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ABSTRACT

Context. The determination of the local standard of rest (LSR), witiziresponds to the measurement of the peculiar motion @thebased
on the derivation of the asymmetric drift of stellar popidas, is still a matter of debate. The classical value of &mgéntial peculiar motion
of the Sun with respect to the LSR was challenged in recemsyekriming a significantly larger value.

Aims. We present an improved Jeans analysis, which allows a betepretation of the measured kinematics of stellar pajpns in the
Milky Way disc. We show that the RAdial Velocity ExperimeRAVE) sample of dwarf stars is an excellent data set to deigveer boundary
conditions to chemodynamical evolution models of the ed¢eihsolar neighbourhood.

Methods. We propose an improved version of the Strdmberg relatidh thie radial scalelengths as the only unknown. We redeterithie
asymmetric drift and the LSR for dwarf stars based on RAVE datditionally, we discuss the impact of adopting a differeSR value on
the individual scalelengths of the subpopulations.

Results. Binning RAVE stars in metallicity reveals a bigger asymrwetirift (corresponding to a smaller radial scalelength)rfmre metal-
rich populations. With the standard assumption of veledigpersion independent radial scalelengths in each lie@iabin, we redetermine
the LSR. The new Stromberg equation yields a joint LSR valug;, = 3.06 + 0.68 km s™*, which is even smaller than the classical value
based on Hipparcos data. The corresponding radial scgtalércreases from 1.6 kpc for the metal-rich bin to 2.9 kpadlie@ metal-poor bin,
with a trend of an even larger scalelength for young metakstars. When adopting the recent Schonrich valuggf= 12.24 km s~* for
the LSR, the new Stromberg equation yields much largeriddal radial scalelengths of the RAVE subpopulations,chitéeem unphysical
in part.

Conclusions. The new Stromberg equation allows a cleaner interpretaifdhe kinematic data of disc stars in terms of radial sealgths.
Lifting the LSR value by a few km's' compared to the classical value results in strongly iner@aadial scalelengths with a trend of smaller
values for larger velocity dispersions.
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1. Introduction terms of spiral arms). In the present paper we focus on the dis

. . i cussion of the Jeans equation in axisymmetric models.
In any dynamical model of the Milky Way, the rotation curve |, yhe classical approach the Jeans equation is applied to

(which is the circular speed. (1) as function of distancé to local stellar samples of different (mean) age, which show in
the Galactic centre) plays a fundamental role. In aXiSymmetcreasing velocity dispersion with increasing age due tagfe
models the mean tangential speedf stellar subpopulations ity dispersion relation. Up to the end of the last ceptu
deviates fromv., which is quantified by the asymmetric drifty,o general observation that the mean tangential velogity d
Va. Converting observed kinematic data (with respect o e, s |inearly on the squared velocity dispersion for atell
Sun) to a Galactic coordinate system requires additioniady populations that are not too young allowed the measurement
knowledge of the peculiar motion of the Sun with respect éo tfy; V,, by extrapolation to zero velocity dispersion. The cor-

local circular speed. responding reformulation of the Jeans equation is the famou

The asymmetric drift of a stellar population is defined as thgear Stromberg equation (EG. 4). This method was alsd use
difference between the velocity of a hypothetical set ofsstaoy Dehnen & Binney!(1998) for a volume-complete sample of
possessing perfectly circular orbits and the mean rotat®n Hipparcos stars to constrain the LSR. They found again that
locity of the population under consideration. The velo@fy the asymmetric drift;, depends linearly on the squared (three-
the former is called the standard of rest. If the measuresnefimensional) velocity dispersion of a stellar populatiarin-
are made at the solar Galactocentric radius, it is the ldaats oy extrapolation to zero velocity dispersion led to the LSR
dard of rest, or LSR. The determination of the LSR corresponghe velocity of the Sun in the direction of the Galactic rota-
to measuring the peculiar motidii/e, Vo), We) of the Sun, tion with respect to the LSR appeared tolbg = 5.25 + 0.62
where U, is the velocity of the Sun in the direction of thegm 51 [Aumer & Binney (2009) applied a similar approach to
Galactic centre};, in the direction of the Galactic rotation,the new reduction of the Hipparcos catalogue and obtaired th
andWs, in the vertical direction. While measuriig, andWe  same valué/;, = 5.25+0.54 km s~!, but with a smaller error
is relatively straightforwardy, requires a sophisticated asymygay. The linear Stromberg relation (Binney & Tremalne, 200
metric drift correction for its measurement, which is one@lgoagopted in this analysis relies on the crucial assumptian th
of this paper. The asymmetric drift, = v. — 75 = AV — V5 the structure (radial scalelengths and shape of the vgldisit
is the difference of the local circular speedand the mean persjon ellipsoid) of the subpopulations with differentogity
rotational speed,; of the stellar population. The aSymmetriniSperSions are similar.
drift corresponds (traditionally with a minus sign to yigldsi- In recent years it was argued, based on very different meth-
tive values forl},) to the measured mean rotational velocity Oéds, that the value oF/;, should be increased significantly.
the stellar sample corrected by the reflex motion of the Sun.gased on a sophisticated dynamical model of the extended so-

The main problem is to disentangle the asymmetric drifir neighbourhood, Binney (2010) argued that thecompo-

V. of each subpopulation and the peculiar motion of the Swent of the Sun’s peculiar velocity should be revised upward
Vi using measured mean tangential velocities — vo) = to~ 11 km s~'. InIMcMillan & Binney (2010) it was shown
—AV = —(Va + V). For any stellar subpopulation in dy-that ;) ~ 11 km s~* would be more appropriate based on
namical equilibrium, the Jeans equation (Eq. 2) provides®a ¢ the space velocities of maser sources in star-forming nagio
nection of the asymmetric drift, radial scalelengths, arapp (Reid et al.| 2009). The chemodynamical model of the Milky-
erties of the velocity dispersion ellipsoid in axisymmesys- Way-like galaxy of Schonrich et al. (2010) shows a nondine
tems|(Binney & Tremaine, 2008). There are two principal wayfependenc#, (o3 ). This implies different radial scalelengths
to determine botfV, andV;, with the help of the Jeans equaand/or different shapes of the velocity ellipsoid for diéfat
tion. The direct path would be to measure for one tracer pafitbpopulations. Fitting the observed dependerige?) by
ulation the radial gradient of the volume densityand of the predictions of their model, they gaf;, = 12.24 £ 0.47 km
radial velocity dispersion in the Galactic plane togeth@éhw s—! which is also significantly larger than the classical value
the inclination of the velocity ellipsoid away from the Getia Most recently Bovy et al| (2012b) derived an even largerealu
plane additionally to the local velocity ellipsoid. Thismpach of V;;, ~ 24 km s™! based on Apogee data and argued for
is still very challenging due to observational biases irtisfig.  an additional non-axisymmetric motion of the locally otveet
extended stellar samples (by extinction close to the migpla SR of 10 km s'' compared to the real circular motion.
distance-dependent selection biases etc.). Thereforeegtn In view of the inside-out growth of galactic discs (estab-
stick to the classical approach to apply the Jeans equationighed by the observed radial colour and metallicity gratiip

a set of subpopulations and assume common properties ortlere is no a priori reason why stellar subpopulations with
pendencies of the radial scalelengths and the velociyselid. different velocity dispersion should have similar radichle-

On top of this basic equilibrium model, non-axisymmetritengths independent of the significance of radial migrapian
perturbations like spiral arms may lead to a significacesses| (Matteucci & Francois, 1989; Chiappini & Matteuchi,
shift in the local mean velocities of tracer populationse(s®001; |[Wielenetal., [ 1996;[ Schonrich & Binmey, 2009;
Siebert et al), 2011a, 2012, for the first direct measuremieniScannapieco, 2011; Minchev et al., 2013). Therefore it is
a gradient in the mean radial velocity and the interpretatio worthwhile to step back and investigate the consequences of
the Jeans equation in a more general context. The fact that
Send offprint requests to: A. Just the peculiar motion of the Sun (i.e. the definition of the LSR)
Correspondence to: just@ari.uni-heidelberg.de is one and the same unique value entering the dynamics of




Golubov, Just, et al.: Asymmetric drift and LSR 3

Table 1. Variables used in the paper. and rotational components. We addps = 8kpc, which is
consistent with most observational data to date (Reid, 1993
Variables _ Definitions Gilessen et all, 2009). Assuming Sgr A* to reside at the eentr
_ local coordinates of the Galaxy at rest and taking - = 6.37 £ 0.02 mas yr !
r distance , for its proper motion in the Galactic plane (Reid & Brunthale
or line-of-sight velocity 2005), we find the rotation velocity of the Sun to bg =
I proper motion with respect to the Sun !

241.6 km s~! in a Galactocentric coordinate system. This ve-

u,v,w velocities with respect to the LSR . . . T .
P locity consists of the circular velocity in the solar neiglip-

Up, Vo, W velocity of the Sun with respect to the LSR

AV vo — Ty hoodv,. (of the LSR) and the peculiar velocity of the Sun with
v, ve — Tg, asymmetric drift respect to the LSR5, so thatvs = v. + V(. For the radial
v’ Eq.[6 and vertical components of the LSR, we assuiie = 9.96
galactocentric variables km s' and W = 7.07 km s™! from |Aumer & Binney
Ro Galactocentric radius of the Sun (2009).
Lo velocity of the Sun around the Galactic centre Any radial or vertical gradient of the mean velocity and ve-
Ve velocity of the LSR around the Galactic centre  |4cjty dispersions may influence the determination of theeso
vr, g, v- velocities in cylindrical Galactocentric coordinategy o ging values at the solar position. Linear trends cameel
Tr: 02 O velocity dispersions f tri les with respect to the solar position, bu
R Galactocentric radius of symmetric samp P . arp '
5 height above the Galactic plane spz_itlally asymm_etru_: samples can r.e_sult in shlft§ of mean ve
radial scalelengths locity and velocny_(_dlspersmns. Addltlonal!y, spatlabglnents
Rp kinetic energy scalelengtt;* + R; )~ of the mean velocities result in an overestimation of thee-el
R, scalelength of the tracer density ity dispersions due to the shifted mean values at the indalid
Rq scalelength of the total surface density positions of the stars. For example, for the tangentialaisto
Ry scalelength of 7, dispersioro,, we find

03 = (vs — T3)" — (6v)” — (075)°. (1)

all stellar subpopulations already shows that changing thl%re% is the tangential velocity of the starg, the sample
observed value fov;, will have a wide range of consequencegean §v; is the root mean square (rms) value of the difference
for our understanding of the structure and evolution of thsf the mean tangential velocity at the individual positiais
Milky Way disc. the stars to the sample mean, ang is the rms of the propa-
The goal of this paper is twofold. We discuss the Jeagated individual measurement errors. In our analysis weodo n
equation in a more general context and derive a new versiorntaie the described effects into account but discuss thepalte
the Stromberg equation that is useful for an improved methmpact on our results.
to analyse the interrelation of radial scalelengths, themas Despite the RAVE sample being the biggest one, supple-
metric drift, and the LSR. We emphasize the impact of diffementing it with other samples provides an important consis-
ent choices of LSR. Secondly, we apply the new method fiéncy check as all samples have different selection caitami
the large and homogeneous sample of dwarf stars provideddiyses, different sources of distance measurements, awiif-ar
the latest internal data release (May 15th, 2012) of the RAfErently divided into subsamples with different kinematic
(see_Steinmetz etal., 2006; Zwitter et al., 2008; Siebeat et
2011b, for the first, second, and third data release respgti
and complement it with other data sets. In Section 2 we del- RAVE data

scribe the data analysis, Section 3 contains the Jeanssealyor the upcoming fourth data release the stellar parameter
in Section 4 our results are presented, and Section 5 coem:lugipe”ne to derive effective temperature, surface gratyd
with a discussion. metallicity was improved significantly. The latest interdata
release is based on the new stellar parameter pipeline and co
tains 402 721 stars. Internally, there are two independatnt ¢
alogues of distances available. The first is based on isaehro
For our analysis we use several different kinematicallyiunHbitting in the colour-magnitude diagram (CMD) (Zwitter ef,al
ased data sets. In all the cases, only stars with heliocatigd  2010), which contains 383 387 stars in the updated versioa. T
tancesr < 3kpc and Galactocentric radii 7.5 kficR <8.5 second method is based on a Bayesian analysis of the stllar p
kpc and with distances to the mid-plahg < 500pc are se- rameters|(Burnett et al., 2011) and contains 201670 stars. F
lected. A list of variables used in the paper are collected these stars line of sight velocities, proper motiong:, tem-
Table]. peratures g, surface gravitie$og g, and metallicities [M/H]
Even though most stars in our samples are relatively locate measured. Thé and K colours are taken from the Two
we make all computations in Galactocentric cylindrical rooMicron All Sky Survey (2MASS)|(Skrutskie et al., 2006).
dinates. That is why we need to fix the Galactocentre distance For our analysis we selected stars with absolute distance
Ry and the circular speedk, for our computations: they influ- errorsAr/r < 0.3, proper motion erroré\y, < 10 mas yr+,
ence how velocities of distant stars are decomposed intalradadial velocity errorsAv, < 3 km s™!, Galactic latitudes

2. Data analysis
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Fig.2. Measured mean tangential velocityV (full circles)
nd radial velocity dispersiarg (crosses) of the RAVE sample
ased on Zwitter distances as functions of J-K colour.

Fig.1. CMD of the full RAVE sample based on Zwitter dis-
tances. Surface gravityg g is colour-coded and the lines shovxIE]1
the selected dwarf stars.

|| > 20°. The CMD of the selected stars is shown in Figurgmall variations and offset have no significant impact on the
[ with colour-codedog g. Furthermore, we selected only star§lerivation of the kinematic properties at the solar positlois
that meet the criterion.75 < K — 4(J — K) < 2.75 (see important to mention that the volume occupied by a subsample
Figure1), primarily to exclude subgiants and giants. Fynal does not strongly depend on its metallicity and that the eta
total numberN = 68 670 stars remain. poor stars are on average about 30% farther away from the Sun
To obtain subsamples with different kinematics, the stalf@n the metal-rich stars only for the reddest bin.
are binned according to their J-K colours. These subsamples T0 take full advantage of the stellar parameter estimation
show a clear systematic trend with colour in the mean tangdh-RAVE, we measure the shape of the velocity ellipsoid. In
tial velocity AV and in the radial velocity dispersiary, (see Figurel3 the upper panel shows the squared ratio of the veloc-
Figure[2). We find a larger velocity dispersion with decregsi ity dispersions in the rotational and radial directiong/ o3
metallicity, as expected. But in contrast to the generakexp There is a trend with velocity dispersion (which is discasse
tation, the corresponding asymmetric drift is decreasiitty wmore in Sect[5) but no significant differences for different
decreasing metallicity, meaning faster rotation of lowetah Metallicities. In the epicyclic approximation, the rat®don-
licity populations. This inverted trend is more pronounged Nected to the local rotation curve by /of = £*/4Q° ~ 0.46
the bluer colour bins with a younger mean age of the sulgr standard values (Binney & Tremaine, 2008), wheis the
populations. A similar trend was already observed in the thPicyclic frequency in the solar neighbourhood dids the
disc sample of G dwarfs from the Sloan Extension for Galac@bital frequency. The observed deviations may be due to spi
Understanding and Exploration (SEGUE) (Lee étlal., 20111l structure of the Galactic disc at the low-velocity-disgon
Liu & van de Veh| 2012) and for the younger population in th@nd and to the non-harmonic motion with respect to the guid-
Geneva-Copenhagen Survey (Loebman et al.,|2011). ing centre of stars with larger eccentricity at the higheedly-
We do not attempt to separate thin and thick disc stafispersion end. In the lower panel of Figliie 3 the rafigof;
but due to the vertical limitationz| < 500 pc the thin disc IS Presented. We can see that the ratio is bigger for bigger ve
is expected to dominate. Instead, we split the samples in {Rgity dispersions and for lower metallicities. In both pésthe
colour bins further into three metallicity bins, -@fM/H] <- Mean values, which are used in the standard analysis iro8ecti
0.2, -0.2<[M/H] <0, and G<[M/H] <0.2. Even though the ab-4.1, are shown as horizontal lines.
solute calibration of the RAVE metallicity is not complgtel ~ The radial and vertical components of the LSR from the
settled [(Boeche et al., 2011), the metallicity [M/H] frometh RAVE data areUs, = 8.74 & 0.13 km s™! and W, =
RAVE pipeline can be used as a relative indicator of the trGed7 + 0.07 km s~'. They are in reasonable agreement with
metallicity. The subsample properties are collected ind@ Us = 9.96 + 0.33 km s! andW, = 7.07 £ 0.34 km s™*
The total number of stars in this colour and metallicity randromiAumer & Binney (2009). The discrepancy of orderlof
is N = 63978, with 44%, 47%, and 9% falling into the low, km s~! does not make a big difference in computations of ve-
middle, and high metallicity bin respectively. locity dispersions as it is only added to the velocity disjar
From Tabld 2 we see that different bins probe slightly difiuadratically.
ferent volumes, with bluer bins (which correspond to brgght
stars) extending farther both in radial and vertical dimt. 2.2. Other samples
Due to the asymmetry of the RAVE sample, the mean radius
R differs from Ry = 8kpc and the mean heightdiffers from We used four other independent kinematically unbiased sam-
0, with the difference also being larger for bluer bins. Theples of dwarfs for comparison and to check the consistency of
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Table 2. Properties of the RAVE sample.

J-Krange [M/H]range N JK [MH] R(kpc) =z(pc) dR(pc) dz(pc)

(-05,0.2) 265 0.18 -0.29 7.94  -166 164 234
(0.1,0.2) (-0.2,0) 737 017 -0.10 7.93  -120 160 231
(0,0.2) 379 0.16  0.06 7.92  -113 181 236
(05-0.2) 6105 0.27 -0.31 7.94  -146 139 226
(0.2,0.3) (-0.2,0) 9808 0.26 -0.11 7.93  -133 149 220
(0,0.2) 3324 027 005 7.92  -141 160 233
(-05-0.2) 6393 0.34 -0.30 7.92  -120 136 211
(0.3,0.4) (02,00 13917 0.34 -0.10 7.93  -122 136 210
(0,0.2) 9787 0.35  0.07 7.93  -133 134 212
(-0.5,-0.2) 955 0.44  -0.30 794 71 95 140
(0.4,0.5) (-0.2,0) 3260 0.44 -0.09 7.94 82 104 158
(0,0.2) 4155 0.44  0.08 7.94  -97 110 173
(05-0.2) 1331 0.66 -0.30 798  -36 42 67
(0.5,0.9) (-0.2,0) 3049 0.64 -0.09 797  -41 51 80
(0,0.2) 2593 0.62  0.07 7.97  -47 59 93

Columns 1 and 2 give the colour and metallicity bins, columthe&number of stars in the bins, columns 4 to
7 the mean values in colour, metallicity, Galactocentritatice, and vertical position respectively. Columns 8
and 9 are the mean radial and vertical distance to the Sun.

the RAVE sample with older determinations of the asymmetric 4. The last data set is a sample of McCormick K and M

drift. dwarfs with stellar ages determined by atmosphere aeviti
1. A large independent homogeneous sample consig¥yssotsky, 1963). It contains 516 stars with reliableatises

of F- and G-dwarfs from the Sloan Extension for Galacti@hd space velocity components. The sample is binned iasstell

Understanding and Exploration (SEGUE) (Yanny et al., 2008ye.

of the Sloan Digital Sky Survey (SDSS). Stellar parameters,

includingv,., metallicities [Fe/H] and alpha-abundancefe]

are computed by Lee etlal. (2011a). We start with the G-dwax Jeans analysis

sample used in Lee etlal. (2011b), where proper motioasd

distances were added. For our analysis we only selected st

with a signal-to-noise rati8 /N > 30 andlogg > 4.2 in the

local volume described above. For calculations of the pyapa dln(vo) ()

tion of errors, uncertainties dfr = 0.3r andAv, = 4kms! 2 —v5% =0} — o — ojR 3 R R ; 2. (2)

are assumed. With these criteria we got a totaNot= 1190 z

stars. The majority of stars in the sample belong to a narrgyith tracer density’ and covarianc@gz,. Roughly speaking,

colour range0.48 < g — r < 0.55, which makes studying it expresses dynamical equilibrium in an axisymmetriceyst

kinematics as a function of colour virtually impossible. within a volume element in a cylindrical coordinate system.
2. The sample of SEGUE M-dwarfs is taken fronThe left-hand side represents the difference of the gitawital

West et al. [(2011). It includes SDSS photometry, 1, 7', force in the Galactic potential and the centrifugal forcajle

logg, and photometric distances Here only stars with dis- the terms on the right-hand side represent dynamical pr@ssu

tances < 700 pc were selected to avoid possible velocity biand shear forces acting on the surfaces of the volume. There

ases of more distant stars (Bochanski et al., 2011). Wetseleare two crucial assumptions for the validity of Eqg|. (2), ndme

stars with errors\y < 10 mas yr!. ErrorsAr = 0.3r and axisymmetry of the system and dynamical equilibrium of the

Av, = 4 km s~ were assumed. The resulting number of stastellar population under consideration. The former assiomp

is N = 30814. can be broken by a spiral density wave, while the latter can be
3. The Hipparcos sample is restricted to completeness ligtiolated for young populations, whose mean age is smalder th

its in V' magnitude bins and supplemented by the Catalogtie epicyclic period.

of Nearby Stars (CNS4) to have a better representation of the In Eqg. (2) the radial gradient term can be parameterised

faint end of the main sequence, as discussed in Just & Jahigithe local radial scalelengtiRy of (vo3) via Rg' =

(2010), with a total ofV = 2176 stars. The stars have Johnsof In(vo3)/9R. Itis a composition of the radial scalelengt)

B and V photometryp,, u, and parallaxes. The sample iof the tracer density and R, of the radial velocity dispersion

binned according to absolute magnitudé/in o% related bngl =R;'+ R

The asymmetric drift is governed by the Jeans equation
Binney & Tremaink!, 2008),




6 Golubov, Just, et al.: Asymmetric drift and LSR

0.55 | and occurs from a possible variation of the radial scaldgleng
and the shape and orientation of the velocity ellipsoid Ifer t
different subpopulations introducing an additional dejmrce

0.5 - I of the last bracket in equatidh 3 o .

Since the thickness of a stellar tracer population depends
~, 045} . on the total surface density and the vertical velocity disjos,
2 T a radially independent constant thickness requires a aonst

o 04 - T tq‘ | shape of the velocity dispersion ellipsoid to fiRg = Ry, the
scalelength of the total surface density. In the simpleseca

0.35 | 1']%% | | where the radial scalelength of the tracer populafiyris the

) T same, i.eRq = R, = R,, we getR, = 2Rg in the asymmet-
ric drift equatiorB.
0.3 : : The impact of the orientation of the velocity ellipsoid via
0.4 : : : n in the Jeans equation is twofold. Sineg < or, a spherical
-0.5<[Me/H]<-0.2 —— orientation § = 1) results in a smaller asymmetric drift com-
-0.2<[Me/H]<0 pared to a horizontal orientation with = 0 . On the other

0351 0<[Me/H]<0.2 —— {" ] hand, a stellar population with a measured asymmetric drift

V. requires a larger radial scalelenglly, for n = 1 to ful-
~, 037f {" 7 fill the Jeans equation. For definiteness we adppt 1 (sup-
NE .} ported observationally and theoretically by Siebert ¢24108;
B 025 F T TT "} »—T—« | Binney & McMillan, [2010) in the plots and interpretation of
+ TTL ,y data, if necessary.
02 ,} -I&' -
3.1. The linear Stromberg relation
0.15 ' ' ' In the standard application the quadratic teriig? andV2 in
0 500 210002 ) 1500 2000 Eq. (3) are neglected and we find Stromberg’s equatlon
oR", km“/s )
_ _ o AV = Vo + 2R
Fig. 3. Properties of the velocity ellipsoid from the RAVE data. k
The squared axis ratios of the velocity eIIipsmg/aﬁ and Ro 2 o2 -t
o2/o% as a function of J-K are plotted. The mean values arek = 200 <R_E —1- [1 - —R} + a) . (4)

marked by horizontal lines.
The inverse slopé depends on the radial scalelendth and

shape and orientation of the velocity dispersion ellipsdithe
subpopulations with density. If we assume that the shape and
é)[rlentatlon of the velocity ellipsoids are the same, #g.

o2 and same), and that the radial scalelength is the same
for all subpopulat|ons thehis the same for all subpopulations
and thus independent ef; . With these assumptions we end up
with the classical linear Stromberg relation, which wecdiss
in more detail in section 4l.1.

The vertical gradient of the covarianggr; in Eq. (2) mea-
sures the orientation of the principal axes of the velodiip-e
soid above and below the Galactic plane. We use the param
sation RO(vrv,)/0z = 1 (aR -0 ) n = 0 corresponds to 7
a horizontal orientation of the principal axes apd= 1 to a
spherical orientation.

Finally, we replacev. andvg by vo), V>, and AV and
evaluate Eq[{2) at the solar positidh= R,. Re-arranging the
terms and dividing byv) we find
3.2. A new Stromberg relation

Va = v =0y = AV =V 3)
AV2 — V2 2 o2 2 Since we have measurements of the shape of the velocity el-
. ® OR R() o, U K . .
= — —1- - 2|4+ 2 lipsoid for each subsample, it is useful to separate obbtsa
2ve ve \ Be oRl ok and unknowns in the non-linear asymmetric drift equatign (3
This is the non-linear equation for the asymmetric dviftas PY rewriting it as
function of o for a set of stellar subpopulations. It connects V2 o2
: A — T V=V, - 2 4 2B (5)

the measured mean tangential veloeithlV = v, — v, of a ® 2, | K

subpopulation with respect to the Sun and the peculiar motio

of the SunV/;. There are two types of non-linearity on thevith

right-hand side of equatidd 3. The two quadratic tervis? = of +nlog —07) — o — AV?

and Vé yield a small correction to the asymmetric drift with” = AV + 206 ' 6)
increasing significance of the first one with increasing eityo

dispersion (e.g. for the thick disc). This correction casilga |, 2Rg

be taken into account. The second non-linearity is moreiarud® = YO (R—o) ‘ @)




Golubov, Just, et al.: Asymmetric drift and LSR 7

The new quantityl” contains corrections arising from the 30 : : : : : :

shape and orientation of the velocity ellipsoid and the gaiéai -

term AV?. The quadratid/Z term on the right-hand side of 25 [ [ Py .

Egn. [B) decreases the zero poififocr = 0) with respect to — ’—I—‘

the value ofl/;) by 1-2%. The new parametkf depends only ® 20 '% % ]

on the radial scalelengtRg, of the stellar subpopulations. In £ | |

the new form of the Stromberg relation we need to assume only> +

X . . . a p RAVE

equal radial scalelengths for a linear fit to the data to daites 10 F '}'.{. "I" SEGUE G ——i

the peculiar motion of the su¥i;, by the zero point and?g a'ifp%gr'fco'\g —

via the inverse slopé’. In general, the scalelengfRg could 5¢ McCormick 7

be also a function ofg, thus implying a dependence bf on CNS4 +——

or in Eq. (B). Itis discussed in detail in sectionl4.3. O oo 1000 1500 2000 2500 3000
GRZ, km?/s?

4. Results

We discuss first the application of the linear Stromberatien F.ig. 4, Asymmetric d-rift for different data sgts. The two bla_ck
on the RAVE data in comparison with the other data sets. ${{cles on theAV_lams correspond to the different LSRs with
a second step we repeat the analysis with the RAVE data spiit = 525 km s~ from/Aumer & Binney (2009) and’;) =

into the metallicity bins and then apply the new Strombetg+ 12-24 km s~! fromSchonrich et al. (2010) respectively. The
tion. In the third step we investigate in a more general friree 9'€Y line gives the best fit to the data points for RAVE dwarfs.

determination of the LSR and the radial scalelengths. Finallt corresponds to the LSR;,) = —1.04 km s™! and the scale-
we discuss a very simple toy model, which can reproduce dgP9th of the disd?q = 1.65kpc.
findings.

4.2. Metallicity dependence

4.1. Standard analysis lin the Hipparcos sample a non-linear trend of the asymmet-

In Figure[4 we see that the linear Stromberg relation [Eq. 4§ drift with increasing velocity dispersion has alreadseh
with constant slop& ! is poorly applicable to the RAVE data:observed. This is a sign that the radial scalelength is rdiffe
the data points are not following the same straight line. Tlier different subpopulations. Numerical models of Milkyay
formal best fit to the RAVE data (grey line in Figurk 4) giveke galaxies also predict a systematic variation of thenasy
the LSRV;, = —1.0 &+ 2.1 km s™*, which is not consistent metric drift with age and/or metallicity (e.g. Schonridret,
with Vi) = 5.25 + 0.54 km s~! obtained by Aumer & Binney 12010; Loebman et al., 2011). Schonrich & Binney (2009) have
(2009) by a similar linear fit to Hipparcos data. The correégpo shown that radial mixing leads to a slight increase of the ra-
ing slopek = 58kms~ ' is bigger than the classical valuedial scalelength with increasing age.lIn Lee etal. (2011b) i
An application of Eq.[(#) with the mean ratios of the squaretlas shown for the SEGUE G dwarf sample that the asymmet-
velocity dispersionsd; /o = 0.42 ando; /of = 0.24, see ric drift in the thin disc decreases with decreasing metigyli
Figure[3) results in a short radial scalelengthiaf = 2Rg =  in contrast to the naive expectation of local evolution mede
1.65 + 0.16 kpc. Bovy et al. (2012a) also used the full SEGUE G dwarf sample
The SEGUE G dwarfs allow us to get only one significarflominated by stars with:| > 500 pc) to derive radial scale-
point in the plot, and this point is consistent with the trefd lengths of mono-abundance subpopulations. They found-a sig
tained from RAVE, while SEGUE M dwarfs seem to be offiificantly smaller radial scalelength for thick disc stamsne
the trend. The M dwarf sample may suffer from biases in thgared to thin disc stars, with a hint of decreasing scale¢teng
distance determination. The local stars from the Hipparcagth increasing metallicity inside the thin disc.
CNS4, and McCormick samples are also generally consistent The RAVE sample in Figuiig 4 also shows a systematic non-
with the best-fitting line for RAVE, except for the two dynamilinear trend, which may be due to a varying mixture of dif-
cally coldest bins. This feature, which was already obskbye ferent populations with different scalelengths. Binniteys of
Dehnen & Binney|(1998), could be explained by the fact thite RAVE sample in metallicities allow us to see more interes
the young stars have not yet reached dynamical equilibriuming features in the behaviour of the asymmetric drift. FegBr
Overall, the SEGUE G dwarfs and the Hipparcos data sugitows that there is a systematic trend in both the velocity di
portthe slopé—! determined by the RAVE data but with muctpersion and the asymmetric drift with metallicity, whichiis
larger scatter. The McCormick stars, the SEGUE M dwarfgart due to the bluer colour of more metal-poor stars. In the
and the CNS4 data suggest a much smaller slope and latgerpanel of Figurgls we plot the mean rotational velodify
LSR value, which would be inconsistent with the RAVE sameersus its squared radial velocity dispersigh for the three
ple but support the large LSR value claimed by Schonricliet different metallicity bins, -0.5[M/H] <-0.2, -0.2<[M/H] <0,
(2010). The increase of the observiéd(or equivalentlyAV) and O<[M/H] <0.2. We see that stars at different metallicities
in Figure[4 for the smallest velocity dispersions is incensidemonstrate different asymmetric drifts, with more metabr
tent even with the model by Schonrich et al. (2010), sugggst stars having smaller asymmetric drifts and thus largetimtal
non-equilibrium of the young subpopulation. velocities. For comparison the RAVE data from Figlite 4 are
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replotted in grey to demonstrate that the non-linearityaiglp
resolved by the separation into metallicity bins. 30 L

The common LSRR/, and the three inverse slopésfor
each metallicity bin are the free parameters for a joint lin- 25 -
ear fit of the asymmetric drift equatiéh 4. In the top panel of
Figure[® the best joint linear fit is shown. We find for the LSRZ 20
Vo = 2.52 4 0.80 km s™', which is consistent with the esti- < 15 L
mate from Figurél4. The radial scalelengths of the threelmeta%
licity components can be estimated from the inverse sldpes 10
by inserting the mean ratios of the squared velocity dispess
(03 /0k = 0.41,0.40,0.42 and o} /o = 0.28,0.23,0.22, 5
for the low, intermediate, and high metallicity sample exsp
tively). The radial scalelengths a2&r3+0.17,1.97+0.10, and 0 '
1.50 4+ 0.05 kpc with increasing metallicity, assuming, = I I I
R,. The decreasing radial scalelength with increasing metal-
licity corresponds to a negative radial metallicity gradibe-
cause the fraction of metal-poor stars increases with &sing
radius.

Now we relax the assumption of similar velocity dispersion
ellipsoids of the different colour-metallicity bins andypthe
new Stromberg relation derived in EQ] (5). In the bottomegdan
of Figure[3,V’ as function ofs? is plotted. All data points
are shifted up by a few knts, but the general picture does
not change. The inverse slopisof the joint linear regression

P
-0.5<[Me/H]<-0.2 ——
-0.2<[Me/H]<0 .
0<[Me/H]<0.2 ——
1 1

V', kKm/s

are now a direct measure of the radial scalelengths of tihe ste 0 I I I
lar populations in the different metallicity bins. We find the 0 500 1000 1500 2000
LSRV;, = 3.06 £ 0.68 km s~ ! slightly larger than the previ- or2, km?is?

ous value. The radial scalelengths of the disc2a9é + 0.16,

2.11 £ 0.09, a_nd1.61 +0.05 kpc with increasir_1g metallicity. Fig.5. The asymmetric drift for the RAVE dwarfs sepa-
The systematically larger radial scalelengths in the neaan (4iad into three metallicity bins0.5 <[M/H]< —0.2,

sis (bottom panel of Figuid 5) are mostly due to the shift ef th oo <[M/H] <0, and G<[M/H] <0.2. The two black circles
LSR. The similarity of the classical and new analysis demogp, the y-axis correspond to the LSR from Aumer & Binhey
strates the small impact of the velocity ellipsoid compared (5009) and froml Schonrich etlal. (2010). The full lines show
the radial scalelength term in the asymmetric drift equatioy, o pest joint linear fit. Top: Using E(ﬂ](4). Bottom: Using.Eq

Adopting a horizontal orientation of the velocity dispersil- . The RAVE data without metallicity split of Figuf@ 4 are
lipsoid n = 0 in Eq. (4) yields slightly larger scalelengths Ogg)plotted with grey points.
3.11£0.23,2.18 £ 0.12, and1.62 £ 0.23 kpc respectively.

We can use these radial scalelengths to estimate the metal-

licity gradient in the disc. We assume the disc to consist g, 5 |inear extrapolation te2 = 0. For any extrapolation we
three populations, whose densities are described by erRpongqyid need a prediction of the dependeftéos? ), e.g. from
tials with the corresponding scalelengths. Their metttie 5 nodel.

are as_s_u_med to be0.35, _0',1' ando.ll, which are median Instead we may adopt a value figr, and derive individual
metallicities of the adopted bins. Relative weights of @ |, iq| scalelength®s; (1) for each data point by determining

ulations at the solar radius are taken proportional to thed toy, o parametet’(v). The parametek’(r) corresponds to the

number of stars in the corresponding bins (see Table 2). Weese siope of the line connecting the data point with e z
get a shallow radial metallicity gradient ef0.016 £ 0.002

| o ) point of equatiof 5. This is demonstrated in Figure 6 for a few
dexkpc . To reproduce the observed metallicity gradient qfy, points and the LSR of Aumer & Binney (2009, full black

—0.051 & 0.005 de>_< kpc! (Coskunoglu et al_‘, _2_01?)’_3 rm'ChIines) compared to that of Schonrich et al. (2010, dashackbl

larger range of radial scalelengths or metallicities isife®l.  |ihaq) The connecting lines are no longer linear fits to bata
visualization oft’ () from the application of equatidh 5 to each

4.3. The LSR and radial scalelengths data point. Lifting the LSR value _results in Iargsé(z_/) (smaller
slopes) for all subsamples, leading to larger radial seatghs

In the previous analysis, we still adopted the same rad@ésc from equatio I7.

length in each metallicity bin independent of the coldur K Figure[T shows the variation of the radial scalelength as

and thus of the velocity dispersion. If we also relax this as-function of colourJ — K for the different metallicity bins,

sumption, as suggested in the literature mentioned in @ectadopting the best-fit value for the solar motidp) = 3.06

[4.2, then it is no longer possible to determine the LSRI(.§. km s~'. For the higher metallicity bins, the data are consistent
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EquatiorB). This is physically possible, for example, fatat-
30 . poor stars if the younger population born at larger radii dom
nates over the older stars born further in.

We observe in both cases that the radial scalelengths are
systematically larger for smaller metallicity. But thertdein
each metallicity bin as a function ef, depends sensitively on
the adopted value for the LSR.

V', km/s

4.4, A simple model

O | | |
0 500 1000 1500 2000

oRZ, km?/s?

There is a dynamical connection between radial gradients in
the disc and the asymmetric drift due to the epicyclic motibn
stars on non-circular orbits. Stars with guiding radii fugnt in
Fig.6. Same data for the low-metallicity bin as in the bottorghow a smaller tangential velocity in the solar neighboatho
panel of Figurd b. The two black circles on theaxis cor- pecause of the vertical component of angular momentum con-
respond to the LSR from_Aumer & Binney (2009) and fromaervation. A negative radial density gradient results iarger
Schonrich et &ll. (ZO’LO) The full and dashed lines indifate fraction of stars Coming from the inner part of the disc com-
some subsamples the individual slopes and their dependencgared to the outer part. Therefore the mean tangential igloc
the adopted LSR values, which are proportional to the irveig smaller than the local circular velocity, correspondiag
radial scalelengths. positive asymmetric drift, and the distributionap is skewed.
Additionally, with increasing radial velocity dispersitime av-
erage distance to the guiding radius of stars in the solghnei

4 T T T T T
'0'?;[;5[{:"2/;‘](1'3 — bourhood increases, leading to an increasing asymmetfic dr
35 0<[Fe/H]<0.2 —— with increasingrg . As a second effect, a negative radial gradi-
ent inog further increases the asymmetric drift and the skew-
S e S £ N ness.
8
~ 25} - If there is a negative metallicity gradient in the Milky
i3 Way disc (e.g. as found by Coskunoglu et al., 2012, also us-

ing RAVE dwarfs), then a higher fraction of metal-rich stars
observed in the solar neighbourhood is expected to possess
guiding radii smaller thar?,. It means that we are observ-
. . . . . . . ing a larger asymmetric drift for these stars compqred toemor
02 03 04 05 06 07 0.8 metal—poor_s;tars at the samg. In terms of Eq.[(#) it means
3K that metal-rich stars are more centrally concentrated and &
smaller disc scalelengtR, , while metal-poor stars have a big-
Fig.7. Radial scalelengths corresponding to the best fit in diger scalelengti®, . Any mixing process (by the epicyclic mo-
ferent bins, calculated for the LSR; = 3.06 km s™! . tion, radial migration due to orbit diffusion, or resonacatter-
Horizontal dashed lines represent the radial scalelengted ing) tends to smear out gradients and increase the locabscat
in the best fit in the lower panel of Figuré 5.

We demonstrate that a simple evolutionary model of the
extended solar neighbourhood combining the metal enrich-
with a constant radial scalelength for all stars along thenmament and a radial metallicity gradient can reproduce a de-
sequence. In the low-metallicity bin a significant declifiéd®a  creasing radial scalelength with increasing metallicipsis-
with the mean age of the stars is obvious in the sense of larggnt with the observed asymmetric drift. We adopt SER)
radial scalelength for the young metal-poor subpopulation exp(—R/Rq) and constant in time, the age velocity disper-

The left-hand panels of Figuté 8 show the inverse radisibn relation AVR witho3 o texp(—R/R,), and metal en-
scalelengths for all RAVE subpopulations adopting the besthment [M/H|(R, ) = const + M,7 + MgrR + A[M/H]
fit LSR Vi, = 3.06 km s™! (top panel), and the LSR oflinear in ager and in radius and allowing for a metallicity
Aumer & Binney (2009) (middle panel) and Schonrich et akcatter. With Monte Carlo realisations for each parameder s
(2010) (lower panel), with colour-coded metallicity. Thght- we calculate the asymmetric drift and velocity dispersion f
hand panels show the corresponding radial scalelerigths each age-metallicity bin. The result of the best-fittinggmar
R,. Since the LSR of Schonrich etlal. (2010) is larger thaater set with(Rq, R,, M., Mg, A[M/H]) = (1.8kpc, 1.5kpc,
someV’ values, negative values corresponding to a radially04dex Gyr!, -0.07dexkpc!, 0.18dex) is shown in Figure
increasing density appear. More precisely, the scaldleRgt [@. Even though this plot is not enough to tightly constrain al
of vo} becomes negative, meaning an increasing radial dree parameters of the model, it is educating to see howyeasil
ergy density with increasing distance to the Galactic efsiee the observed metallicity trend can emerge.
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Fig. 8. Left panels: Inverse radial scalelengths for all subpdjnia adopting the LSR;, = 3.06 km s~ (best fit in the lower
panel of Figuréb, top paneh,25 km s (Aumer & Binney (2009), middle panel), an@.24 km s~* (Schonrich et al. (2010),
lower panel) with colour-coded metallicity. Right pandRadial scalelengths for the same data. For the Schonricke e the
LSR (lower panel), the absolute valués, | are plotted in logarithmic scale with negative values mdrk® crosses.

5. Discussion stars with photometric distances to determine the velaufity

i i i the Sun with respect to the neighbouring stars. The mean ve-
The extended, kinematically unbiased catalogue of RAVFssthCity of the Sun of about 13 km2 with respect to the lo-

provides a very good tool to analyse stellar dynamics in®he 5| sars determined by Coskunoglu et al. (2011) is ctarsis
lar neighbourhood and to study the asymmetric drift. We-anglith, the meanAV for the RAVE stars in FidurEM. However,
ysed dwarf stars selected by a colour-dependent magnitide|g ooy noglu et A1.[(2011) could not decompose this vefocit
The observed dependence of the asymmetric drift velddity jnig the peculiar velocity of the Sun with respect to the LSR
on the squared radial velocity dispersiof} is substantially and the asymmetric drift, which is the velocity of the LSRHwit
non-linear, and the linear Stromberg relation fails tcegawrea- respect to the mean velocity of stars in their sample. Toeeef

sonable approximation of the data. A somewhat similar an@“—ey did not derivé/, but only (Vi + V), in contrast to their
ysis of the RAVE data was performed by Coskunoglu et @uggestion.

(2011). The authors used a kinematically selected sample o
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If the radial scalelengths of the subpopulations are differ

T T T
30 b pa - J ent for different velocity dispersions, the new Strombegga-
=] i tion Eq. [B) is still applicable, but now the inverse sldgeds
25 - 7 no longer constant but depends on the squared velocityrdispe
w 20 L f’tfﬂ*i . - sion o of the subpopulation. The thus observed or theoreti-
E PR cally predicted asymmetric drift and velocity dispersisesve
S 15r e '—I—'l_I_"i"I" . us as a measure &f on the right-hand side of EJ.1(5), corre-
e sponding to the inverse radial scalelength of vo3 if the pe-
el ] culiar motion of the Suiv; is known. In addition to the over-
3 0<[Fe/H]<0.2 —— all trend of larger radial scalelengths for lower metaties,
-0.2<[Fe/H]<0 . i . .
-0.5<[Fe/H]<-0.2 ——i we find within the metal-poor bin a trend of decreasing scale-
0 1 1 1 . . . . . . .
0 =00 1000 1500 2000 Iength Wlth. increasing v_elocny d_lsper5|on. This can bera hf.
0.2 ks an increasing contribution of thick disc stars combinedhwait
R '

small thick disc radial scalelength. Alternatively, it ietcon-
, . ) ) i tribution of a young metal-poor subpopulation of the thiacdi
Fig.9. Model predictions of a S|mple ghsc evolution mode} i, large radial scalelength (Figufe 7). The inverted dref
compared to the RAVE data shown in Figlife 8. faster rotation for more metal-poor stars, at least in thenger
thin disc, as observed in Lee ef al. (2011b); Liu & van de Ven
(2012); Loebman et al. (2011), can be dynamically undetstoo
When splitting the RAVE sample into three metallicityhy the rule: lower metallicity— larger velocity dispersion and
bins, the non-linearity of the asymmetric drift is reduced ilarger radial scalelengths smaller asymmetric drift> faster
each metallicity bin and a joint best linear fit confirms thehean rotation. The chemodynamical model by Schénrich et al
low peculiar velocity of the Suf;, = 2.52 + 0.80 km s™'.  (2010) probably can be interpreted in these terms. Eactt poin
The slopes of the asymmetric drift yield radial scalelesgih of the non-linear dependendg,(s2) from |Schonrich et al.
2.734+0.17,1.97 £ 0.10, and1.50 £ 0.05 kpC with ianeaSing (201()) should Correspond by Em (5) via its ownto the ra-
metallicity using the average values for the velocity dis  dial scalelength?y. Therefore, the dependentg(c3) from
shape. Schonrich et al. (2010) can be interpreted as an increaBg of
For modern large samples like RAVE and SDSS/SEGUEnd/or R, with the velocity dispersiory of the subpopula-
space velocities are available by combining the survégns. We have shown that elevatihg, to 12 km s! results
data with distance estimates and proper motion catalogu@ssignificantly increased radial scalelengths, which arene
Therefore the velocity dispersion ellipsoid is availaledach negative for some low-metallicity bins. The physical ipieta-
stellar subsample, and we propose to rearrange the Jeams egih of an increasing pressures with radius is questionable.
tion in such a way that all measured contributions are coatinA second effect of a larger LSR value is a systematic trend
on the left-hand side td”’. This leads to an improved asym-of decreasing scalelength with increasing velocity disioer.
metric drift equation (Ed.J5). In this new Strémberg eqomfi This is counterintuitive to the impact of radial migratievhich
the only unknown is the radial scalelengtly; of vo3, which should flatten radial gradients with increasing age andaitgio
determines the slope &f’ as function ofs%. This new equa- dispersion.
tion allows a cleaner investigation of the interrelationadial
scalelengths and the adopted (or determined) LSR (i.e.¢he B
culiar motion of the Suij,)). et
We applied the new Stromberg equation to the RAVE d
split in the metallicity bins. The best joint linear fit gives
valueVy) = 3.06 +0.68 km s~! for the LSR. The radial scale-

lengths are.91 4 0.16, 2.11 + 0.09, and1.61 + 0.05 kpc re- ing all further analysis inapplicable. The dynamically dest
spectively for the metallicities [M/H]=-0.35, -0.1, and.t@lex 9 : y pp j yn y
. subpopulations of stars are the most susceptible to sneadi-gr

in the disc. Adopting a horizontal orientation of the vetgci |_ . : : ; .
ellipsoids above and below the midplane yield 10-20 percetﬁponal perturbations, while dynamically hotter subpiafians

larger scalelengths. The small differences of the new add (S]re less affected by them. Thus a Jeans analysis could break

" . - . own for smallo2 while still being a good approximation for
Stromberg equations show that the contribution of theaiglo ., . R . .
ellipsoid terms to the asymmetric drift are less significtime big o7 This would apply to the bluest bins of the Hipparcos

; . sample and al he maser m rements of star-forming r
overall trend of the asymmetric drift is dominated by thecdig 2 P'e & d also to the maser measurements of star-fo gre

scalelengths and variations of it. The radial scalelength® glons. There IS still no precise model to correct for theeoes
o . L . in the solar neighbourhood.

disc is smaller for higher metallicities, implying a morenee

trally concentrated distribution of metal-rich stars. Tepen- From the slope of the asymmetric drift dependence on the

dence of the asymmetric drift on metallicity can serve asagoradial velocity dispersion, we can estimate the radialescal

constraint for chemodynamical models of the Milky Way aniéngthRg, of o3 in the Galactic disc. WitbRg1 = R;'+R;!

for the effect of radial migration on the stellar dynamicslanand the standard assumptiéy = R,, we getR, ranging

abundance distribution in the solar neighbourhood. from 2.9 kpc to 1.6 kpc. IR, is significantly larger tharR,,,

Another possible explanation for the discrepancies in the
ermination of the LSR are non-axisymmetric feature®-A |
?al spiral wave perturbation, which could influence thelatel
a o )
ynamics in the solar neighbourhood, can account for aebffs
of ~ 6 kms~! (Siebert et all, 2012). It would break the axisym-
metry of the gravitational potential required by Ef. 2, tmak-
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as assumed hy Bienaymé (1999), tHiencan be smaller than  The authors are very grateful to Young-Sun Lee and
our estimate by up to a factor of two, falling well below 2 kpcTimothy C. Beers for providing their SEGUE data sample for
The orientation of the velocity ellipsoid measured by theur analysis and for fruitful discussions, as well as to kharth
vertical gradient ofigo, has a minor impact on the radial scaledahreif3 for providing us with results of his analysis of theal
length. Withn — 0 (horizontal orientation), the scalelengtt,  stellar samples. We thank the anonymous referee for vaduabl
would increase by less than 20%. The new Stdmberg relatiimmments and the language editor for improving the English
(see Eqlb) shows that a re-determination of the velocity-ell language.
soid has, in general, a small effect on the determinatiohef t
LSR and the radial scalelengths.
Based on the large data sample of RAVE dwarfs, we ha
demonstrated that the Jeans equation is problematic fm*aheﬁeeferences
termination of both the LSR (i.e. the tangential peculiatioro  Aumer M., Binney J., 2009, MNRAS, 397, 1286
of the Sun;)) and the radial scalelengths of the stellar popul@ienaymé O., 1999, A&A, 341, 86
tions simultaneously. The extrapolation to the asymmetiit Binney J., 2010, MNRAS, 401, 2318
value ator = 0 depends sensitively on the sample selectiddinney J., Burnett P., Kordopatis G., Bland-Hawthorn J.,
and on additional assumptions. On the other hand, the JeanBwitter T., et al, 2013, MNRAS, in prep.
equation provides a sensitive tool to test Milky Way modeBinney J., McMillan P., 2010, MNRAS, 413, 1889
on their dynamical consistency. The LSR value cannot be &inney J., Tremaine S., 2008, Galactic Dynamics, Princeton
justed independently because any variation has a largecimpa University Press, Princeton, NJ
on the radial scalelengths of all stellar populations inadyir Boeche, C., Siebert, A., Williams, M., de Jong, R. S,
cal equilibrium. Dynamically, the radial scalelengt, of the Steinmetz, M., et al, 2011, AJ, 142,193
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