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Abstract We report a detailed investigation of the bulk motions ofrikarby Galactic
stellar disk, based on three samples selected from the LASHIR2: a global sample
containing 0.57 million FGK dwarfs out te2 kpc, a local subset of the global sample
consisting 0-~5400 stars within 150 pc, and an anti-center sample congind400
AFGK dwarfs and red clump stars within windows a few degre&keweentered on
the Galactic Anti-center. The global sample is used to canst three-dimensional
map of bulk motions of the Galactic disk from the solar vigirout to ~2 kpc with

a spatial resolution o250 pc. Typical values of the radial and vertical components
of bulk motion range from-15 km s™! to 15 km s!; in contrast, the lag behind the
circular motion dominates the azimuthal component by up1® km s™!. The map
reveals spatially coherent, kpc-scale stellar flows in fhk,dvith typical velocities of

a few tens of km s!. Bending- and breathing-mode perturbations are cleasijphé,
and vary smoothly across the disk plane. Our data also rénglaér-order perturba-
tions, such as breaks and ripples, in the profiles of venilon versus height. From
the local sample, we find that stars from different poputaiexhibit very different
patterns of bulk motion. Finally, the anti-center sampleseds a number of peaks in
stellar number density in the line-of-sight velocity vessiistance distribution, with
the nearer ones apparently related to the known moving grdune “velocity bifurca-
tion” reported by Liu et al. at Galactocentric radii 10-1Xkp confirmed. However,
just beyond this distance, our data also reveal a new tpplked structure.
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1 INTRODUCTION

The stellar velocity distributions encode the assembliohysand structural information about the
Milky Way. The Milky Way is often approximately considereal be steady and axisymmetric. In
such a model, disk stars are expected to have quite smoowiragid-peaked velocity distributions,
without significant bulk motions in either the radial or veal directions (see e.g. Schwarzschild &
Villiger 1907; Schonrich & Binney 2012).

This simple picture is, however, challenged by the recetgadi®ns of significant bulk motions
in the nearby stellar disk. Using1x 10" stars from the Sloan Extension for Galactic Understanding
and Exploration survey (SEGUE; Yanny et al. 2009), Widrovalet(2012) determine the vertical
bulk motions as a function of height from the disk mid-plafleeir results reveal wave-like pertur-
bations and some differences in bulk motion between blueeshdtars. Williams et al. (2013) report
the bulk motions of~7x10* red clump (RC) stars selected from the Radial Velocity Expent
(RAVE; Steinmetz et al. 2006). They find a north-south asymnynigoth in the radial and vertical
bulk motions; and curiously, the vertical bulk motions déibéome compression and rarefaction pat-
terns across the disk. North-south asymmetry and comprepsitterns are also observed by Carlin
et al. (2013) with~4x 10> F-type stars selected from the LAMOST Galactic spectroscsyrveys
(Cui etal. 2012; Zhao et al. 2012; Liu et al. 2015) and RAVEv{Bet al. (2015) report fluctuations
in differences between the observed and predicted stedlacity distributions on scales ranging
from 25 pc to 10 kpc, using data from the Apache Point Obsery#&alactic Evolution Experiment
(APOGEE; Eisenstein et al. 2011), RAVE and the Geneva-Cuoggen Survey (GCS; Nordstrom
et al. 2004). They attribute the fluctuations to the effedtthe central bar. In addition, Liu et al.
(2012) reveal a feature of “velocity bifurcation” at Galacgntric radii 10-11 kpc with-700 RC
stars in the direction of the Galactic Anti-center, andiiptet it as a resonance feature of the central
bar. Theoretically, Siebert et al. (2011), Debattista @0dnd Faure et al. (2014) show that bulk
motions can be excited by spiral arms, and Widrow et al. (2014stigate the dynamical effects of
a passing satellite or dark matter subhalo.

By June 2014, the LAMOST Spectroscopic Survey of the Galaatiti-Center (LSS-GAC; Liu
etal. 2014; Yuan et al. 2015) had obtained spectra with Sﬂﬂ(@) > 10 for over one million stars.
The second data release (DR2) of value-added cataloggebthieir line-of-sight radial velocities,
stellar atmospheric parameters, three-dimensionalaidims, distances and proper motions. In this
paper, we report an investigation of bulk motions based ogetsamples selected from the LSS-
GAC DR2: A global, a local and an anti-center sample. Theagjlshmple, containing 0.57 million
FGK dwarfs, is used to obtain a three-dimensional map of mgkions in the Galactic disk from
the solar neighborhood out t02 kpc with a resolution 0f~250 pc. The second sample, a subset
of the global one, contains5400 stars within 150 pc; we use it to investigate the bulkiomst of
different stellar populations in the solar neighborhoddaly, we investigate whether the “velocity
bifurcation” reported by Liu et al. (2012) is a localizedustture via an analysis of the line-of-sight
radial velocities of the anti-center sample, consisting4#00 AFGK dwarfs and RC giants, tracing
a contiguous distance range of 4 kpc in the Galactic Antieredirection. The paper is organized as
follows. After a description of the data in Section 2, we pregesults based on the three samples in
Sections 3-5 in turn. We then close with a brief summary irtiSe®.

2 DATA
21 LSSGAC

Data used in this work are from the LSS-GAC DR2 (Xiang et alLl3) in preparation). LSS-GAC
—the LAMOST Spectroscopic Survey of the Galactic Anti-@eifLiu et al. 2014; Yuan et al. 2015)
surveys a 3400 dégcontiguous area centered on the Galactic Anti-centerq(x501 < 210,

—30° < b < 30°) and aims to obtain opticahg 3700— 9000), low-resolution R ~1800) spectra
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for a statistically complete sampleontaining~3 million stars of all colors and magnitudes ranging
fromr =14.0to 17.8 mag (down to 18.5 mag for a limited number of §gl®ver 1.5 million stars

in the range-10° < Dec< 60° and brighter tham = 14 mag are also selected with a similar selec-
tion algorithm and observed under bright lunar conditiar&S-GAC also contains a sub-program,

targeting various types of objects in the M31-M33 region.JBye, 2014, LSS-GAC had obtained

over two million spectra with a signal-to-noise ratio at 886 S/N (465@) > 10.

Line-of-sight radial velocitiesy,., and stellar atmospheric parameters (effective temperatu
Teg, surface gravity log and metallicity [Fe/H]) are estimated with the LAMOST SéelParameter
Pipeline at Peking University (LSP3; Xiang et al. 2015). BéxX (4650°\) > 10, LSP3 has achieved
accuracies better than 5.0 km's 150 K, 0.25 dex and 0.15 dex faf., T.¢, log g and [Fe/H],
respectively. Values of the interstellar extinction, wigipical errors 0f~0.04 mag, are obtained for
individual stars with the standard pairing technique (Béecl965, Massa et al. 1983, Yuan et al.
2013). Distances have been derived based on an empiriatiborebetween absolute magnitudes
(90, 70, Jo, Ho, Kso) and stellar atmospheric parametefsq, log g, [Fe/H]). Typical distance
uncertainties are 10%—-15% for dwarfs and 20%—30% for giants

Proper motionsy,cos and us, are from the UCAC4 (Zacharias et al. 2013) and PPMXL
(Roeser et al. 2010) catalogs. UCACA4 is an all-sky, astromeatalog containing over 113 mil-
lion objects complete t&® ~16 mag. More than 105 million stars in UCAC4 have proper mjo
with typical random errors of 4 masyt. Compiled based on USNO-B1.0, 2MASS and a previous
version of PPMX, PPMXL contains over 900 million sources dae V' = 20 mag. Almost all of
them have proper motions, with typical random errors ragdiom 4 to more than 10 mas yt.
The position-dependent systematic errors of proper metdtyCAC4 and PPMXL have been cor-
rected by Huang et al. (2015a) and Carlin et al. (2013), @@y, using~1700 or~10° quasars
as anchors. After the corrections, however, some unaceddat color- and magnitude-dependent
systematic errors remain, which are further discusseddtie3.2.

2.2 Coordinate Systems and Galactic Parameters

We use two sets of coordinate systems in this paper: (a) A-Highded Cartesian coordinate system
(X,Y, Z) centered on the Sun, witki increasing towards the Galactic centérin the direction of
Galactic rotation and’ the height from the disk mid-plane, positive towards them@alactic pole;

(b) A Galactocentric cylindrical coordinate systef, @, ), with R the Galactocentric distance,
® increasing in the direction of Galactic rotation aAdhe same as that in the Cartesian system.
We assume that the Sun has a Galactocentric distBpce 8 kpc. This places the Galactic center
at Xac, Yec, Zae) = (8, 0, 0) kpc and the Sun aRg,, ¢., Z¢) = (8 kpc, @, 0 kpc). The three
velocity components are denoted &g, (/, W) in the Cartesian system ant{, Vs, V) in the
cylindrical system. We use a flat rotation curvelaf= 220 km s't, and solar motionsl{s, V5,
W) =(7.01,10.13, 4.95) kmrs (Huang et al. 2015a) relative to the Local Standard of RESR{L

2.3 Samples
2.3.1 Theglobal sample

We use a global sample of FGK dwarfs to construct a three4ainaal map of bulk motions in the
Galactic disk from the solar vicinity out te2 kpc. The stars are selected from the LSS-GAC DR2
by applying effective temperature and surface gravity,c4200< T, < 6800 K and 3.8 log g

1 In the sense that the sample stars are selected uniformlyeocelestial sphere to given limiting magnitudes and ran-
domly in color-magnitude diagrams, such that with due aersitions of the various well-defined selection effects, th
spectroscopically targeted sample stars can be used teerette underlying photometric populations (cf. Yuan et2éll5
for detail).
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< 5.0 dex. Stars without UCAC4 or PPMXL proper motions are estetl and duplicate ones with
lower spectral SNRs are removed. This leads to a samplé®afO million FGK dwarfs.

We derive the three-dimensional position&;, (Y, Z) and (R, ¢, Z), and three-dimensional
velocities, (/, V, W) and Vg, Vs, Vz), of individual stars from their celestial coordinates, (
b), distancesg, line-of-sight radial velocitiesl,., and proper motiong,,cos and . For proper
motions, both UCAC4 and PPMXL catalogs are used, yielding imdependent sets of velocities
for each star. We use a Monte Carlo method of error propag#i@stimate the random errors of
positions and velocities. This is done by randomly sampliregdistance moduli, radial velocities
and proper motions, assuming Gaussian random error distits. For each realization of a given
star, we calculate the position and velocity. This is rep@a000 times to obtain their distributions.
The standard deviations of the distributions are adoptearadom errors of the position and velocity
for the star of concern.

We then remove outliers and stars with large random errorseljyiring: —200 < Vi <
200 km s, 0 < Vg < 400 km s'!, —200 < V; < 200 km s and random errors iz, Vs
and V are no larger than 50 knT'$. Velocities obtained with the UCAC4 and PPMXL proper
motions should satisfy both these criteria to retain a stdahé sample. This leaves0.57 million
FGK dwarfs in the final sample. The contours in Figure 1 digpie sample in theg(— r, r) color-
magnitude diagram. The sample covers a range of 10—17 malgand magnitude and 0.1-1.7 mag
in g — r color. The spatial distributions of the stars can be founBigure 2, which shows that the
stars occupy a significant volume of the Galactic disk, spanthe region from the solar vicinity
out to~2 kpc. The global sample is three-dimensionally sliced smt@ll bins, with bin sizeAR,
Ad, AZ) = (250 pc, 2, 250 pc). The entire volume of Figure 2 thus contains a tdtaBe4 bins.
Among them, 662 bins are found to contain stars, ranging Seweral to a few 19 and 252 bins
have no fewer than 100 stars.

2.3.2 Thelocal sample

A local sample of stars is selected by applying a distancelcgt150 pc, to the global sample. The

local sample is less affected by the potential systematorem proper motions due to the distance
cut. The sample contains 5443 FGK dwarfs, and is furtheddiyiinto six populations according

to their effective temperatures (F/G/K types) and metititis (metal-rich and metal-poor). Table 1

(see Sect. 4) lists the numbers of stars, along with the tefietemperature and metallicity ranges
for each population.

Table1 Bulk Motions of the Local Sample

UCAC4 Proper Motions PPMXL Proper Motions
Tor [FE/H] Number (VR> (Vq>>— 220 <Vz> <VR> <Vv<1>>— 220 (Vz>
(K) (dex) ofstars (kms!) (kms 1) (kms Y (kms!) (kms!') (kms!)
(6000, 6800) > —0.4 92 —-0.3+1.1 2.2+0.9 1.6t0.6 1.06t1.3 2.2+0.8 2.4+0.6

(5000, 6000) > —0.4 2473 2.20.2 —-5.6+0.2 —-0.2£0.1 2.0:0.2 —-5.7+0.2 0.4:0.1
(4200, 5000) > —0.4 2581 4302 -56+0.2 -1.8+0.1 41402 —-6.240.2 -1.44+0.1

(6000, 6800) < —0.4 46 —6.6+3.0 —0.6£2.0 5105 —-4.8+34 —-1.7+1.9 4.5+0.6
(5000, 6000) < —0.4 170 —3.6£15 —-11.9+14 1410 —-34+16 -—-14.1f£14 1.9+0.9
(4200, 5000) < —0.4 81 1.3:2.2 —-20.0+£1.9 1.8:1.0 12822 -19.3t2.1 15+1.2

2.3.3 The anti-center sample

The anti-center sample consists of four populations, the, GK A-type dwarfs and RC giants. The
dwarfs are selected from the LSS-GAC DR2 with the effectreferature and surface gravity cuts,
4200< T.g < 6000 K and 3.8 dex log g < 5.0 dex for GK-type stars, 6009 T.; < 6800 K
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Fig.1 Color-magnitude diagram of the global sample (contouns), the median differences be-
tween UCAC4 and PPMXL proper motions{ cos(d) on the left and.s on the right) of the member
stars falling in the individual color-magnitude bins (coszale). The bins have a width of 0.1 mag
in g — r and 0.5 mag in-. The contours increase from 100 4@l x10* stars per bin with equal
logarithmic steps. The color bar is in units of mas yr
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Fig.2 Spatial distributions of the global sample. Greyscale shtve logarithmic surface density
of stars in units of pc? (left and middle panels) or in pc* deg ™! (right panel). With spacings
(AR, A®P, AZ) = (250 pc, 2, 250 pc), the magenta grids show how the sample is dividegbthr
dimensionally when we construct the bulk motion maps.

and 3.8< log g < 5.0 dex for F-type stars, and 68007, < 10000 K and 3.2 log g < 5.0 dex
for A-type stars. The RC giants are selected by Huang et @lL5R), as well as from the LSS-
GAC DR2, based on their positions in the [Fe/H}z—log ¢ and [Fe/H]-color parameter spaces.
The PARSEC stellar evolution models (Bressan et al. 201@hagh-quality asteroseismology data
of Kepler are used to define the location of RC giants in the paramegaresp The contamination
and completeness of the selection algorithm are less thaamsPgreater than 90%, respectively. RC
stars are thus selected to have distance accuracies beiteés%—10%. From the chosen AFGK-type
dwarfs and RC giants, we then select those falling in windosviered on the Galactic Anti-center,
|l— 18C°|< 4, |b|< &, whered is set to 4 for GK- and F-type dwarfs, 6for A-type ones and 2
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for RC giants, a compromise between a sufficient number of §paeferring a largé) and a good
alignment between the Galactocentric and line-of-sigtlialaselocities (preferring a smail).. The
final anti-center sample contains 1716 GK-, 1402 F- and 339p&-dwarfs and 958 RC giants.
With increasing luminosities, these four populations afstre able to trace the Galactic disk in the
anti-center direction from the solar vicinity out to a Gataentric distance of 12 kpc. The distance
distributions of the anti-center sample can be found in FEdY (Sect. 5).

3 THE THREE-DIMENSIONAL BULK MOTION MAP
3.1 Characterizing Bulk Motions

To construct the bulk motion maps, we three-dimensiondittg she global sample into small bins
(see Sect. 2.3.1 and Fig. 2).

Figure 3 displays the velocity distributions of two typitéhs. The first bin has a close distance
and thus less affected by the random errors that propagatetfre proper motions and distances.
As panel (a) shows, the distribution ©f; in the first bin shows deviations from a simple, smooth
Gaussian distribution, including two peaks-t5 km s ! and 10 km s!, respectively. The peaks are
produced by the known moving groups (see e.g. Dehnen 1998jaet al. 2012): the-15 km s°*
peak comes from the Sirius and Ursa Major (UMa) groups, wthigeone at 10 km's' is from the
Pleiades and Coma Berenices groups. Deviations such as @ahedowever not so big — a single
Gaussian can still fit the overall distribution well and thedianVx, finds the Gaussian peak quite
precisely. A visual examination of the 252 bins with no fewean 100 stars has found clear signa-
tures of moving groups in th&g, profiles of only four bins, all near the Sun. Again, the preseof
those moving groups hardly affects the determinations@fténtroids of the distributions through
the median values df. Those moving groups, however, do not show ufinas obviously as in
Vg of the same bin (Panel (b)). They are probably lost in the mashowerVs distribution. (The
moving groups have typical widths Wiz or Vg of > 10 km s7!; see e.qg. fig. 3 of Dehnen 1998.)
Unlike Vg, Vg has long been known to skew towards lower values. This islgleaen in the current
case. Still, a single Gaussian fits the data and the mediag fiads the peak position well. Panel (c)
shows quite a simple, single-peaked, symmetric profil&pfor the first bin, whose peak can be
easily found by Gaussian fitting or by the median value degshi weak, extended wings|&t;| >
30kms!. The second bin has a farther distance (Panels (d-f)), ge tandom errors that propagate
from the proper motions and distances would have blurreditiratures of any moving groups, the
skewness or the extended wings in the distributionggfl’s andV, respectively. In this case, the
distribution profiles are well fitted by a Gaussian, whosekpeaincide well with the corresponding
median values. Above all, as a first approximation, the butkioms of stars in the individual bins
can be characterized by the median values of the three campoof velocity, denoted in this paper
by (Vr), (Vo) and(Vz). To calculate those median values, we have required thetdicsntain at
least 100 stars, leaving 252 bins that are usable. The bulionsathus derived have random errors
less than~5 km s, with typical values of< 2 km s7! for (Vz) and< 3 km s! for (V) and
(Vz).

3.2 Systematic Errors
3.2.1 Distances

The random errors of stellar distances do not systematiatifict the bulk motions. Slightly evolved
stars in the global sample, with 38log g < 4.2, are found to have systematically underestimated
distances by-20% compared to those derived by isochrone fitting (XiangS3Vlet al., private com-
munications). However, the fraction of those evolved stacair sample is small. Moreover;a20%
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Fig.3 Distributions of Vi (l€ft panels), Vo (middle panels) and Vz (right panels), derived using
the UCAC4 proper motions in bins 8 R < 8.25 kpc, 0< @ < 2°, 0 < Z < 0.25 kpc (pper
panels) and 8.25< R < 8.5 kpc, 4< ¢ < 6°, —0.5< Z < —0.25 kpc (ower panels). In each
panel, the histogram bin size is set to be no smaller thanathéom errors of the 90th percentile
of stars ordered by increasing error. The bin size is setéh suway to avoid artifacts introduced
by the velocity errors of individual stars. The red curve Gaussian fit to the distribution of which
the median value is marked by the red straight line. In Par)eReak 1 at-15 km s originates
from the moving groups Sirius and UMa, and Peak 2 at 10 kinc®mes from Pleiades and Coma

Berenices.

underestimation in distances corresponds to an undestimof the same percentage in the mean
tangential velocities, which in turn contributes in a verynor way to(Vg) and(Vz).

3.2.2 Line-of-sight radial velocities

A comparison of the line-of-sight radial velocities of stabserved by both LAMOST and APOGEE
has shown that the LAMOST wavelength calibration suffessifglitches of the order of2 km s!

on a timescale of several days (Xiang M.-S. et al., privatarooinications). The sample stars inside
each bin were observed on nights ranging from typicalyup to~60 days, with typical timespans
ranging from 1-3 months to 1-3 years. We expect that theteffefcthose glitches largely cancel
out on such a timescale, and thus hardly affect our estinohtée bulk motions. Unresolved binary
stars can potentially affect the line-of-sight radial \elies due to the orbital velocities of the binary
stars around their centers of mass. However, this effedsasumlikely to affect the determinations

of the median velocitie§Vz), (Vo) and(V) in a systematic way, under the reasonable assumption
that the orbital orientations and phases of binary systemsadomly distributed.
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3.2.3 Proper motions

The largest systematic errors affecting our results coora the proper motions, which are more sig-
nificant at larger distances. The color scale in Figure 1 sitbe median differences of the UCAC4
and PPMXL proper motions for the global sample. It can be g¢hahthe differences vary sys-
tematically withg — » color andr magnitude. Typical differences fqr,cos range from—1 to

0 mas yr! except for very blue or bright starg ¢ » < 0.3 mag orr < 12.5 mag), for which
the differences amount to2 mas yr*. For s, the systematic differences typically range frer

to 1 mas yr!; but very red or faint starsg(— » > 1.3 mag orr > 16.0 mag) are found to have
values up to 2 mas yr. Thus, even after being corrected for systematics usingkssnof distant
quasars, the proper motions from UCAC4 and PPMXL still sufffem the unaccounted for color-
and magnitude-dependent systematic errors. In the cumait we have used proper motions from
both catalogs and deem the result robust if it is seen usittglWBAC4 and PPMXL.

3.2.4 Algorithm biases

As we shall see late(Vg), (Vo) and(Vy) all vary spatially in three dimensions, i.e. iR(®, Z)

or (X, Y, Z). If the bulk motions are estimated by projecting the stara two-dimensional plane,
the results are unlikely to be a good representation of thigildition in case the bulk motions vary
significantly in the projected dimension. For example, tleani/’; of stars within bin R, — R2, 23

— Zy) is aweighted mean dVz)(®| Ry — Re, Z1 — Z3) with weightsn(®|Ry — Rz, Z1 — Z»), where

n is the stellar number density of the sample used. Samplaffefeht» could yield quite different
results. This problem is naturally avoided by three-din@me binning, as we have done here for
the global sample.

3.2.5 SHection effects

As we shall see in Section 4, different populations seem te ldifferent bulk motions. The dif-
ferences in(Vg) and (V) are relatively small, i.e. on the order of a few km's However,(Vs)

has larger differences;10 km s™!, between different populations. The global sample costsiiars
spanning a wide range of effective temperatures and nati@é, and thus suffers from selection
effects. The selection effects {¥z) and(V) are less important, compared with the systematic er-
rors introduced by proper motions (from several to more ttikm s *; see Figs. 4-9). In contrast,
the selection effects itl’s ) are expected to be more significant. We do not correct forélezson
effects in the current paper.

3.2.6 The solar motions

Bovy et al. (2015) point out that bulk motions have a significaffect on the determination of
solar motion with respect to the LSR. With stars spanningréggons from the solar vicinity out
to ~5 kpc, they determine the azimuthal component of solar mdtidbeV;;, ~24 km s !, much
larger than the previously locally-determined resultse @iscrepancy can be explained if the local
Galactic disk has a bulk motion 6f10 km s™* (Bovy et al. 2015). In this paper, we have calculated
stellar velocities adopting a locally-determined set désmotions, Uq, Ve, W) = (7.01, 10.13,
4.95) km s! (Huang et al. 2015a). Here we do not aim to obtain a betterfselar motions, which
may well vary depending on the spatial extension of stard ts@etermine them in view of the
finding of Bovy et al. In any case, the bulk motio¥), (Vy) and(Vz), reported here can be
updated in the future by simply applying the correspondiffigets,dU,, §V, andoWg,, between
the future new and the current solar motions, as we appraglyizaved ((Vg) —Ug), §((Va) — Vo)
ands§((Vz) — W) ~0 km s~ for our sample.
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Fig.4 Distributions of (V) obtained with both the UCAC4 or the PPMXL proper motions and
their differences in units of kms viewed in theX—Y plane. Boxes in black show bins where the
differences are no larger than 5 km's Numbers in the brackets show the rangesZah units of
kpc. The black dot denotes the location of the Sun.

3.3 TheBulk Motions
3.3.1 Radial component (Vi)

Figures 4 and 5 show the maps of radial bulk motigR). For most bins, the differences between the
UCAC4 and PPMXL results are no larger than 5 ki s(Vz) is clearly nonzero, but ranges from
~ —15 km s7! to ~15 km s, consistent with previous studies (e.g. Williams et al. 202arlin

et al. 2013). Most parts of the disk that have been mapped tatveard bulk motions. However,
inward motions dominate a large region near the Sun, i.etdpion defined by < R < 9 kpc,

0 < ® < 6° —0.75 < Z < 0.5kpc, or roughly—1 < X < 0kpc,0 < Y < 1 kpc and
—0.75 < Z < 0.5 kpc.

3.3.2 AzZimuthal component (Vg )

Figures 6 and 7 show the maps of azimuthal bulk motigg), from which we have subtracted a
constant circular motion o, = 220 km s! for clarity. The UCAC4 and PPMXL proper motions
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Fig.5 Same as Fig. 4 but for the—Z plane. Numbers in the brackets show the ranges iof units
of degrees.

give consistent results for most bins, with differencesargér than 5 kms!. The Galactic disk

is dominated by negative values @fs) — V., which decrease systematically as one moves away
from the mid-plane. NeaZ ~0 kpc, the stars lag behind the circular motionb§ km s™!; but at

|Z| ~1 kpc, the stars hav@/s) — V. < —15 km s™L. Similar trends are also unveiled by Williams
et al. (2013). As mentioned in Section 3.2(83) could be affected by some selection effects. The
later-type stars, which are expected to have larger asyrouiifts, are concentrated close to the
mid-plane. Thus({Vs) at larger values ofZ| could be slightly overestimated due to the selection
effects.

3.3.3 \ertical component (V)

Figures 8 and 9 show the maps of vertical bulk mot{®h ). Similar to(Vz), (Vz) approximately
ranges from-15 to 15 km s!, again in agreement with the previous studies (Widrow e2@1.2;
Williams et al. 2013; Carlin et al. 2013). However, the wveatibulk motions are more severely
affected by the systematic errors in proper motions, antethee more bins where UCAC4 and
PPMXL give discrepant values. Williams et al. (2013) andli@aet al. (2013) have found that
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Fig.6 Same as Fig. 4 but faiVs)— 220 km s'*.

the Galactic disk exterior to the solar position is compregd.e. stars above the mid-plane move
downwards while those below move upwards. Our results cartfiat the disk sector defined by 0
< ® < 6° is indeed compressing, but thate# < & < 0° is not. The UCAC4 results even show
that the disk sector given by4 < & < —2° is probably rarefying. Stars within@ R < 10 kpc and
—2 < ¢ < 0° regardless if they are above or below the disk mid-plareefaind to be co-moving
upwards, indicative of a bending-mode perturbation. Masewkssions on the vertical perturbations
can be found in Section 3.5.

3.4 Giant Stellar Flowsin the Disk

The bulk motion maps unveil spatially coherent, kpc-scadevdl in the disk, as can be seen in
Figures 10 and 11. At most locations, the UCAC4 and PPMXL erapotions give compatible
results in terms of both speeds and directions.

Figure 10 displaygVz) and(Vz) as vectors in th&®—Z plane. Fromd = —8°to & = —2°, a
giant flow, on a kpc scale with typical velocitigg(Vz)2 + (Vz)2 > 10 km s™1, streams outwards

and upwards from the solar neighborhood. The nearer patitedlow (R < 9 kpc) become weaker
in terms of typical velocity in the secter2 < & < 0° and the direction is reversed betweerr 0
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Fig.7 Same as Fig. 5 but fgfi/s) — 220 km s7*.

and 2: the flow now runs from outside into the solar neighborhoad.® > 2°, we see the flow
increases its speed backtp10 km s™!, reaching a maximum o£20 km s™*.

Figure 11, which plot§Vz) and (Vs) — V. in the X—Y plane, displays the giant flow from
another perspective. Due to the large asymmetric drifesgthant flow lags behind the circular motion
by > 10 km s at Z < —0.5 kpc orZ > 0.75 kpc. Near the mid-plane, one sees an incomplete,
clockwise vortex structure aroundl < X < 0 kpc and—1 < Y < 0.5 kpc. It has a diameter of
~1 kpc and a typical velocity/(Vg)2 + ((Va) — V.)2 < 10 km s 1. This structure is most obvious
between O< Z < 0.5 kpc.

3.5 Vertical Perturbations

The vertical kinematics has drawn considerable interesteklve useV;)(Z|R, ®) to denote the
vertical bulk motion(V) as a function of heighf at a specific location®, ®) in the disk plane.

It has been shown thaV;)(Z| R, ®) can be decomposed into bending and breathing modes plus
higher-order modes (Mathur 1990; Weinberg 1991; Widrowlef@14). The bending mode de-
scribes a situation where stars below and above the diskptaite move synchronously upwards or
downwards, whereas the breathing mode refers to a scenher®wstars below and above the mid-
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Fig.8 Same as Fig. 4 but faii’z).

plane move in opposite vertical directions. The disk is $aide in compression when stars above
the mid-plane move downwards and those below upwards, aré@iaction vice versa.

To better displayVz)(Z|R, ®), we keep the bin size in the disk pladeR = 250 pc andA®
= 2° unchanged but increase the sampling frequency in heéfgiins in Z are now spaced every
50 pc and have a height x 15% (corresponding to the random errors) but no smaller 18@mpc.
As before (V) is estimated by the medidr}; of stars in each bin. The curves @f2)(Z|R, ®) are
displayed in Figure 12 for cases where there are at leastta(pdants and the range in heights spans
at least 1 kpc.

3.5.1 Bending and breathing modes

Despite the complicated behavior @f%)(Z| R, ®), we find that a simple linear fit can be applied to
roughly describe their trends (see also Widrow et al. 201el),

(Vz)(Z | R,®) = A(R,®) x Z + B(R,®), 1)

where the intersectioB, in units of km s!, parameterizes the bending mode (positive for upward
and negative for downward co-movement) and the sldpi@ units of km s* kpc™!, parameterizes
the breathing mode (positive for rarefaction and negativedmpression).
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Fig.9 Same as Fig. 5 but fdi/z).

The distributions of the breathing-mode parametare displayed in Figure 13. The figure once
again confirms the compression and rarefaction patteraadrdescribed in Section 3.3.3 but de-
noted here by reddish and blueish cells. Typical valued onge from~—15 km s ! kpc™! to
~15 km st kpc~! (with the UCAC4 proper motions) or te0 km s~ kpc! (with the PPMXL
proper motions). Out of 26 cells in total, 18 have the UCACA&MXL results consistent with
each other within 5 kms' kpc—!. Results from both sets of proper motions reveal a smooth,
gradual change ofl on kpc scales across the disk plane. The gradient is estinatiee roughly
18 km s ! kpc2.

Figure 14 shows the distribution of bending mode paramBtealso found to possess smooth
spatial variations. In the case of UCAC4 proper motions,@agactic disk is found to have both
upward and downward bending modes. However, with the PPMiXipgr motions, we found that
almost the whole region investigated has only an upwardibgndode, except for one cell in the
solar vicinity with B ~—5 km s™!. Still, more than two thirds of the cells have the UCAC4 or
PPMXL results consistent with each other within 5 km' SA gradient of~15 km s ! kpc™! is
estimated for the bending mode parameter.
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Fig.12 Profiles of (V%) as a function ofZ. In each panel, numbers in the parentheses on the left
give the range of? in units of kpc, and the numbers in parentheses on the rigttofh® in units

of degrees. Curves with red error bars have used the UCAGQEprootions, while those with blue
ones have used the PPMXL proper motions. The vertical eaos denote thed random errors

of (Vz), whereas the horizontal ones are set to the bin AiZe The UCAC4/PPMXL results have
been shifted by-/—5 km s, respectively, for clarity.

3.5.2 Breaksand ripples

In addition to the bending and breathing modes, the verigikd motion exhibits some higher-order
perturbations, such as breaks or ripples along¥e (Z| R, ®) curves. A representative example of
the breaks can be seen in Panel (I) of Figure 12 (8.5« < 8.75kpc, 0< ® < 2°). (V) first
decreases smoothly frof= —0.5 kpc toZ = 0.6 kpc, after which it jumps sharply by10 km s*
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Fig. 13 Breathing mode parameterin units of km s * kpc™! (color scale) derived with the UCAC4
(lower panel) or the PPMXL (pper panel) proper motions. Each sub-panel pl¢is;) as a function

of Z (points) along with a linear fit to the datattaight line). The horizontal axis of each sub-panel
ranges from-2 to 2 kpc and the vertical axis from30 km s~ ! to 30 km s!. Sub-panels enclosed

in dotted black boxes show bins where the differenced ivielded by the UCAC4 and PPMXL
proper motions differ by less than 5 km'skpc™?.
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Fig. 14 Same as Fig. 13 but for bending mode paramatér units of km s *. Sub-panels enclosed

in dotted black boxes show bins where the UCAC4 and PPMXLeslof B from UCAC4 and
PPMXL differ by less than 5 kms'.
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Fig.15 Panel (a){Vz) as a function ofZ for 9.25< R < 9.5 kpc and-2 < & < 0°, same as for
Panel (w) of Fig. 12. Panel (b): Distribution gf— r colors plue curves) andr magnitudesred
curves) as a function ofZ, where the central lines denote the median values-efr or r and 25%
of stars have values above/below the upper/lower linesIBdo, d): Locus of the median values of
g — r andrin the (g — r, ) Hess diagram. The color scale denotes the median diffesdnetween
the UCAC4 and PPMXL proper motions, the same as the coloe scdlig. 1.

within 0.2 kpc and then comes back again to a smooth gradeegdse with”Z at Z > 0.8 kpc. The
entire curve is broken by the two turning pointszat 0.6 and 0.8 kpc into three segments, each
well approximated by a linear function. Similar breaks ckso &e found in Panels (a, ¢, f).

The second kind of higher-order perturbation is charamterby high-frequency ripples in the
(Vz)(Z|R, ®) curves, especially at large distances from the Sun, enelpdo-z) of Figure 12.
The ripples have peak-to-peak amplitudgs, up to~10 km s ! and frequencies of roughly
2-5kpc L. Similar ripples have been found by Widrow et al. (2012)mgbmparable peak-to-peak
amplitudes and frequencies. One may question whether tipgges arise from the unaccounted
for color- and magnitude-dependent systematic errorsamptioper motions. However, we believe
that those ripples are probably real, as the color and madmidistributions of stars vary smoothly
with Z. An example is given in Figure 15, which shows the distribgi ofg — r colors and-band
magnitudes of stars defined by 9.25R < 9.5 kpc and—-2 < & < 2° (corresponding to panel
(w) of Fig. 12). It can be seen that bojh— r andr vary smoothly withZ, with no clear features
corresponding to the peaks or dips{@f;) at Z = 0, 0.1, 0.3, 0.5 or 0.8 kpc. A small feature in
g —ratZ =—-0.2 kpc is possibly related to a small dip at the same locatidiv;) obtained with
the UCAC4 proper motions. Moreover, the locusgof » andr median values in theg(— r, r)
Hess diagram occupies a region where the differencgs @os between UCAC4 and PPMXL are
almost constant while the differencesin vary smoothly from 3 to-2 mas yr!. Although we do
not know the systematic errors in UCAC4 or PPMXL proper mmichemselves (we only know
their differences), it is unlikely that they all vary quigkhlong the locus while at the same time
generating smoothly varying differences. Thus it seemsstthat the systematic errors in proper
motions may not be responsible for the observed high-frecpepples along théVyz)(Z|R, @)
curves.
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4 BULK MOTIONSOF THE LOCAL STELLAR POPULATIONS

Itis an interesting problem whether different stellar plagions share the same bulk motions. Smith
et al. (2012) and Widrow et al. (2012) show that there arediffices of up te-5 km s™! between
stars with different metallicities or colors. Such a studynot feasible for the global sample, as
the potential color-dependent systematic errors in prop@ions may generate false bulk motion
differences among populations with different colors, esdly at large distances. We thus restrict
ourselves to the local sample, which contains 5443 FGK stdihsdistances< 150 pc from the Sun
(see Sect. 2.3.2). At this distance limit, a 1 mas'yerror in the proper motion corresponds to a
~0.7 km s7! error in the tangential velocity perpendicular to the lifisight.

The local sample is divided into a metal-rich group ([Fe#H}-0.4 dex) and a metal-poor group
([Fe/H] < —0.4 dex). Each of the two groups is further divided into tHvased on the spectral types,
the F-type (6000< T.g < 6800 K), G-type (5000< T, < 6000 K) and K-type (4206 Teg <
5000 K). (VRr), (Vg) and(V;) are estimated by the median velocities of stars in each ptpaol
and the results can be found in Table 1 and Figure 16.

The differences between UCAC4 and PPMXL results for eachuladipn are smaller than
~1kms!, or within the random errors. However, the differences leetnwdifferent populations, ei-
therin(Vg), (V) or (Vz), are well beyond the errors at high levels of significance Vidriations of
azimuthal bulk motions are the most obvious, wit ) — 220 km s ranging from~2 km s~* for
the metal-rich F-type stars to —20 km s™! for the metal-poor K-type stars. This is expected, con-
sidering the larger velocity dispersions and asymmetiftsdof older stars. From F-type to K-type,
(Vr) steadily increases from0 to ~4 km s~! for the metal-rich populations, or from —6 km s™!
to ~2 km s™! for the metal-poor populations. For each spectral typenik&al-poor stars always
have lower values oflz) than the metal-rich ones. Similarl’;) decreases towards later spectral
types among the metal-rich populations, fres@ km s~ for the F-type stars te- —2 km s™! for
the K-type stars. For the metal-poor populations, valued/a} of the G-type stars are lower than
those of the F-type by.3 km s7!, but almost equal to those of the K-type. For each spectpa, ty
metal-poor stars always have largét; ) than metal-rich ones.

5 VELOCITY STRUCTURESIN THE GALACTIC ANTI-CENTER

Stars along the path from the Sun towards the Galactic fertter have Galactocentric radial ve-
locities Vg aligned with their line-of-sight radial velocitids.. With an analysis of the line-of-sight
radial velocities of~700 RC stars in the direction of the Galactic Anti-centeu, &i al. (2012) report

a “velocity bifurcation” at Galactocentric radii 10-11 kpnod attribute it to a resonance feature of
the central bar. However, since the majority of stars inrteample fall just around these radii, it is
thus possible that the bifurcation may not be a localizetifesbut rather a global one — it was only
detected at these radii simply because of the limited distaange probed by the sample.

To clarify the situation, we make use of the anti-center dardpfined in Section 2.3.3, consist-
ing of 1716 GK-, 1402 F-, 359 A-type dwarfs and 958 RC giankeifdistance distributions can be
found in panels (a—d) of Figure 17. With increasing lumitiesi the four groups of stars are able to
trace a contiguous distance range from the solar viciniti ef8 kpc out toR ~12 kpc.

Panels (e—i) show the stellar number density distributmfithe anti-center sample in thé&(
V,.) plane. The distributions exhibit a rich variety of velgcstructures at different distance regimes.
In the first regime, 8.0-8.6 kpc, there are four concentnatiof GK-type dwarfs al, ~ —32,
—15, 0 and 18 km s, respectively. They are apparently related to the knowningpgroups: the
—32 km s ! concentration is linked with Wolf 630, the15 km s™! one with Sirius, the 0 kms!
one with Coma Berenices, and the concentration at 18 klncemes from the Pleiades (see e.g.
Dehnen 1998; Antoja et al. 2012). Moving out to the 8.6—-9 ©dggime, however, the F-type dwarfs
only show two peaks &, ~ —30 and—5 km s, respectively. In the third regime, 9.0-9.5 kpc,
there is a single concentration of A-type dwarf$at~ —10 km s™!. Then the concentration moves
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Fig. 16 (Vr), (Va) and(Vz) for different populations of the local sample. The red sylslaoe
calculated with the UCAC4 proper motions while those in bkith the PPMXL values.

to V;. ~0 km s~! between 9.5-10 kpc traced by RC stars. In the regime of 10pd]itke “velocity
bifurcation” reported by Liu et al. (2012) is clearly visthlappearing as two stellar concentrations
atV, ~20 and—10 km s™!, respectively. The peaking velocities are slightly lowar theirs, by
~6 km s~!, which possibly originates from the measurement uncei¢sirFurther out to 11-12 kpc,
the RC giants show a new triple-peaked structure, with pealeted atl/,. ~5 km s !, 20 km s!
and 35 km s, respectively.

Antoja et al. (2012) have investigated the moving groupsffer@nt regions of the disk, showing
that they drift in velocity space at different radii. Similig the anti-center sample reveals contiguous
spatial variations of velocity structures, from the solainity out to R = 12 kpc. Specifically, the
anti-center sample analyzed here shows that while the ¢itglbifurcation” reported by Liu et al.
(2012) is indeed a localized feature, it is also not the se&ure in the direction of the Galactic
Anti-center. It is thus not an obvious conclusion that theléeity bifurcation” is a resonance feature
of the central bar, and the formation mechanisms of thegarieaneed further investigations.

6 SUMMARY

In this paper we have carried out a detailed investigatiobutk motions of the nearby Galactic
stellar disk using three samples selected from the LSS-GRZ:[2 global sample 6£0.57 million
FGK dwarfs out to a distance ef2 kpc, a local sample 0f£5400 FGK dwarfs with distances
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Fig. 17 Panels (a—d): Distributions of Galactocentric distandeSK-, F- and A-type dwarfs and
RC giants in the anti-center sample. The red lines in the faunels mark the distance ranges of
the boxed regions in Panels (e—h), respectively. Paneig:(8tellar number density distributions of
the four populations in theR, V;.) plane. The color scale is proportional to the number ofssitar

a 500 pcx 10 km s™* running box relative to the maximum. The white lines are thieesponding
40%, 60% and 80% contours from outside to inside. Panel @sait of the boxed regions in Panels
(e—h). The yellow dashed lines and boxes mark the boundafidistance regimes mentioned in
Sect. 5.

< 150 pc, and an anti-center sample containi#00 AFGK dwarfs and RC giants extending out
to ~4 kpc in the direction of the Galactic Anti-center.

With the global sample, we have provided a three-dimensiora of bulk motions of the
Galactic disk from the solar vicinity out te2 kpc with a spatial resolution 6£250 pc. Typical
values of radial and vertical bulk motions range frerti5 to 15 km s*, while the lag behind the
circular motion dominates the azimuthal bulk motion by upfics km s™!. The map reveals spatially
coherent, kpc-scale stellar flows, with typical velocitids few tens km s'. We have analyzed the
bending and breathing modes and higher-order perturtsfidre bending and breathing modes are
clearly visible, and vary smoothly across the disk planes data also reveal breaks and ripples in
the profiles of vertical bulk motion versus height, indigatof higher-order perturbations.

With the local sample, we have studied the bulk motions ofedi#int stellar populations.
Differences of several knTs are found in the radial and vertical bulk motions, while ta@rauthal
bulk motions exhibit larger differences.

The anti-center sample reveals abundant velocity strestat distances ranging from the solar
vicinity out to a Galactocentric radius of 12 kpc, with therer ones apparently related to the known
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moving groups. The “velocity bifurcation” reported by Litia. is confirmed to be a localized feature
at 10-11 kpc, beyond which the data reveal a new triple-pkstacture.
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