution.

We first generate the 3D velocity distribution at

the bins with R = 8.5, 9.5, . . . , 13.5 kpc and z =

−0.75,−0.25, +0.25 and +0.75 kpc (see Fig. A.1) based

on the torus model from Binney (2012). Given the spa-

tial position of each star in our samples, we randomly

draw the three velocity components from the nearest ve-

locity distribution. We draw 50 datasets and calculate

〈vR〉 and 〈vφ〉 directly from the three velocity compo-

nents and show them with red lines in Figure A.2. Then

we run the velocity de-projection method to derive 〈vR〉
and 〈vφ〉 from the mock line-of-sight velocities. The de-

rived results for the 50 simulations are shown as black

lines in Figure A.2. It is seen that there is no significant

systematic bias between the de-projection derived veloc-

ities and the directly-computed ones, except for 〈vR〉 at

R ∼ 8 kpc, at which the derived 〈vR〉 is larger by about

0.5 km s−1. Such a systematic value would not affect our

final result.
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Fig. A.1 The velocity distributions at the spatial bins with R = 8.5, 9.5, . . . , 13.5 kpc and z = −0.75, −0.25, +0.25 and

+0.75 kpc. The left, middle and right columns show the distributions of vR, vφ and vz , respectively. From top to bottom rows are

R = 8 − 9, 9 − 10, . . . , 13 − 14 kpc, respectively. In each panel, the dashed blue, solid blue, solid red and dashed red represent

z = −0.75, −0.25, +0.25 and +0.75 kpc respectively.

Fig. A.2 The de-projected vR (top panel) and vφ (bottom panel) derived from line-of-sight velocities of the 50 sets of mock stars

are displayed with black lines. The directly computed 〈vR〉 and 〈vφ〉 for the 50 sets of mock stars are displayed with red lines.
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