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ABSTRACT

Aims. We construct the rotation curve of the Milky Way in the extended solar neighbourhood using a sample of Sloan Extension for
Galactic Understanding and Exploration (SEGUE) G-dwarfs. We investigate the rotation curve shape for the presence of any peculiar-
ities just outside the solar radius as has been reported by some authors.
Methods. Using the modified Strömberg relation and the most recent data from the RAdial Velocity Experiment (RAVE), we deter-
mine the solar peculiar velocity and the radial scale lengths for the three populations of different metallicities representing the Galactic
thin disc. Subsequently, with the same binning in metallicity for the SEGUE G-dwarfs, we construct the rotation curve for a range of
Galactocentric distances from 7 to 10 kpc. We approach this problem in a framework of classical Jeans analysis and derive the circular
velocity by correcting the mean tangential velocity for the asymmetric drift in each distance bin. With SEGUE data we also calculate
the radial scale length of the thick disc taking as known the derived peculiar motion of the Sun and the slope of the rotation curve.
Results. The tangential component of the solar peculiar velocity is found to be V� = 4.47 ± 0.8 km s−1 and the correspond-
ing scale lengths from the RAVE data are Rd(0< [Fe/H]< 0.2) = 2.07 ± 0.2 kpc, Rd(−0.2< [Fe/H]< 0) = 2.28 ± 0.26 kpc and
Rd(−0.5< [Fe/H]<−0.2) = 3.05 ± 0.43 kpc. In terms of the asymmetric drift, the thin disc SEGUE stars are demonstrated to have
dynamics similar to the thin disc RAVE stars, therefore the scale lengths calculated from the SEGUE sample have close values:
Rd(0< [Fe/H]< 0.2) = 1.91 ± 0.23 kpc, Rd(−0.2< [Fe/H]< 0) = 2.51 ± 0.25 kpc and Rd(−0.5< [Fe/H]<−0.2) = 3.55 ± 0.42 kpc. The
rotation curve constructed through SEGUE G-dwarfs appears to be smooth in the selected radial range 7 kpc < R < 10 kpc. The
inferred power law index of the rotation curve is 0.033± 0.034, which corresponds to a local slope of dVc/dR = 0.98± 1 km s−1 kpc−1.
The radial scale length of the thick disc is 2.05 kpc with no essential dependence on metallicity.
Conclusions. The local kinematics of the thin disc rotation as determined in the framework of our new careful analysis does not
favour the presence of a massive overdensity ring just outside the solar radius. We also find values for solar peculiar motion, radial
scale lengths of thick disc, and three thin disc populations of different metallicities as a side result of this work.
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1. Introduction

The measurement of the Galactic rotation curve provides a
powerful tool for constraining the mass distribution in the Milky
Way and enters various branches of Galactic kinematics as an
essential ingredient.

The measurement of the rotation curve inside the solar orbit
at R0 can be done without even knowing the distances to the
tracers. Spectroscopic observations of HI regions and molecu-
lar clouds emitting in the radio range yield their line-of-sight
velocities, which under the assumption of the circularity of orbits
can be converted to the circular velocities purely geometrically.
Though this technique known as the tangent point method (TPM,
Binney & Tremaine 2008) provides a relatively accurate mea-
surement of the inner rotation curve, it loses its applicability
(1) at small Galactocentric distances R < 5 kpc, where the
bar starts to dominate (however, see Wegg et al. 2015 for a
recent long bar model) and therefore the orbits can significantly
deviate from circular ones (Sofue et al. 2009) and (2) in the
outer disc for R > R0, where the distances to the tracers can-
not be derived from a simple geometry. Furthermore, even in
the “good” range of Galactocentric distances, 5 kpc < R < R0,
the reliability of the TPM may be questionable as was shown
by recent studies, which consider the spiral structure in galac-
tic discs (Chemin et al. 2015, 2016). In order to probe the outer
rotation curve, one is obligated to determine distances to the
tracers. The distance uncertainties together with the decrease
of tracers’ density with increase of R explain why the outer
rotation curve is known less confidently than its inner part.
However, very long baseline interferometry (VLBI) provides
high-accuracy measurements of parallaxes and proper motions
of young star-forming regions and covers a broad range of Galac-
tocentric distances giving a strong constraint on the shape of
the rotation curve (Reid et al. 2014). Still, due to the variety of
techniques, difficulties in obtaining the accurate 6D dynamical
information on coordinates and velocities, change in methodol-
ogy at R = R0 if one relies on the TPM inside the solar radius, the
rotation curves determined by different authors are not in perfect
agreement (Bland-Hawthorn & Gerhard 2016).

Sofue et al. (2009) presented a comprehensive analysis of
previous measurements of the outer rotation curve, including
data for HII regions and C stars, as well as points obtained by the
HI-disc thickness method and VLBI observations. The authors
claimed a dip in the rotation curve between 7 and 11 kpc from
the Galactic centre, which they attribute to the presence of a ring
of stellar overdensity in the Galactic disc influencing the gravi-
tational potential. The dip is centred at 9 kpc, where the circular
velocity drops by ∼15 km s−1. Huang et al. (2016) also found a
similar depression in the rotation curve obtained from stars of the
Sloan Digital Sky Survey III’s Apache Point Observatory Galac-
tic Evolution Experiment (SDSS/APOGEE, Eisenstein et al.
2011) and the Large Sky Area Multi-Object Fiber Spectroscopic
Telescope (LAMOST) Spectroscopic Survey of the Galactic
Anti-centre (LSS-GAC, Liu et al. 2014). Kafle et al. (2012) used
blue horizontal branch stars to construct a rotation curve, which
also has a dip, although at bigger radii; about 11 kpc. In contrast
to these results, López-Corredoira (2014), who studied proper
motions of disc red clump giants, obtained a flat rotation curve
without any dip, although the errors still remain substantial. Hav-
ing analysed a sample of APOGEE stars covering the range of
Galactocentric distances 4–14 kpc, Bovy et al. (2012a) arrived at
the same conclusion – the authors found that the rotation curve
is approximately flat. Another flat rotation curve was obtained

by Reid et al. (2014) by studying high-mass star-forming
regions.

These apparently contradictory results show that a more
detailed study of the local Galactic rotation curve is strongly
warranted. Now, with the abundant data for distances and veloc-
ities of millions of stars from photometric and spectroscopic
surveys of the last decade, the situation is more encouraging.
However, as we show in this paper, the solution of this task is not
straightforward: while deriving the mean rotation velocity from
the kinematic data, one must carefully account for the asym-
metric drift correction, which itself requires some knowledge or
plausible assumptions about the Galactic potential. Because of
this inter-dependence between the input and output, we have to
approach the problem of the rotation curve reconstruction in an
iterative and consistent way.

This paper is organised as follows. Section 2 describes the
data samples and the selection criteria. Section 3 contains the
basics of our analytic approach in the most general form. Then
we apply it in two consequent steps. First, we investigate the
peculiar motion of the Sun with the local data from the RAdial
Velocity Experiment (RAVE, Steinmetz et al. 2006). This anal-
ysis is presented in Sect. 4. In the second step in Sect. 5 we
construct the rotation curve of the extended solar neighbour-
hood using the sample of G-dwarfs from the Sloan Extension for
Galactic Understanding and Exploration (SEGUE, Yanny et al.
2009). In Sect. 6 we summarize our findings, discuss depen-
dencies on the assumed constants and parameters, and present
our conclusions. Our treatment of the tilt term of the velocity
ellipsoid is discussed in Appendix A.

2. Data samples

Our analysis is performed in two steps. Firstly, we re-analyse the
determination of the peculiar motion of the Sun and the radial
scale lengths of the three thin disc populations in the framework
of the approach of Golubov et al. (2013), but based on the most
recent data release of RAVE (DR5, Kunder et al. 2017) and a
more careful treatment of the asymmetric drift correction (see
Sect. 4). RAVE is a kinematically unbiased spectroscopic survey
with medium resolution (R∼ 7500), which provides line-of-sight
velocities, stellar parameters, and element abundances for more
than 520 000 stars. In RAVE DR5, improved stellar parame-
ters and abundances were published and McMillan et al. (2018)
derived new distances taking into account the parallaxes of the
Tycho-Gaia Astrometric Solution (TGAS) from the first Gaia
data release (Gaia DR1, Gaia Collaboration 2016). Together with
the proper motions from UCAC5 (The fifth US Naval Observa-
tory CCD Astrograph Catalog, Zacharias et al. 2017) provided
for most of the RAVE DR5 stars, this sample constitutes the basis
of the most reliable local kinematic dataset to date. From this
sample we select stars at Galactic latitudes |b| > 20◦ (to avoid
the necessity to consider extinction), belonging to the stripe with
0.75 < K − 4(J − K) < 2.75 on the colour-magnitude diagram
(CMD) constructed with 2 Micron All Sky Survey photometry
(2MASS, Skrutskie et al. 2006) (to select the main sequence and
obtain a more uniform population of stars; Fig. 1, left panel),
with a signal-to-noise ratio (S /N)≥ 30, relative distance errors
δd/d < 0.5, errors in proper motions δµ < 10 mas yr−1 and line-
of-sight velocities δVlos < 3 km s−1. To select a cleaner thin disc
sample we also use RAVE abundances and take only stars with
[Mg/Fe]< 0.2 (Wojno et al. 2016). Our final RAVE sample con-
tains 23 478 stars. Being very local (Fig. 2, top panel), RAVE
data cannot be directly employed for the reconstruction of the
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Fig. 1. Colour-magnitude dia-
grams of the whole RAVE
and SEGUE G-dwarf data from
2MASS and SDSS photometry,
respectively. The applied cuts
are shown in black lines.

rotation curve, but rather are used for the purpose of investigating
the solar peculiar motion.

In the second step we use a sample of G-dwarfs from
SEGUE, a low-resolution (R∼ 2000) spectroscopic sub-survey
of SDSS. The sample contains 40 496 G-dwarfs with photomet-
ric parallaxes measured by Lee et al. (2011) with an accuracy
of better than 10% for individual stars. For our analysis we
select stars with S /N ≥ 30 (to ensure good accuracy of the spec-
troscopic data), colour index 0.48 ≤ g − r ≤ 0.55 (to obtain
a more uniform sample; most stars from the initial sample
belong to this colour range anyway), and absolute magnitude
Mg > 4.5 mag (which when combined with the colour cut, neatly
selects the main sequence; Fig. 1, right panel). We separate the
sample into the thin disc with [α/Fe]< 0.25, |z| < 1.5 kpc and
the thick disc with [α/Fe]> 0.25, |z| < 2 kpc and [Fe/H]>−1.2
(to decrease contamination by halo stars). After applying all the
selection criteria, 10 700 stars remain in the thin disc, and 7040
stars in the thick disc samples. SEGUE data extend over the
range of Galactocentric distances of 7–10 kpc (Fig. 2), which
makes them suitable for the local rotation curve analysis.

The tangential velocities υφ of the SEGUE stars rely on
measurements of line-of-sight velocities and proper motions
with distances to individual stars. Radial velocities and proper
motions are obtained using different observational techniques,
meaning that they have different accuracies (about 3 km s−1 for
line-of-sight velocities and 3–4 mas yr−1 for proper motions,
which at a distance of 2 kpc from the Sun converts to a
∼30–40 km s −1 error) and might suffer from essentially differ-
ent systematic error. The relative contributions of line-of-sight
velocity υφ,los and proper motion υφ,pm terms to the resulting tan-
gential velocity υφ change with Galactocentric longitude, so it
is important to check that our data when binned in Galactocen-
tric distance are not entirely dominated by one of the terms. The
bottom panel of Fig. 2 shows the SEGUE sample (both thin and
thick disc stars selected with our criteria) projected on the Galac-
tic plane. We calculate and compare the contributions υφ,los and
υφ,pm measured relative to the solar Galactocentric velocity v�.
The contribution of the υφ,los term is negligible on the axis Sun-
Galactic centre, and in other regions values of the ratio reflect an
interplay between the direction and the speed of stellar motions.
Importantly, all longitudes are equally represented in our sample,
so in the useful range of Galactocentric distances of 7–10 kpc
we expect no bias in υφ with respect to the observational
techniques.

Fig. 2. Spatial distribution of the RAVE and SEGUE samples. Top
panel: Galactic cylindrical coordinates R and z of the final SEGUE
(both thin and thick disc stars) and RAVE data samples (only thin disc
stars). The position of the Sun at Galactocentric distance R0 = 8 kpc and
height z = 0 kpc is marked with a yellow circle. Bottom panel: whole
SEGUE sample projected on the Galactic plane. The value of φ = 0◦
corresponds to the Sun-Galactic centre axis.
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It is also important to note here that the RAVE data are
expected to be kinematically unbiased by construction (see
Wojno et al. 2017), so we do not need to worry about selection
effects while working with them. As to the SEGUE G-dwarfs,
simple selection criteria were used to construct this survey
(Yanny et al. 2009), so we expect these data to be relatively free
of kinematic bias and therefore we do not include a correction
for the selection effects for SEGUE as well. As a measure of
precaution however, before using SEGUE data for the rotation
curve reconstruction, we check our RAVE and SEGUE samples
for consistency in terms of kinematics in order to justify our
approach (see Sect. 4).

3. Jeans analysis

In this section we discuss the properties of the asymmetric drift,
when applied to a large volume in Galactocentric distance R and
height above the Galactic midplane z. The equation that we are
going to formulate here is the basis of our work.

The asymmetric drift is defined as the lag in tangential
speed of tracer populations with respect to the rotation curve,
Va = vc − vφ. The exact value of this quantity depends on stellar
population properties and varies with the position in the Galaxy.
This implies that in order to convert mean tangential velocities
vφ to the rotation curve, we need to correct them for Va. To quan-
tify the asymmetric drift we use the same notation as in Golubov
et al. (2013) and start with the radial Jeans equation for a sta-
tionary and axisymmetric system (in cylindrical coordinates and
with negligible mean radial and vertical motion):

v2
c − vφ

2
= −R

σ2
R
∂ ln(νσ2

R)
∂R

+
σ2

R − σ
2
φ

R

+σ2
Rz

∂ ln(νσ2
Rz)

∂z
+ F(R, z)

 . (1)

Here ν and σ2
R,z,φ,Rz are the tracer density and velocity ellipsoid,

vφ is the mean tangential speed of the population, vc is its circular
speed defined in the midplane and F(R, z) measures the vertical
variation of the radial force, that is,

F(R, z) ≡
∂Φ

∂R

∣∣∣∣∣
z
−
∂Φ

∂R

∣∣∣∣∣
0

; v2
c = R

∂Φ

∂R

∣∣∣∣∣
0
, (2)

where Φ is the total gravitational potential. The right-hand side
of Eq. (1) is a measure of the asymmetric drift we are interested
in. The last term vanishes at z = 0, but it should not be neglected
at z , 0. Indeed, as with the increase of height above the mid-
plane, the radial gradient of the Galactic gravitational potential
decreases, as does the measured tangential speed. This effect,
if not taken into account, can result in two biases. Firstly, the
derived circular velocity can be underestimated by a few killome-
ters per second, causing a shift of the rotation curve as a whole.
Secondly, the typical distance of stars from the midplane varies
at different Galactocentric radii due to the sample geometry (see
SEGUE sample in Fig. 2). This can cause a distortion of the rota-
tion curve, which is unacceptable as the robust reconstruction
of the shape of the local rotation curve is the very aim of this
work. The penultimate term is the well-known tilt term, which
does not vanish in general even in the midplane (see Eq. (4)
below). Since these vertical correction terms lead to a systematic
variation of the asymmetric drift increasing with |z|, we take
them into account throughout this work, even for the relatively

Table 1. Properties of the Galaxy used for calculations.

Variable Value Source

ρh� (M� pc−3) 0.014 (1)
ah (kpc) 25 –
Mb (M�) 1.1 1010 –
Σd (M� pc−2) 30 (1)
hd (pc) 300 (1)
Rd (kpc) 2.5 (2)
Σt (M� pc−2) 6 (3)
ht (pc) 800 (3)
Rt (kpc) 1.8 (4)
Σg (M� pc−2) 10 (1)
hg (pc) 100 (1)
Rg (kpc) 4.5 (5)
Rcut,g (kpc) 4.0 –

References: (1) Just & Jahreiß 2010; (2) Golubov et al. 2013; (3) Just
et al. 2011; (4) Cheng et al. 2012; (5) Robin et al. 2003.

local RAVE sample with the range of useful distances lim-
ited to ±0.5 kpc from the Sun (Fig. 2, top panel). The details
of the derivation and the assumptions made are provided in
Appendix A. Here we explain only the essential part of our
treatment of Eq. (1).

The rotation curve, which we wish to determine, depends
on the same Galactic potential. Therefore, we need to check
carefully that we are not biasing the result implicitly by adopt-
ing a special model for the potential, entering Eq. (1) through
the vertical gradients of tracer density and the radial force. We
use a five-component model of the Galaxy with a spherical
Navarro–Frenk–White (NFW) Dark Matter (DM) halo (Navarro
et al. 1995) with a local density ρh� and power law slope γh = −1,
a bulge component with mass Mb and three exponential discs for
the gas, and the thin and thick disc with local surface densities
Σi and radial and vertical scale lengths Ri and hi. The gaseous
disc has an inner hole with a radius of Rcut,g = 4 kpc. The values
of all used parameters are given in Table 1. With this Galactic
model we calculate the exact value of the vertical variation of
the radial force using the GalPot code1 (a stand-alone version of
Walter Dehnen’s GalaxyPotential C++ code, Dehnen & Binney
1998a).

In the tilt term in Eq. (1) we parametrize σ2
Rz as

σ2
Rz = η(σ2

R − σ
2
z )z/R, (3)

where the parameter η describes the orientation of the velocity
ellipsoid relative to the direction of the Galactic centre. The log-
arithmic derivative of ην(σ2

R − σ
2
z ) can be further parametrized

with some characteristic scale height hνσ (which describes the
vertical variation of the tracer density and velocity ellipsoid ori-
entation and is in general a function of R and z), leading to

σ2
Rz

∂ ln(νσ2
Rz)

∂z
= η

σ2
R − σ

2
z

R

[
1 −

z
hνσ

]
. (4)

The first term in Eq. (1) can be characterized by the radial scale
length RE (which again may depend on R and z), and therefore

1 Developed by P. McMillan and available at
https://github.com/PaulMcMillan-Astro/GalPot
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reads

σ2
R
∂ ln(νσ2

R)
∂R

= −
σ2

R

RE
. (5)

At this point we note that under the assumption of a constant disc
thickness and a constant shape of the velocity ellipsoid σ2

z/σ
2
R,

which implies ν ∝ σ2
z ∝ σ2

R, we find RE related to the radial
scale length of the tracer density ν through Rν = 2 RE = const.
We use this assumption below in order to convert the mea-
sured RE into the radial scale lengths of the subpopulations (see
Sect. 4).

Finally, we can write the Jeans equation (Eq. (1)) as

v2
c − vφ

2
= σ2

R

(
R

RE
− 1

)
+ σ2

φ

−R F(R, z) − η
(
σ2

R − σ
2
z

) (
1 −

z
hνσ

)
. (6)

This equation is still equivalent to Eq. (1). With a specification of
the parameters/functions F(R, z), η, hνσ, RE (e.g. RE independent
of R, z) we lose generality.

4. Solar motion and radial scale lengths

Before using the mean measured relative velocities of the tracer
stars to find the mean tangential velocities vφ and correct them for
the asymmetric drift, we need to correct for the peculiar motion
of the Sun (U,V,W)�, that is, to convert the velocities to the
local standard of rest. The determination of U� and W� from
the stellar kinematics in the solar neighbourhood is not a mat-
ter of difficulty. For the radial and vertical components of the
solar motion we adopt the values from Schönrich et al. (2010):
U� = 11.1 km s−1, W� = 7.25 km s−1, which are also consistent
with our data sets. In contrast, the determination of the tangential
component V� is challenging. Due to the fact that the observed
tangential motion of stellar populations is affected both by the
solar peculiar velocity and the asymmetric drift, the task of dis-
entangling them poses a problem. The classical value based on
HIPPARCOS data is V� = 5.2 km s−1 (Dehnen & Binney 1998b).
The more recent and widely used ones lie between approxi-
mately 10 and 12 km s−1 (e.g. 12.24 ± 0.47 km s−1 in Schönrich
et al. 2010). However, among recent estimates there are also
values as high as ∼24 km s−1 (Bovy et al. 2012b) indicating
that the local stellar motions could also be influenced by non-
axisymmetric Galactic features such as spiral arms (Siebert et al.
2012; Monari et al. 2016) and a bar (Dehnen 2000; Monari et al.
2017; Pérez-Villegas et al. 2017). At the lower limit, there is
V� = 3.06 ± 0.68 km s−1 found by us previously in Golubov
et al. (2013). Rather than taking an old value of V� together
with the radial scale lengths for three metallicity populations,
we re-determine them here in order to quantify the impact of
our improved analysis in combination with the new distances
and improved proper motions. To find the tangential compo-
nent V� we apply the new Strömberg relation, as in Golubov
et al. (2013), to the local RAVE data, but now including the
vertical correction terms discussed in the previous section. We
assume a Galactocentric distance of the Sun of R0 = 8 kpc,
which is consistent with Reid (1993) as well as with a more
recent study by Gillessen et al. (2009). Then adopting the proper
motion of Sgr A* from Reid & Brunthaler (2005) we get the
solar Galactocentric velocity v� = 241.6 ± 15 km s−1.

Applying Eq. (6) at R = R0 and using v0 := vc(R0) = v� − V�
and ∆V = v� − vφ, we write for the left-hand side:

v2
0 − vφ

2
= (v� − V�)2 − (v� − ∆V)2

= −∆V2 + 2v�∆V − 2v�V� + V2
�. (7)

This leads to the new version of the Strömberg relation:

V ′ = V� −
V2
�

2v�
+
σ2

R

k′
with k′ =

2RE

R0
v�, (8)

and the generalized version of V ′:

V ′ := ∆V (9)

+
σ2

R − σ
2
φ + R0F(R0, z) + η(σ2

R − σ
2
z )

[
1 − z

hνσ

]
− ∆V2

2v�
.

To make practical use of Eqs. (8) and (9), that is, to deter-
mine values of V� and RE , we need to bin our data sample into
sub-bins with different kinematics. For this purpose we sepa-
rate the RAVE sample into three subpopulations with different
metallicities and then bin each subpopulation in (J–K) colour.
The top panel of Fig. 3 shows such a binning of the squared
radial velocity dispersion σ2

R and measured velocity ∆V , which
can be calculated straightforwardly, without knowledge of V�.
One can clearly see that the kinematic properties change sys-
tematically with both metallicity and colour. Using the same
binning we plot V ′ versus σ2

R (Fig. 3, bottom panel). For simplic-
ity, we assume here that η = const. = 0.8 as derived in Binney
et al. (2014) from the RAVE data. We also treat hνσ as inde-
pendent of colour, though differing with metallicity and select
appropriate values from the disc model of Just & Jahreiß (2010;
see Appendix A). The height above the midplane z in Eq. (9) is
calculated for each metallicity-colour bin as a mean value of the
absolute z for individual stars.

As in Golubov et al. (2013) we still see the systematic dif-
ference of V ′(σ2

R) between metallicity bins, but the linear depen-
dencies show a larger scatter. The assumption that RE , similar
to hνσ, is approximately the same for all colours inside a given
metallicity bin, but differs with metallicity, allows us to derive
RE values for the three metallicity subpopulations as well as V�.
To do so we perform a simultaneous linear fit of the metallicity-
colour sequences (shown with colour-coded dashed lines in
Fig. 3, bottom panel). The inverse slopes of the fitting lines k′i
can be directly converted to RE,i, which under the assumption of
constancy of the disc thickness and the shape of velocity ellip-
soid (see Sect. 3) gives us the radial scale lengths for the selected
populations. The solar peculiar motion can be readout from the
V ′ extrapolated to zero radial velocity dispersion:

Rd,i =
R0k′i
v�

(10)

V� = v� −
√
v2
� − 2v� V ′|σ2

R=0 .

The updated value of the tangential component of the
solar peculiar motion is found to be V� = 4.47 ± 0.8 km s−1,
which translates to the local circular velocity v0 ≈ 237 ±
16 km s−1. The radial scale lengths for the metallicity bins are
Rd(0< [Fe/H]< 0.2) = 2.07 ± 0.2 kpc, Rd(−0.2< [Fe/H]< 0) =
2.28± 0.26 kpc and Rd(−0.5< [Fe/H]<−0.2) = 3.05± 0.43 kpc,
which together with V� is in agreement with our old values from
Golubov et al. (2013).
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Fig. 3. Recalculation and consistency check of the asymmetric
drift correction for the RAVE and local SEGUE data samples.
The RAVE data are recalculated using the improved distances from
McMillan et al. (2018) and UCAC5 proper motions. Top panel: σR and
∆V as functions of (J–K) 2MASS colour for different metallicity bins
(compare to Fig. 2 in Golubov et al. 2013). Bottom panel: V ′ as a func-
tion of σ2

R in view of the new Strömberg relation (Eqs. (8) and (9))
for each metallicity bin. The data points for the local G-dwarfs of
SEGUE are added as full circles. The metallicity binning for RAVE and
SEGUE data is identical and has the same colour coding. Only stars
with 7.5 kpc < R < 8.5 kpc and in the case of SEGUE with |z| < 1.5 kpc
are selected for the plot. Dashed colour-coded lines are the linear least
squares fit to the RAVE data. Black solid lines are added to readout the
radial scale lengths corresponding to the positions of the SEGUE points
and the value of V� determined from RAVE. Here and later on the error
bars are calculated using the observational errors.

Now we must check whether SEGUE stars also follow the
same trend. For this purpose we split the thin disc SEGUE
sample into the same metallicity bins and consider only stars
with Galactocentric distances 7.5 < R < 8.5 kpc. The subdivi-
sion in colours is not possible for this data set because of its
narrow colour range. Another characteristic of this sample is
that G-dwarfs are distributed over a significantly larger range
of |z| (Fig. 2, top). Furthermore, although we do not reconstruct
here the shape and orientation of the velocity ellipsoid as a func-
tion of R and z, we may roughly account for the vertical gradients
of σ2

R and σ2
z . To do so we apply Eq. (9) for the calculation of

V ′, not to the whole metallicity bin, but separately in vertical
sub-bins (|z| = 0 ... 1.5 kpc with a step of 0.5 kpc) and calculate
the resulting V ′ by taking a weighted mean of the values obtained
for different |z|.

The SEGUE points (filled circles in Fig. 3, bottom panel)
demonstrate good consistency with the RAVE data, which means
that for further analysis of the SEGUE thin disc sample we can
securely use the values of scale lengths derived from RAVE.
This is an important result, accounting for all uncertainties of
the metallicity calibration in RAVE and possible velocity biases

for SEGUE. To be even more precise we can inverse the problem
and read out scale lengths for individual points adopting the solar
peculiar velocity derived with the RAVE data. The values of Rd
calculated for the SEGUE data in such a way (see the three solid
black lines in Fig. 3, bottom panel) are: Rd(0< [Fe/H]< 0.2) =
1.91 ± 0.23 kpc, Rd(−0.2< [Fe/H]< 0) = 2.51 ± 0.25 kpc, and
Rd(−0.5< [Fe/H]<−0.2) = 3.55 ± 0.42 kpc. We use these new
values and V� = 4.47 ± 0.8 km s−1 in our further analysis.

The linearity of the asymmetric drift correction, that is, con-
stancy of Rd versus σ2

R , is still under debate. Nevertheless, even
if the asymmetric drift dependence on σ2

R in fact turns out to be
non-linear for small σ2

R (as assumed by Schönrich et al. 2010), it
will correspond to some shift in the measured circular velocity.
We do not, however, expect this shift to change drastically at dif-
ferent Galactocentric radii. To the first approximation this would
produce only a parallel displacement of the measured rotation
curve. Being interested in the general shape of the rotation curve,
not in the exact value of the rotation velocity, we apply the solar
velocity and the radial scale lengths derived by Eq. (8) at all
Galactocentric radii.

5. Asymmetric drift and rotation curve

Now, with updated values for the solar peculiar velocity and
the radial scale lengths for three populations of the selected
metallicities, we proceed to the determination of the rotation
curve in the extended solar neighbourhood. We go back to the
Jeans equation formulated for arbitrary (R, z) (see Eq. (6)) and
apply it to the thin disc SEGUE stars. In principle, Eq. (6)
can be directly used for the determination of the rotation veloc-
ity as all terms on the right-hand side are now known and the
mean tangential speed can be expressed as vφ = v� − ∆V , where
v� is the tangential speed of the Sun and (−∆V) is the mean
observed tangential velocity with respect to the Sun. However,
we would prefer to formulate the expression of the rotation
velocity in terms of the asymmetric drift Va, so we recall its
definition:

Va = vc − vφ = vc(R) − v� + ∆V. (11)

Inserting vφ = vc − Va into the left-hand side of Eq. (6), we
arrive at the quadratic equation for the asymmetric drift:

V2
a − 2vcVa − R

(
F(R, z) (12)

+ η
σ2

R − σ
2
z

R

[
1 −

z
hνσ

]
−
σ2

R

RE
+
σ2

R − σ
2
φ

R

)
= 0.

We solve Eq. (12) with respect to Va and get:

Va = vc(R) −
{
v2

c(R) + R
(
F(R, z) (13)

+ η
σ2

R − σ
2
z

R

[
1 −

z
hνσ

]
−
σ2

R

RE
+
σ2

R − σ
2
φ

R

)}1/2

≈
−RF(R, z) − η(σ2

R − σ
2
z )

[
1 − z

hνσ

]
+ σ2

R
R

RE
− (σ2

R − σ
2
φ)

2vc(R)
,

where the last line corresponds to the linear approximation ignor-
ing the V2

a term. The difference of the non-linear and linear
values for Va is of the order of 5% or 1 km s−1.
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Fig. 4. Rotation curve in the extended solar neighbourhood traced via
SEGUE stars. The thin disc stars are split into the same three metallic-
ity bins as in Sect. 4. For each distance bin the mean rotation velocity
vφ = v� − ∆V is measured (dashed curves, additional binning in |z|
applied in the range of 7 kpc < R < 9 kpc is not shown here). The cir-
cular velocity (solid curves) is calculated for the three metallicity bins.
The best power-law fit of the form vc = v0(R/R0)α is shown with a black
dashed line. The areas of the 1, 2 and 3σ-deviation are shown with
increasingly lighter shades of grey, respectively. The solar tangential
velocity v� is marked with a yellow circle.

The final formula for calculating the rotation velocity at
radius R for each bin (R, z) is from Eq. (11);

vc(R) = vφ + Va = v� − ∆V + Va, (14)

with the asymmetric drift correction Va given by Eq. (13). As
Va is itself a function of vc(R), the determination of the rota-
tion velocity is an iterative procedure, during which we assume
vc ∝ Rα. We start with some small α as initial value. At each step
of the iteration, the reconstructed rotation curve is fitted and the
new value of α is derived to be plugged back into Eq. (13) via
vc(R). The iteration procedure converges very quickly, after two
or three cycles.

We bin thin disc SEGUE stars, again separated into three
metallicities as before, in Galactocentric distances with equal
step of 0.4 kpc. The further data analysis is not the same for
all distance bins. As mentioned above, the SEGUE stars are in
general distributed over a large range in |z|, so we would like to
take into account the vertical gradients in σ2

R and σ2
z by applying

our equations separately at different heights for each distance.
As one can see from the top panel of Fig. 2, such |z|-binning
for the thin disc sample is justified only close to R0, approxi-
mately for 7 kpc < R < 9 kpc, because at larger Galactocentric
distances the majority of stars are located at approximately the
same height, such that low-|z| bins would be essentially empty
and suffering from high Poisson noise. For this reason we do not
bin in |z| outside this distance range. Taking this into account,
at R < 7 kpc and R > 9 kpc for each R-bin we find the mean
tangential velocity vφ (dashed colour-coded lines in Fig. 4), as
well as three velocity dispersions and mean values of R and
|z|. Then we apply the correction for the asymmetric drift from
Eq. (13), which is typically ∼20 km s−1. For 7 kpc < R < 9 kpc
we do the same, but separately for three vertical bins (as before,
|z| = 0 ... 1.5 kpc with a step of 0.5 kpc), and then calculate the
weighted mean vc at each R. The obtained rotation curves rep-
resenting different metallicity bins are shown as solid lines in
Fig. 4 and are broadly consistent with each other within the error
bars.

Fig. 5. Radial scale length Rd of the thick disc versus metallicity. Con-
sidered are SEGUE thick disc stars with 7.5 kpc < R < 8.5 kpc, 4195 in
total. Red points show the radial scale lengths calculated for each metal-
licity bin with the “effective” quantities in Eq. (9). The points are fitted
with a constant and also with Rd linearly dependent on [Fe/H] (solid
and dashed lines). One-sigma areas are shown in grey. The blue point
corresponds to the value of scale length derived in case of binning the
same sample in 4 |z|-bins.

Between 8 and 10 kpc the rotation curve is flat to an accuracy
of a few kilometres per second, and definitely does not show the
10 km s−1 dip described by Sofue et al. (2009, 2010). On the
other hand, the inner part of our rotation curve demonstrates a
metallicity-dependent rise with the amplitude up to 10 km s−1,
similar to the one attested by Sofue et al. (2009, 2010).

We perform a power-law fit Vc ∝ Rα simultaneously to
all three rotation curves and find a small power law index
α = 0.033 ± 0.034 (fit shown in Fig. 4 with a dashed line).
This transforms into the local slope of the rotation curve
dVc/dR = 0.98 ± 1 km s−1 kpc−1. However, the existing mea-
surements of the Oort constants point to a moderately negative
slope: the classical value from Binney & Tremaine (2008) is
dVc/dR = −2.4 ± 1 km s−1 kpc−1, while the more recent study
by Bovy (2017) from TGAS data suggests an even steeper slope
of −3.4 ± 0.6 km s−1 kpc−1. Still, we must keep in mind that the
Oort constants measure only a very local slope of the rotation
curve, which may be more strongly perturbed by the local spiral
arm structure and the bar, while our analysis goes all the way to
1–2 kpc away from the Sun.

The thick disc SEGUE stars are not very instrumental in
reconstructing the rotation curve, as the radial scale length of
the thick disc is poorly constrained. We can solve the inverse
problem by using the data to reconstruct the radial scale length
of the thick disc assuming the rotation curve already known.
We express Rd from Eq. (8) and calculate it for ten metallic-
ity bins of the thick disc. For the parameter hνσ of the thick
disc we use a value of 800 pc, similar to its scale height (Just
et al. 2011). Furthermore, we take only the local thick disc sam-
ple with 7.5 kpc < R < 8.5 kpc in order to avoid regions where
our results can be biased by the uncertainty in the vertical correc-
tion term (this effect is not so important for the thin disc sample,
as its stars are in general located at smaller |z| than those of the
thick disc). The resulting Rd is shown in Fig. 5 with red points.
Though the data points show some small variation of Rd with
[Fe/H], the constant value of the scale length 2.1 ± 0.05 kpc is
more robust (see the darker one-sigma area in Fig. 5). In other
words, the chemically defined thick disc behaves as a single
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kinematically homogeneous population. The value of the thick
disc scale length found here is consistent with simulations by
Minchev et al. (2015) and with the data analysis by Bovy et al.
(2012b) and Kordopatis et al. (2017). When binning the local
SEGUE thick disc sample in metallicity, we calculate Rd for the
“effective” quantities in the bin: velocity dispersions are deter-
mined for all stars and also mean |z| and R. Such “effective”
values are representative in the cases of R and velocity disper-
sions because our data are very local in terms of Galactocentric
distances and are expected to be kinematically homogeneous, so
the velocity dispersions should not have a strong gradient in ver-
tical direction. On the other hand, the mean value of |z| might
be misleading as the vertical distribution of stars is inhomoge-
neous. The vertical correction and the tilt term in V ′ (Eq. (9))
are quite sensitive to z, so to cross-check our results we apply
Eq. (8) for 4 |z|-bins (0 to 2 kpc with a 0.5 kpc step) with no bin-
ning in metallicity as the data are not abundant enough to allow
a simultaneous separation in both |z| and [Fe/H]. The resulting
scale length, which is calculated again as a weighted mean of
the values found for different |z|, deviates only slightly from the
value found at the previous step: Rd = 2.05 ± 0.22 kpc. We over-
plot it in Fig. 5 with a blue dot for the mean metallicity of the
local thick disc sample. A good agreement between the values of
scale length calculated via the different binning of our sample in
the parameter space ensures us of the robustness of the derived
result.

6. Discussion and conclusions

In this paper we performed the revision and improvement of the
methods developed previously in Golubov et al. (2013). Starting
from the classical Jeans analysis we arrived at the new Strömberg
relation for the asymmetric drift and applied it locally to the
most recent RAVE data. This enabled us to update the value
of the solar peculiar motion to V� = 4.47 ± 0.8 km s−1. This is
lower than the typical values reported by other authors, which
are around 10–12 km s−1. However, in the study of Sharma
et al. (2014) also based on the RAVE data, though in the frame-
work of a different Galaxy model, the solar peculiar velocity is
smaller as well: V� = 7.62+0.13

−0.16 km s−1. We also found radial
scale lengths for the three metallicity populations, which are
Rd(0< [Fe/H]< 0.2) = 2.07 ± 0.2 kpc, Rd(−0.2< [Fe/H]< 0) =
2.28±0.26 kpc, and Rd(−0.5< [Fe/H]<−0.2) = 3.05±0.43 kpc.
Our analysis demonstrates good consistency of the SEGUE and
the RAVE data in terms of kinematics. With the peculiar veloc-
ity of the Sun derived from the RAVE sample, SEGUE data
give similar values for the scale lengths: Rd(0< [Fe/H]< 0.2) =
1.91 ± 0.23 kpc, Rd(−0.2< [Fe/H]< 0) = 2.51 ± 0.25 kpc, and
Rd(−0.5< [Fe/H]<−0.2) = 3.55 ± 0.42 kpc.

Subsequently, we used the SEGUE sample of the thin disc
G-dwarfs to reconstruct the rotation curve of the Milky Way,
ranging from 7 to 10 kpc in Galactocentric radius. We took
into account the asymmetric drift correction (Eq. (13)) and
showed that the resulting rotation curve is essentially flat (Fig. 4).
Thus, the existence of any features in the rotation curve just
outside the solar radius is discarded in the framework of our
analysis. The formal power-law fit to the rotation curve implies
a positive slope α = 0.033 ± 0.034 consistent with a flat rota-
tion curve, although we see that its local value is probably
smaller. The corresponding radial gradient of the circular speed
is dVc/dR = 0.98 ± 1 km s−1 kpc−1, which is in agreement with
the findings of Sharma et al. (2014), who derived a similar value
from the RAVE data: dVc/dR = 0.67+0.25

−0.26 km s−1 kpc−1.

Table 2. Summary of the results.

Quantity From RAVE From SEGUE

V� (km s−1) 4.47 ± 0.8
Rthin

d (0< [Fe/H]< 0.2) (kpc) 2.07 ± 0.2 1.91 ± 0.23
Rthin

d (–0.2< [Fe/H]< 0) (kpc) 2.28 ± 0.26 2.51 ± 0.25
Rthin

d (–0.5< [Fe/H]<−0.2) (kpc) 3.05 ± 0.43 3.55 ± 0.42
α 0.033 ± 0.034
Rthick

d (kpc) 2.05 ± 0.22

Using SEGUE data and relying on the determined slope of
the rotation curve, we also calculated the radial scale length of
the thick disc: 2.05 ± 0.22 kpc. No strong dependence on metal-
licity was observed. Values of the quantities derived in this paper
are summarized in Table 2.

Finally, we must discuss the dependence of our results on
the assumed constants and parameters. The pair (R0,v�), on the
one hand, influences the derived stellar spatial distribution and
velocities from the observables. On the other hand, it enters
the equation for the asymmetric drift correction (see Eq. (13)).
For the recommended values from Bland-Hawthorn & Gerhard
(2016) (R0,v�) = (8.2 kpc, 248 km s−1) the change in the re-
calculated solar peculiar velocity and scale heights for the three
metallicity bins lie well within one sigma and the changes in the
rotation curve can be mostly described in terms of a vertical shift
to higher velocities and horizontal translation to larger Galacto-
centric distances; a slope of α = 0.024 ± 0.031 is found, which
is again consistent with a flat rotation curve.

What is the impact of the solar peculiar motion? Changes
of (dU, dV, dW)� add quadratically to the corresponding veloc-
ity dispersions. The vertical velocity has no other impact on
the result, but we should check that the vertical component of
the mean measured relative velocity of the stars in the sample
is approximately −W�, which is indeed the case. U� enters the
velocity transformations to cylindrical coordinates, so every time
we change V�, R0 or v�, we have to adapt it to have vR ≈ 0 as
we assumed in Sect. 3. However, this correction is small and
we can neglect it as it is surely beyond the accuracy we can
hope to achieve in the framework of our approach. V� has a
larger impact on the results as the asymmetric drift correction
depends on it, mainly via vc and the scale lengths (see Eq. (13)).
We test two values of V�, ∼3 km s−1 (Golubov et al. 2013) and
∼7.6 km s−1 (Sharma et al. 2014). The rotation curve slope is
then α = 0.039 ± 0.034 and α = 0.014 ± 0.028, respectively. We
also test the sensitivity of our results to the vertical scale heights
hνσ as they are not tightly constrained. Changing hνσ by ±20%
leads to slopes of α = 0.022±0.03 and α = 0.049±0.038, which
deviate from our standard value by less than 0.5σ.

To quantify the vertical gradient of the radial force term we
assume a Galaxy model, that is, we use some form of the poten-
tial as an input. However, we believe that the rotation curve
obtained in Sect. 5 is not strongly predefined by this choice.
The RF(R, z) term is not a dominating one in the asymmet-
ric drift correction, so with respect to the rotation velocity,
it is a first-order correction. The modification of the potential
will enter vc as a second-order correction only, and this already
meets the limit of our accuracy. As we inferred by running the
tests with the GalPot code, the main contribution to the ver-
tical correction of the radial force comes from the thin disc,
thus its scale length and scale height are the main sources of
uncertainty in this term. Taking a Rd value of 2 or 3 kpc we
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arrive at a rotation curve that is correspondingly slightly steeper
(α = 0.041 ± 0.041) or flatter (α = 0.027 ± 0.029) than the one
we presented in Fig. 4. Testing hz of 200 and 400 pc results in
similar changes: α = 0.041 ± 0.036 and α = 0.026 ± 0.03. The
impact of varying Rd and hz of the other discs is negligible.

None of these deviations from our main result produce essen-
tial changes in the derived rotation curve shape. We therefore
conclude that, in the framework of the developed analysis, our
outcome is robust with respect to the small changes of our con-
stants and the pre-choice of the Galactic potential. Our analysis
of the local rotation curve does not support the existence of any
special features in its shape, such as a significant dip at R = 9 kpc.
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Appendix A: Vertical gradient of tracer
populations

The tilt term in Eq. (1) describes the vertical density gradient
and the change in the tilt of the velocity ellipsoid. The tilt angle
of the velocity ellipsoid is defined as

1
2

tan(2αtilt) =
σ2

Rz

σ2
R − σ

2
z
. (A.1)

On the other side, the tilt angle can be parametrized with a
parameter η, which describes the orientation of the velocity
ellipsoid relative to the Galactic centre

tan (αtilt) = η
z
R
. (A.2)

Assuming that αtilt is small, one then arrives at the following
relation for σ2

Rz:

σ2
Rz = η(σ2

R − σ
2
z )z/R. (A.3)

The derivative of σ2
Rz is

∂σ2
Rz

∂z
=
η

R
(σ2

R − σ
2
z ) −

z
R

(σ2
R − σ

2
z )
∂η

∂z
(A.4)

+ η
z
R

∂σ2
R

∂z
−
∂σ2

z

∂z

 = σ2
Rz

1
z

+
∂ ln η
∂z

+
∂ ln(σ2

R − σ
2
z )

∂z

 .

Thus, the tilt term in Eq. (1) together with Eq. (A.4) gives

σ2
Rz

1
z

+
∂ ln(ην(σ2

R − σ
2
z ))

∂z

 . (A.5)

The second term in the brackets can be parametrized with some
characteristic scale height hνσ, so we arrive at

σ2
Rz

∂ ln(νσ2
Rz)

∂z
=
σ2

Rz

z

[
1 −

z
hνσ

]
= η

σ2
R − σ

2
z

R

[
1 −

z
hνσ

]
. (A.6)

We expect that the vertical variation of η and of (σ2
R − σ

2
z )

is small compared to the gradient of the tracer density ν. We
can therefore relate the scale height hνσ to the characteris-
tic scale height of the tracer density. For this purpose we use
the half-thickness values of the mono-age subpopulations with
ages of 4, 6, and 10 Gyr, taken from the local thin disc model
(Just & Jahreiß 2010). The youngest subpopulation represents
the bin with the highest metallicity. The adopted values of hνσ
are 360, 430, and 530 pc, respectively.
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