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ABSTRACT

We analyze the Milky Way kinematics using a sample of 30 miillmain-sequence stars with proper motion
measurements derived from SDSS and POSS astrometry~Ha0,000 of these stars radial velocity measure-
ments are also available from the SDSS spectroscopic sUbggnces to stars are determined using a photomet-
ric parallax relation, and photometric metallicity estiesmare also available for F/G stars. These stars sample a
distance range from 100 pc to 10 kpc, at high galactic lagisu@h| >30, about 10,000 dégwith a much smaller
area in the southern galactic hemispere), and allow a ddtaihd robust determination of the velocity field as a
function of location and metallicity. We find that in the regidefined by 1 kpe< Z < 5 kpc and 3 kpe< R <
13 kpc, the rotational velocity and all three componentsedbeity dispersion for disk stars smoothly increase
with distance from the galactic plane. In contrast, the ei#ycellipsoid for halo stars is aligned with spherical
coordinate system and spatially invariant within the prbizelume. The velocity distribution of nearb¥ & 1
kpc) red stars (K/M) is complex and cannot be described hbydstal Schwarzschild ellipsoid. For stars in a
distance-limited subsample equivalent to HIPPARCOS saizdl 00 pc), we detect multimodal distribution con-
sistent with HIPPARCOS results and similar to Eggen’s mggroups. This strong non-gaussianity significantly
affects the measurements of velocity ellipsoid tilt andexedeviation when using the Schwarzschild approxima-
tion. We develop and test a relatively simple descriptivaleidor the overall kinematic behavior that captures
these features over most of the probed volume, and can beaisedrch for fine substructure in kinematic and
metallicity space. We use this model to predict further ioyements expected from Gaia and LSST.

Subject headingsmethods: data analysis — stars: statistics — Galaxy: hatepkatics and dynamics, stellar
content, structure

1Department of Astronomy, University of Washington, Box 38Q, Seattle, WA 98195

?Institute for Advanced Study, 1 Einstein Drive, Princethid, 08540

3Princeton University Observatory, Princeton, NJ 08544

4University of California—Santa Cruz, 1156 High St., SantazZCA 95060

SFermi National Accelerator Laboratory, P.O. Box 500, Bitall. 60510

8Department of Physics, Applied Physics, and AstronomysRBelaer Polytechnic Institute, 110 8th St., Troy, NY 12180

"Dept. of Physics & Astronomy, CSCE: Center for the Study oé@iw Evolution, and JINA: Joint Institute for Nuclear Agthysics, Michigan State University,
East Lansing, MI 48824, USA

8McDonald Observatory and Department of Astronomy, Unitiersf Texas, Austin, TX 78712

9Department of Physics, Texas Tech University, Box 4105bHaek, TX 79409

10Research School of Astronomy & Astrophysics, The Austahitional University, Cotter Road, Weston, ACT 2611, Aatiar
1IMax Planck Institut fiir Astronomie, Konigstuhl 17, 69117ithdberg, Germany

12Department of Physics, University of Ljubljana, Jadrans8a1000 Ljubljana, Slovenia

13Lawrence Berkeley National Laboratory, One Cyclotron Rd48 50R5032, Berkeley, CA, 94720

14Department of Physics and Astronomy, The John Hopkins Wsitye 3701 San Martin Drive, Baltimore, MD 21218
15Harvard-Smithsonian Center for Astrophysics, 60 GardeseftCambridge, MA 02138

18Dept. of Physics & Astronomy, Austin Peay State Universitigrksville, TN 37044

I7Institute of Astronomy, University of Tokyo, 2-21-1 Osavditaka, Tokyo 181-0015, Japan

18Dept. of Astronomy, Graduate School of Science, UniversitJokyo, Hongo 7-3-1, Bunkyo-ku, Tokyo, 113-0033, Japan
191nstitute for Cosmic Ray Research, University of Tokyo, Kia&, Chiba, Japan

20y.S. Naval Observatory, Flagstaff Station, P.O. Box 1148&g$taff, AZ 86002

21Apache Point Observatory, 2001 Apache Point Road, P.O. Bp$nspot, NM 88349-0059

22pepartment of Astronomy and Astrophysics, The Pennsydv&tiate University, University Park, PA 16802

23University of Chicago, Astronomy & Astrophysics Center4665. Ellis Ave., Chicago, IL 60637
1



1. INTRODUCTION which can be well described using simple analytic models
within the volume probed by SDSS (and outside regions with
strong substructure, such as Sgr dwarf tidal stream and Mono
ceros stream). Here we develop analogous models that de
scribe the velocity distributions of disk and halo starsmg&o

of detailed questions that we ask include: what are thedimit

The Milky Way is a complex and dynamical structure that is
still being shaped by the infall (merging) of neighboringsier
galaxies. Since we are part of it, the Milky Way provides a
unique opportunity to study a galaxy in great detail by mea-

suring and analyzing the properties of a large number of in- : S O e
dividual stars. Most studies of the Milky Way structure can b 1ons of the Schwarzschilds ellipsoidal approximatiofti{gee-
dimensional gaussian distribution) for describing vetlpdiis-

described as investigations of the stellar distributiotih@nine- tribution? Given the increased distance ranae compared tc
dimensional space spanned by the three spatial coordjnates : 9 P

three velocity components, and three main stellar paramete glgr?\/rvgraztsacﬁﬁéséltl:iarslo\i/\ée da(?;errﬁétseprztl?Ac\fﬁgfﬁlonsoglégiir’?sp
(luminosity, effective temperature, and metallicity). P P ’ 9 X

In this paper, and the first two papers of this series, we useg\?eeesnh(;lsokrgtn"’gehg% i\{ggg:; résmtgigtlyrllgr;:“tchglgi(#:rr;ig?r.
data obtained by the Sloan Digital Sky Survey (York et al. their metallicity distributions? Do large spatial substures
2000) to study in detail the distribution of tens of millioof h I ty di i Ii' i 9 E distindi i
stars in this multi-dimensional space. We studied stebiants that are also traced in metallicity space, have distinctine

in Jurc et al. (2008, hereafter J08), and in heet al. (2008, mglfcckz)ir;gglo:;ﬁswers to some of these questions are known ft
108) we extended our analysis to include metallicity digtri X ; q .
tion. Here we focus on kinematics and analyze an unprece-SOMe extent. For example, it has been known at least since
dentedly large kinematic data set enabled by SDSS astromet!€ Séminal paper by Eggen, Lynden-Bell & Sandage (1962)
ric, photometric and spectroscopic surveys: the radialoisi thqt h|gh-metall|<.:|t.y disk stars move on nearly C|rculab.|ts,
sample includes XXX stars, and the proper motion sample in- while IOV\_/-metaII|C|t_y halo stars move on very eccentric +an
cludes XXX stars, with about XXX F/G stars in the latter sam- domly oriented orbits. However, given the increase in t““’!”“
ple for which photometric metallicity estimates are alsaibv _ber of stars _compare_d to previous work (orders_of magnitude)
able. These stars sample the distance range A0 pc to increased qllstanc_e limits, and accurate and d_lverse mesasur
~10 kpc, which represents a significant advance compared togeegitsn?f?gglnnt?diXltro?eedsin(ﬁiazwgé;he previous resirs

the HIPPARCOS distance range afL00 pc (e.g., Dehnen & 9 yimp P )

Binney 1998; Nordstrém et al. 2004). SDSS dataset offers for d 'tl'he r’gain ?ﬁcgops of t§hze papel-r iF‘C'“fde a descri?tion of thle
the first time an opportunity to study situ the thin/thick disk ata and methodology (82), analysis of proper motion sample

and disk/halo boundaries over a significant fraction of the s (59)» analysis of a subsample with radial velocity measenes
and using numerous main-sequencge stars. te (84), kinematic model testing (85), and summary and discus-

A common feature of the papers in this series is the sion, including a comparison with prior results and otherkgo

use of photometric parallax relations, enabled by ziccuratet)"’ll:s)ed (zn Isastsh daterln(%)dditi nal ts of our analvsis ar
SDSS multi-color measurements, to estimate distance to-mai ue to length, some aaditional aspects ot our analysiS are
sequence stars. With these distances, accuratel@®15%, pre_sented sepgrately. A Qeta|_led_ a”?"ys's of two-dimesasio
the multi-dimensional stellar distribution can be mapped a radial vs. rotational velocity distributiony - vy) for nearby

analyzed without any additional assumptions. The main aim Tain-sequence Mstars as a function of distance from theplan
of this paper is to develop quantitative understanding ef th Z, is presented by Kowalski et al. (in prep.). Using a sample of

large-scale kinematic behavior of disk and halo stars. From several ”f‘””O” stars, they find that W@_V‘b distribution can

an observer’s point of view, the goal is to measure and d@scri be described by.*”.‘ sum O.f two Gaussians 'ghat ha_ve similar pa
the radial velocity and pro ’er motion distributions as fioTes rameters as traditional thin and thick disk kinematics; &esv,

of the position iz sayp thF;e vs. g-r color-magnitude dia- they also obtained an intriguing result that the relativenmad-
gram, and as fun,ction,s of the. position of the analyzed sam- ization of the two gaussian components does not vary by more
ple on the sky. From a theorist’s point of view, we seek to tr;aglo.f?Sn?%(;gcr?a;ets fronp;ZnOO F;f t%li%%pgétPeocg;ptss
quantify the behavior of the probability distribution fuiom profile fron predicts a change from . 15:0.6510 O.t X)
P(VR, Vi, V2| R, 6, Z, [Fe/H]), where s, Vi, v2) are the three ve- A comparison of SDSS metallicity and kinematic distribngo
locity components in a cylindrical coordinate systeR,d, 2) with N-body models by RoSkar et al. (2008) is presented in

; o : A Loebman et al. (in prep; for initial results see Loebman et al
describe the position of a star in the Galaxy, aRd/H] is its . LA i
metallicity (" means “given”). 2008); models indicate that the unexpected absence ofityeloc

This a different approach than that taken by the most widely metallicity correlation at the thin/thick disk boundaryipied
used “Besancon” Galaxy model (Robin et al. 2003, and refer- out by 108 may b_e du_e toa combination of strong vertical age
ences therein). Instead of attempting to generate modklrste gradient and radial migration of stars.
distributions from “first principles” (such as initial mafsc-
tion) and by requiring dynamical self-consistency, we $imp
seek to describe the observed distributions without immpsi The characteristics of SDSS imaging and spectroscopic dat:
any additional constraints. Our approach thus makes marimu relevant for this work are described in detail in the first e
use of photometric parallax relations to dissect the Galaxy pers in the series (J08, 108). Here we briefly summarize the
multi-dimensional position-metallicity-velocity spaci these ~ photometric parallax and photometric metallicity methausl
new voluminous data sets analyzed here can be described irihen describe the proper motion data and their error arsalysi
terms of simple functions, then one can try to understand andThe outline for the two subsequent analysis sections, aad th
model those simple abstractions, rather than full data set. subsample definitions, are described at the end of thisogecti

As discussed in detail by J08 and 108, disk and halo com-
ponents have distinctive spatial and metallicity disttidus, 2.1. Photometric Parallax Method

2. DATA AND METHODOLOGY
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The majority of stars in SDSS imaging catalogs are on main typically an order of magnitude smaller, as robustly deteed
sequence (JO8 and references therein) and, thanks to sccurausing spectroscopically confirmed SDSS quasars (see helow)

multi-color photometry, it is possible to estimate theisalute
magnitude from the measured colors. A maximum likelihood

At a distance of 1 kpc, a random error of 3 mastycorre-
sponds to a velocity error 6¢15 km s*, which is comparable

implementation of the photometric parallax method in SDSS to the radial velocity accuracy delivered by the SDSS stella

photometric system was introduced and discussed in datail i

spectroscopic survey. At a distance of 7 kpc, a random error

J08. The method was further refined by 108 who calibrated of 3 mas yr corresponds to a velocity error of 100 kitt,s

its dependence on metallicity using data for a set of glabula

which still represents a usable measurement for large s&@npl

clusters. Sesar et al. (2008) used a large sample of caadidatgiven that systematic errors are much smale2@ km sat a

wide binary stars to show that the expected error distrlouis
mildly non-gaussian, with a root-mean-square (rms) scafte

distance of 7 kpc). Due to sufficiently small and well under-
stood proper motion errors, together with a large distainai |

~0.3 mag. They also quantified biases due to unresolved binaryand a large sample size (proper motion measurements ale avai

stars.

able for about XXX million stars witlh < 20 from SDSS Data

We estimate absolute magnitudes using expression (A7) fromRelase 7), this catalog represents an unprecedently pawerf

108, which attempts to correct for age effects, and expoessi
(A2) which accounts for the impact of metallicity. Based on
globular cluster analysis by 108, probable systematicrsrimo
absolute magnitudes determined using these relationdars a
about 0.1 mag, corresponding to systematic 5% distanceserro
(in addition to 10-15% random distance errors).

2.2. Photometric Metallicity

Stellar metallicity significantly affects the position dfso-
lute magnitude vs. color sequence (a shiftdf mag between
the median halo metallicity 6f1.5 and the median disk metal-
licity of —0.2). Since metallicity derived from SDSS spec-
troscopy is available only for a small fraction of all staes-d

source for studying the kinematics of the Milky Way stars.

We warn the reader that proper motion measurements pub-
licly available prior to SDSS Data Release 7 are known to
have significant systematic errordlere we use a revised set
of proper motion measurements (Munn et al. 2008), which are
publicly available only since Data Release 7. In order tesss
the error properties of this revised proper motion catalog,
use quasars, described next.

2.3.1. Determination of Proper Motion Errors Using Quasars

Quasars are sufficiently far away that their proper motions
are negligible at the accuracy level considered here. THge la
number of spectroscopically confirmed SDSS quasars (Schnei

tected in SDSS imaging data and analyzed here, we adopt phoder et al. 2007), which were not used in the recalibration of

tometric metallicity method based on SD8Sg andg-r col-
ors and calibrated by 108 using SDSS spectroscopic metgllic
The calibration of SDSS spectroscopic metallicity charated
the high-metallicity end after SDSS Data Release 6 useddy 10
We re-calibrate their expressions, as described in Appendi
here we use the new calibration given byAet}. This expres-
sion is applicable to F/G stars with< g—r < 0.6. The pho-
tometric metallicity errors are discussed in detail in Apgig;
approximately, they follow a gaussian distribution with iath

of 0.26 dex. Of course, all systematic uncertainties in SDSS

spectroscopic metallicity are inherited by photometritatiie-

POSS astrometry, can thus be used to derive robust indeper
dent estimates of, both random and systematic, proper motio
errors. The distributions of proper motions for 54,811 quas
with 15 < r < 20 have a standard deviation©8.5 mas/yr for
each component (determined from inter-quartile rangeth wi
medians differing from zero by less than 0.2 mas/yr. The-stan
dard deviation, which represents a measurement of random el
rors, is a function of apparent magnitude, and well sumredriz
by the following empirical fit

0, =27+2.0104 ) mag/yr (1)

ity estimator. They are of the order 0.1 dex (Beers et al. 2006 in the 15< r < 20 range. When the measurements of each

Allende Prieto et al. 2006; Lee et al. 2007ab; Allende Prétto
al. 2007).

For stars withg—r > 0.6, we assume a constant metallicity
of [Fe/H] = -0.6. This value is motivated by results on disk
metallicity distribution presented in 108, and the facttt8®SS
data are too shallow to include a large fraction of halo radsst
A slightly better method would be to use disk metallicitytdis
bution from 108 to solve for best-fit distance iterativelyout

proper motion component are normalizeddyy, the resulting
distribution is essentially Gaussian, with oriy1.4% of the
sample deviating by more than 3 from zero. The correlation
between the two components is negligible compared to the in-
trinsic scatter.

The median proper motions for the full quasar sample show
that the systematic errors averaged over the whole obsekyed
region are at most 0.2 mas/yr. However, they can be larger by

ever, the distance differences between the two approaches a a factor of 2-3 in small sky patches, as illustrated in Fighte

smaller than, or at most comparable to, other systematicserr
2.3. SDSS-POSS Proper Motion Catalog

We find that the distribution of systematic proper motion er-
rors in ~100 ded large patches has a width 6f0.67 mas/yr
(same for each component), or about twice as large as exbecte

We take proper motion measurements from the Munn et al. from purely statistical noise (per bin). As the figure shows,
(2004) catalog (distributed as a part of public SDSS data re- few regions of the sky have coherent systematic errors at the
leases). This catalog is based on astrometric measurementtevel close to 1 mas/yr (e.g. the mediantowardsl ~ 270,
from SDSS and a collection of Schmidt photographic surveys. or u, towards the inner Galaxy). Therefore, the interpretation

Despite the sizable random and systematic astrometricserro

of kinematics measured using proper motions towards theese r

in the Schmidt surveys, the combination of a long baseline gions should be cautious.

(~50 years for POSS-I survey), and a recalibration of the pho-

The region with the largest systematic erretsl mas/yr for

tographic data using positions of SDSS galaxies (see Munn ety (the top region in the top left panel in Figure Al), is ob-

al. for details), result in median random proper motion er-
rors (per component) of only 3 mas yr! for r < 18 and
~ 5 mas yrt for r < 20 (the faint limit). Systematic errors are

served at low declinationy(g 10°). The systematic deviation
of quasar vector proper motions from zero is approximataty p
allel to the lines of constant right ascensidm{) ~ 0, and
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(us) ~ =1 masl/yr), which suggests that this effect could be 2.4. Comparison of Proper Motions with Independent
caused by atmospheric refraction (due to spectral diffegen Measurements

between quasars and galaxies used in the recalibration®8PO
astrometry). Such an effect would be the strongest for easer

tions obtained at high airmass, which increases for fieldls wi
low declinations (the POSS data were obtained at a latitfide o 2.5. Complexities Associated with Kinematic Analysis
+33°; the SDSS data have a median airmass df4). We find
that the median quasar proper motion in thdirection is well
described by

Describe here the comparison with Majewski's and stripe 82
samples. Independent support for the above conclusions.

It is more difficult to analyze kinematic data than stellar
counts and metallicity data, as done in the first two papers.
While stellar counts in appropriately chosen volume elesen
are a scalar quantity, metallicity and velocity data repneslis-
tributions (probability densities). Furthermore, in thiedmatic
. case there are three distributions, which can be, at legsirin
for =5° < <307, and{us) < 0.2 maslyr fors > 30°. _ ciple, strongly correlated. Even for a perfect Gaussianasel

The observed dlre.ctlo.n and the magnitude of this systematlcity distribution (the Schwarzschild ellipsoid), there atél as
offset (an astrometric displacement of &80 mas) are con-  any as six scalar functions to follow as a function of positi
sistent with detailed studies of atmospheric dispersidece in the Galaxy and metallicity. Another way to look at the same
for quasars (Kaczmarczik, Richards & Schlegel 2007). There nropjem, more similar to analysis presented in Paper 1,dt th
fore, itis possible that true systematic errors for stgliaper e are trying to count stars and constrain the distributiorc$
motions (whose spectral energy distributions differ l@ssnf o in the 7-dimensional space spanned by three spatiat coo
galaxy spectral energy distributions than is the case fasas)  ginates, three velocity components and metallicity. Assgm
are smaller than implied by Figure Al. Nevertheless, we will 4a60nal symmetry of the Galaxy, and that stars can belgimp
conservatively adopt results based on quasars as '”deﬂendeseparated in low-metallicity and high-metallicity subszes,
estimates of systematic and random proper motion errors foryyis is still counting in a 5-dimensional space.
stars ana_lyzed in this_work. In part_icular, we ad<_)pt 0.6 gras/ An added difficulty when analyzing kinematics is complex
as an estimate for typical systematic proper motion ermeehS g6y hehavior. Random errors for radial velocity meas s
a small value is .truly remarkable as it correqunds to am-astr depend on magnitude, and thus distance, due to varyinglsigna
metric systematic error of only 30 mas (assuming 50 year long (4_ngjse ratio. When using proper motions, in addition terev
baseline). , , stronger dependence of random velocity errors on distayse,

A systematic error in proper motion of 0.6 mas/yr corre- ematic errors are also a function of position on the sky,gs d
sponds tqla systematic velocity error of 3 kmhat 1 kpc, and  cssed above. When radial velocity and proper motion mea-
~20 km s~at 7 kpc. Atthe same time, systematic distance er- g,rements are analyzed simultaneously, the various sgtitem

rors of~10% (due to both intrinsic photometric parallax errors 54 random errors combine in a complex way and substantia
and systematic errors in metallicity) are responsible fol8% care is needed when interpreting results.

systematic velocity uncertainty. Hence, for a disk-likdidre

(us) =-0.72+0.0196 mag'yr (2)

centric tangential velocity of 20 knmis proper motion system- 2.6. The Main Stellar Samples

atics dominate at distances beyord kpc, and at distances Given various complexities listed above, we chose to treat
beyond 7 kpc for a halo-like heliocentric tangential velpdf —  he |arge proper motion sample, and the much smaller spectro
200 km s=. At smaller distances, the dominant systematic tan- scopic sample separately. Motivated by metallicity disttion
gential velocity error comes from systematic distancersrrib functions quantified by 108, we separately treat low-miiaji

turns out that throughout most of the Galaxy volume analyzed «ng|9” stars and high-metallicity “disk” stars. For botimsples,

in this work, the systematic distance errors are more inapdrt e requireg—r < 0.6 mandated by the validity region of the
effect than systematic proper motion errors (though therdat  pnotometric metallicity estimator. In addition, we alssaiss
display a coherent behavior as a function of position onklye s 5 sample of “red” stars witlg—r > 0.6 (roughly,g—i > 0.8),

in certain directions). which are dominated by nearby 2 kpc) disk stars. These sam-

_ The quasar sample has a much narrower color distribu-,jes gre selected from SDSS Data Release 7 using the fojowin
tion than main sequence stars (96% of quasar sample satisfiegymmon criteria:

-0.2 < g-r < 0.6), and provides a better estimate of system- . . o
atic proper motion errors for blue than for red stars. Within 1. unique unresolved stationary sources: binary process

the -0.2 < g—r < 0.6 color range, we find that the gradient ing flags DEBLENDED_AS_MOVING, SATURATED,
of median proper motion isc 0.1 mas/yr/mag (per compo- BLENDED, BRIGHT, and NODEBLEND must be false,
nent). When the fit is extended tp-r < 1.6 (using a much and parameter nCHILD=0

smaller number of quasars), the gradient s still smallenth.5 2. the interstellar extinction in theband below 0.3
mas/yr/mag. Hence, the color systematics are smaller tiran,

at most comparable to, proper motion systematics as a mcti 3. 145<r <20

of position on the sky.

In addition to their dependence on magnitude, the random
proper motion errors also depend on the position on the Sky,that yleld XXX stars, and these specialized color critehiat t
but the variation is much smaller than for systematic erfees ~ Select stars from the main stellar locus:

4. available proper motion (XXX more details),

right panels in Figure Al). A region with the largest de\aati e Blue stars (XXX):

(170 < a < 230° andé < 10°, corresponding to 300< | <

330) has the distribution width for the proper motion compo- 1. 02<(g-r)<06

nent parallel to right ascension increased to 5 mas/yr, e 2. 07<(u-g)<2.0and-0.25< (g-r)-0.5(u-g) <

mas/yr for the rest of the sky (and for the other component). 0.05
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3. -0.2<0.35@g-r)-(r-i)<0.10 velocity component, and to measure the velocity ellipsibid t
The resulting model is then compared to the full proper mmtio
¢ Red stars (XXX): sample and radial velocity sample in §5.
1. 06<(g-r)< 16 2.8. Coordinate Systems and Transformations

2. -0.15<-0.270r+0.800i-0.534 z + 0.054 < 0.15, Following JO8 and 108, we use @ght-handedCartesian
galactocentric coordinate system defined by the followigig s

where the last condition is based on principal color definith of coordinate transformations:

thei—zvs. r —i color-color diagram from lveziet al. (2004),

and allows for 0.15 mag offset from the locus. During analy- X =Ry ~D cos() cosp)

sis, “blue” stars are often further split into XXX halo stavih Y =-D sin() cosp) 3)
[Fe/H] < -1.1 and YYY disk stars withffe/H] > -0.9, us- Z=Dsinp)

ing photometricmetallicity (see below for more details). Sub- ) i i
samples with intermediate metallicities include non-iggle whereR;, =8 kpc is the adopted distance to the Galactic cen-
fractions of both halo and disk stars. ter, D is distance, and (b) are galactic coordinates. Note that

For each sample, we extract subsamples with spectroscopidn€Z =0 plane passes through the Sun, not the Galactic cente
data. After an additional requirement to select main-seqee (€€ JOB)X axis points towards= 180" andY axis points to-

starsog(g) > 3 (note that for the majority of stars with-r > wardsl = 270" (disk rotation is towardk ~ 90°). We also use
1.2 log(g) is not reliably determined by spectroscopic pipeline & cYlindrical coordinate system defined by
and values are s_et t69.99; we assume 'ghat all stars .with R=vX2+Y2
g-r > 1.2 are main-sequence stars), the final samples include
119,000 stars. They are split into subsamples of 73,000 blue =tan? (—) 4)
(0.2< g-r <0.6) stars and 46,000 red.@< g—r < 1.6) stars. X
When separating low- and high-metallicity stars with spgct (5)
we usespectroscopieetallicity. Tangential velocityy, is obtained from proper motiop, and
2.7. Analysis Philosophy distanceD as: i D
Such a large data set, that probes a large fraction of the v=4.74 mas/yr kpc km s (6)

Galaxy volume, and extends to a large distance limit, can be _ , _ _ ,

used to map stellar kinematics in great detail. It can also be Given radial (along the line of sight) velocityiaq, and two
used to obtain best-fit parameters of an appropriate kiiemat cOmponents of tangential velocity aligned with galactioreo
model. However, it is not obvious what model (functionahfyr dinate systemy, andv,, the observed heliocentric Cartesian

to chose without at least some preliminary analysis. Hemee, ~ VelOCity components are computed from

first discuss various projections of the multi-dimensicspsice V8PS = —;aq COS() COSP) + Vi, cos() sin(b) +v; sin)
spanned by positional coordinates, velocity and metafland Vabs— . . ;

obtain a number of constraints on the spatial variation néxki ¥ = ~Vrag Sin(l) cosp) +vpsin() sin(o) — v cos() (7)
matics in the next two sections, and then synthesize alldhe c v%bs: —Vraq SiN() +v,cosp)

straints into a model described in § 5.

Separation (or classification) of halo and disk stars is an im
portant aspect of this work. Reduced proper motion diageam i
a standard tool to classify samples with kinematic infoiorat
Nevertheless, we choose not to use this tool for two main rea-
sons. First, reliable separation can be obtained only #msst
with significant motion (depending on projection of velgcit
vector and measurement errors) and the resulting samples ha
to be statistically corrected for missing stars. This octios re- pec _ - pec _ _
quires the knowledge of the velocity distribution, whichlig Vg pec =-100+04 kr_n st .VY P**=-53+06 kms 1 and
quantity we are trying to determine in the first place. Second V2 **=7.2+0.4 kms*. Given the measured velocity com-
the vertical gradient of rotational velocity for disk stanskes ~ Ponents (eq. 7), the galactocentric components are obitayne
the distinction between disk and halo stars blurred at séver adding solar motion
kpc from the plane (see Sesar et al. 20(?8 fOI’. a detailed dis- vi :Viobs+vi®7 i=X.Y,Z, 8)
cussion). Instead of reduced proper motion diagram, we use
metallicity to separate blue stars into halo and disk subsam with v§{ = =10 km s, \§’ = -225 km s, andVy =7 km s*
ples. Results from 108 imply that red stars, for which metal- (note thats = —v sp+V5""®9.
licity is not available, are dominated by disk stars due &irth Finally, the cylindrical componentsg andv,, can be com-
smaller distance limit. A detailed analysis of the perfonoa puted using a simple coordinate system rotation
and tradeoffs between kinematic and metallicity based auzth

These components are related to more traditional nomemelat
asvx =-U,w ==V, andvz =W.

In order to obtain galactocentric cylindrical velocity com
ponentsygr, V4 andvz, corrections for solar motion must be
applied. For the motion of the local standard of rest, we
adoptv sg= 220 km s*(based on HI measurements by Gunn,
Knapp & Tremaine 1979). For solar peculiar motion, we
adopt HIPPARCOS-based results by Dehnen & Binney (1998):

; . . X X Y
is presented in Bhardwaj et al. (in prep.). VR=Vx—=+W—=
We first analyze the proper motion sample and determine the R R
dependence of the azimuthal and radial velocity distringi V= —Vx\—( +VY§ (9)
on position for halo and disk subsamples selected along the R R

main meridian (= 0° andl = 180°). The spectroscopic sample We discuss attempts to directly determine solar peculiar mo
is used in 84 to obtain constraints for the behavior of vattic tion andv_sgfrom our data in next two sections.



2.9. A summary of the first two papers

For completeness, we summarize the main results from J08"

and 108 relevant for this work.

Using photometric data for 50 million stars from SDSS Data

where the positiora and the mediamp are related via(Z) =
p(Z2) —0.067 (unless measurement errors are very large).
In this paper, we extend these models to kinematics.

3. ANALYSIS OF PROPER MOTION SAMPLE

Release 4, sampled over distance range from 100 pc to 15

kpc, JO8 showed that the stellar number density distribytio

(R, Z, ¢) can be well described (apart from local overdensities;

the JO8 best-fit was refined using residual minimization -algo
rithms) as a sum of two cylindrically symmetric components

p(R727 ¢) = pD(Ra Z)+pH(Ra Z) (10)

We begin by analyzing proper motion measurements for stars
observed towards the North Galactic pole. Towards this re-
gion, the rotational (azimuthal) velocity componew;, and
the radial velocity componentg, can be determined with suffi-
cient accuracy from the proper motion measurements alane (i
without knowing the radial velocityag). This analysis yields
significant insight in the kinematic behavior as a functidn o

The disk component can be modeled as a sum of two exponenmetallicity and distance from the galactic plade \We then ex-

tial disks

(R 2) = pp(Re) x

[e—|2+z® H-RRo)L o 6712420 \/Hz—(R—RQ)/Lz} : (11)

and the halo component requires an oblate power-law model

ny/2
pH(R,Z) = pp(Re) en <$7QH)2) - (12

tend our analysis to the whole meridiotYat O plane and study
the variation of kinematics as a function of baandZ. We
only consider the northern Galactic hemisphere, where nfost
the proper motion data are available.

3.1. Kinematics towards the North Galactic pole

We select subsamples of 14,000 disk stars and 23,000 hal
stars towards the North Galactic pole by requiring 80 and
Z < 7 kpc, and a sample of 105,000 red stars vdth 1 kpc.
The large number of stars allows us to directly map#hes. vr

The best-fit parameters are discussed in detail by JOS. weVelocity distribution function, even when simultaneousgjing

have adopted the following values for parameters relevant i
this work (second column in Table 10 from JO&)3=25 pc,
Hi = 245 pc,H, = 743 pc,ep = 0.13, ey = 0.0051,g4 = 0.64,
andny =2.77. The normalizatiopp (Ry) (essentially the local
luminosity function for main sequence stars) is listed i 48
a function of color.

Using photometric metallicity estimator for F/G main-

narrow bins of metallicity and coordinate.

An example for~6,000 blue stars from th& = 4-5 kpc
range is shown in Figure A2. In this figure, and all other figure
showing two-dimensional projections of velocity distriioun,
we use two visualization methods. The color-coded maps show
smoothed counts, using a Bayesian density estimator deselo
by Ivezic et al. (2005, see their Appendix for derivation and

sequence stars, 108 obtain an unbiased, three-dimensionadiScussion). At an arbitrary position, the density implied

volume-complete metallicity distribution e£2.5 million F/G
stars at heliocentric distances of up+@® kpc. They found
that the metallicity distribution functions (MDF) of the lba
and disk stars are clearly distinct. The median metallioity
the disk exhibits a clear vertical (with respect to the Gidac
plane;Z) gradient, and no gradient in the radial direction (for
Z > 0.5 kpc and 6< R/kpc < 10).

Similarly to stellar number density distributiop(R, Z), the
overall behavior of the MDFp([Fe/H]|R,Z) can be well de-
scribed as a sum of two components

p(X = [Fe/H] |R7Z7 ¢) = [1_ fy (Ra Z)] pD(X|Z) +fy (Ra Z) pH((X)3;)

1
where the halo-to-disk counts ratio is simpligy(R,Z2) =
PH (Ra Z)/[pD(Ra Z) * PH (R7 Z)]

The halo metallicity distributionpy ([Fe/H]), is spatially in-
variant and well described by a Gaussian distribution cedte
on [Fe/H] = —1.46, and with the intrinsic (not including mea-
surement errors) widthy = 0.30 dex. FoiZ| < 10 kpc, an up-
per limit on the halo radial metallicity gradientis 0.00%xdec.

The disk metallicity distribution varies witd such that its
shape remains fixed, while its mediasn,, varies as

p(2) = proo + Ay, €XPE|Z|/H,,) dex

with the best-fit parameter valué, = 0.5 kpc, o, = —0.82
andA, = 0.55). Theshapeof the disk metallicity distribution
can be modeled as

(14)

po(x=[Fe/H]|Z) = 0.63C[x|u = a(Z),0 = 0.2] +

0.37G[x|p=a(2)+0.14,0=02],  (15)

sparsely sampled points is evaluated as
_C
= —

iz 0

whered; is the distance to theth neighbor (in the velocity-
velocity plane), andN is the number of neighbors (we use
N =10). The simplest way to evaluate normalization consfant
is to require that density summed over all pixels is equal to the
number of data points. The grid size is arbitrary, but the map
resolution is of course controlled by the number of pointe W
choose pixel size roughly equal to one half of the measuremen
errors. As shown by lveziet al., this method is superior to
simple Gaussian smoothing. For comparison, we also visali
the distributions using linearly-spaced contours.

Figure A2 demonstrates that kinematics strongly vary with
metallicity, from non-rotating low-metallicity subsanepivith
large velocity dispersion to rotating high-metallicityngale
with much smaller dispersion. There is substantial subgire
in the distributions, which is even more discernible for stats,
shown in Figure A3. The variation of kinematics with distanc
from the plane for red stars is remarkable. The substructure
seen in the closest bin is very similar to the substructuza ge
the local HIPPARCOS sample (Dehnen 1998). Note that, un-
like Dehnen’s result which was based on maximum likelihood
analysis over the whole sky, our map is based on simple di-
rect mapping of the velocity distribution of stars selediean
a small sky region{300 ded). The similarity between the two
velocity distributions, including multi-modal behavi@minis-
cent of Eggen’s groups, is thus very striking, especialieni
the vastly different data sources.

P (16)



COMMVENT: Add a U-V plot with Eggen’s groups on the same
scale as Dehnen’s plot.

We proceed by focusing analysis on blue stars, which sam-
ple the largest distance range. For a detailed study of the ve

locity distribution of nearby red stars, including a dissios
of non-gaussianity, vertex deviation and difficulties withdi-
tional thin/thick disk separation, we refer the reader tovklski
etal. (in prep.).

The dependence of the median rotational velocity and its dis

ratio and a fixed offset of their mean values
Po(X = Vs|2) = 0.75G[X|Vn(Z), 1] +
0.25G[x|vn(Z) —34 km/s 07], (29)

where
Vn(Z) = -194+19.2|Z/kpd*?® km/s. (20)

The intrinsic velocity dispersions; ando, are modeled as
a+b|Z|° with the best-fit parameters listed in Table 1 (s%e

persion for both subsamples is shown in Figure A4. The two and 055)- Closer to the plane, in the D< Z < 2 kpc range

subsamples display remarkably different kinematic bedravi
While this conclusion is qualitatively the same as discdsse

probed by red stars, the median rotational velocity andoitgio
dispersion are consistent with extrapolation of fits detikere

the seminal paper by Eggen, Lynden-Bell & Sandage (1962), using much more luminous blue stars.

the new data analyzed here allow us to extend their result be-

yond the solar neighborhood to~a100 times larger distance
limit, and reproduce iin situ with a ~100 times larger sample.

Figure A5 showsy, distribution for several bins of distance
from the planeZ (analogous to Fig.13 from 108, except for
showingv, instead ofwy). In the best fits shown in figure, the

Halo stars show small prograde rotation, at the level of abou values of measurement errors andZ) are allowed to float.

20 km/s. Given systematic errors in proper motion and digtan
this value is consistent with no motion. We have performed th

Yet, they never drift by more than 10 km/s from expected val-
ues; while such deviations could be evidence of kinematie su

same analysis on a sample with proper motions based only orstructure, they are also consistent with plausible systiereer
POSS data, with SDSS positions not used in the proper motionrors. We conclude that egs. 19 and 20 provide a good descrip

fit (not publicly available). While random proper motion@s

tion of disk kinematics for stars observed towards the north

become larger, the median velocity decreases to only 5 km/s.galactic pole.

This test suggests that the leading contribution to sydiema

The dependence of the median radial velocity, (hot the

proper motion errors could be a difference between SDSS (dig spectroscopic radial velocity along the line of sightq) and its

ital data) and POSS (digitized photographic data) centrgid
algorithms. In addition, Smith et al. (2009) did not detegloh

dispersion for halo and disk subsamples is shown in Figute A6
The median values are consistent with zero within the ptdeisi

rotation using proper motion measurements that are based on Systematic errors (10-20 km/s) at Zll Intrinsic dispersion for
on SDSS data (and thus probably have much smaller systematidialo stars is consistent with a constant valuggf 135 kmi/s,
errors than SDSS-POSS proper motion measurement analyzewith an uncertainty of about 5 km/s. For disk stars, the fiest-

here). We conclude that at the 10 kMuncertainty level, there
is no evidence for halo rotation towards the north galaatie p

The measured dispersion increases #ithut when random
measurement errors (due to intrinsic scatter in photomp#i-
allax relation, metallicity errors and proper motion esjoare
taken into account, the data are consistent with a consisnt d
persion ofot! = 85 km/s, with an uncertainty of about 5 km/s.

Disk stars display a decrease of rotational velocity vdth
(sometimes called velocity lag, or velocity shear; seeiSect
3.4 in 108 for more details). In agreement with a preliminary
analysis presented in 108, we find that the observed behawior
theZ = 1-4 kpc range can be described by

(Vg) = —205+19.2|Z/kpd*?® km/s. (17)

The measured dispersion for disk stars increasesAnfaister

functional formo =a+b|Z|®is
0B =40+5|Z/kpd™® km/s. (21)
TheoR /oD ratio has a constant value f1.35 forZ < 1.5 kpc,
and decreases steadily at largeio 1 atZ ~ 4 kpc.
3.2. Kinematics in the Meridional ¥~ 0 Plane

The analysis of rotational velocity component can be ex-
tended to the whole meridional plane definedrby0. Close to
this plane [ ~ 0 andl ~ 180°), the longitudinal proper motion
approximately depends only on the rotational velocity comp
nent while latitudinal proper motion is a linear combinatiuf

radial and vertical components
Vp = sin(b)vg +Ccosp)vz. (22)

Figure A7 shows the median, andv, as functions oR and

than can be attributed to measurement errors. Using a func-Z, for halo and disk subsamples. The medigiis everywhere

tional form o = a+b|Z|¢, we find that the followingntrinsic
velocity dispersion is required by the data
ol =30+3|Z/kpd>® km/s. (18)

This function is shown by the dotted line in the bottom right
panel in Figure A4. 108 forced a linear dependence&Zoibut
the difference between this result and their eq. 15 neveresis
5 km/s forZ < 3 kpc. The errors for the power-law exponents
for both eq. 17 and eq. 18 ared.1.

However, the simplistic description of the velocity dibtr

close to zero as would be expected if the mediaandv; are
zero (the behavior of; is discussed in the next section). One
exception is a narrow feature witly ~ =100 km s* for R < 4
kpc. While a cold stellar stream would produce such a sig-
nature, it is surprising that its narrow geometry point&ciiy

at the observer. This is consistent with a localized systiema
proper motion error and, indeed, the bottom left panel in Fig
ure Al shows that systematic latitudinal proper motion rerro
towardsl ~ 0 and withb ~ 45° is about 1 mas/yr. This proper
motion error corresponds to a velocity error~of00 km st at

a distance of 7 kpc.

tion based on its first and second moments (egs. 17 and 18) For halo stars, the mediag is close to zero foR < 12 kpc.

does not fully capture detailed data behavior. As already di
cussed by 108, the rotational velocity distribution forldgars
is strongly non-gaussian (see their Fig.13). It can be fdyma

In the region withR > 12 kpc andZ < 6 kpc, the median indi-
cates surprising prograde rotation in excess of 100 km/g:-Ho
ever, Monoceros stream is found in this region. Since itafnet

described by a sum of two gaussians with a fixed normalization licity is right at the adopted disk/halo separation bouggand
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because it rotates even faster than disk stars (see 108likiely The dependence of the median vertical velocity) @nd its
that it is responsible for the observed behavior. Similéeactf dispersion for halo and disk subsamples is illustrated o+ Fi
is seen for disk stars. There is also an indication of loedliz  ure A10. The median values &f are consistent with zero to

retrograde rotation for halo stars wikh~15 kpc andZ = 8-9 better than 10 km$ atZ < 5 kpc, where statistical fluctuations
kpc. The same region also shows anomalous dispersion in theare small. We have corrected radial velocity measurements f
line-of-sight velocity, so most likely it is not a proper nat a systematic error of 6 kn¥ discussed further below.
problem. Similarly to the other two velocity components, data can be

In order to visualize the extent of “contamination” by Mono- modeled using a constant dispersion for halo staks % 85
ceros stream, we replace the rotational velocity for eask di  km s), while for disk stars, the best-fit functional forn=
star by a simulated value drawn from distribution describgd  a+b|Z|is
eq. 19. The model-based map and (data-model) residual map 02 =25+4|Z/kpd*® km s, (24)
are shown in Figure A8. As evident, the position of the larges
deviation is in excellent agreement with the position of Men
ceros stream quantified in 108.

In order to further test the assertion that Monoceros stream
biases otherwise simple gross kinematic behavior of digk an
ir;ilr?eséa:rsil/\(/seke:)réarlgrz;g)e\’/sés[z%ﬂlg:)sr:r;c)(ustle(;néi;ourguAeS)i ti\f sample is collected over the whole northern hemispheréeunl
evidentin the bottom right panel, there is a significant esag (1€ Proper motion sample which is limitedho> 80°.

stars with—1.5 < [Fe/H] < —0.5 which rotate with~ 200 km/s The availability of all three velocity components for spec-
atR >17 kpc, supporting the above conclusion. troscopic sample makes it possible to study the orientaifon

The proper motion analysis presented in this section did not veI(_)city ellipsoid. Figur_e All .ShO.WS three two-dimensiona
provide any constraints for the behavior of vertical vetpci projections of the vequty distribution for two subsanplef
componenty;. The analysis of behavior requires line-of- candidate halo stars withD< g-r < 0.4 selected from two
sight radial velocity measurements, described next. narrow ranges of distance from the plafig € 3-4 kpc, above

COMVENT: make alsov, vs. [Fe/H] plot for R=15-17 and and below the plane). A striking feature in this figure is sgro
7=8-10. ' ¢ = evidence for velocity ellipsoid tilt in top and bottom lefap-

els. Not only that kinematics “know” whether stars come from

4. ANALYSIS OF SPECTROSCOPIC SAMPLE northern or southern hemisphere, but the direction of vigloc
ellipsoid “knows” where the Galactic center is! While thi ti
gngle errors are too large to obtain a significant improvemen
in the measurement &, (a plausible, if somewhat optimistic,
tilt angle uncertainty of 1 corresponds t&, error of 0.5 kpc;
extending the sample t@| = 8 kpc could deliver errors of 0.3
kpc per bin of a similar size), it is remarkable that the nenth
and southern subsamples agree so well. In addition, when th

TheoR /oD ratio decreases steadily from1.6 for Z ~ 1 kpc
to 1.4 atZ ~ 4 kpc. Other two velocity components for spectro-
scopic sample display the same behavior as the proper motiol
sample shown in Figures A4 and A6, except for slightly difer
ent error properties. This is encouraging because speos

The SDSS spectroscopic sample 6§100,000 main-
sequence stars is much smaller than the proper motion sampl
and thus it has relatively poor spatial resolution for magpi
variation of kinematics with position. Nevertheless, ivery
valuable because it enables a diféstudy of the distribution
of all three velocity components to a distance10 kpc, and

can deliver velocity errors as small 10 km s* at such dis-  \orthern sample (withZ| = 3-4 kpc) is divided into two sub-

tances (for blue stars; corresponding tangential velaitgrs samples withR = 5- 7 kpc andR = 10-13 kpc, the tilt angle
< i . . . . ’

are about- 150 km s* at a distance of 10 kpc). varies by the expected 6° in correct direction. Even for a very

For each objectin the SDSS spectroscopic survey, its Spectr gma|| sample of 270 stars Witl| = 5-7 kpc andR=6.5-7.5
type, redshift (|.e_., radial veIOC|t_y in case of stars), aadishift kpc, the best fit tilt angle is statistically consistent fvirit 5°)
error are determined by matching the measured spectrum 10 gyith the expected value of 36
set of templates. The stellar templates are calibratedyubim Other two projections of velocity distribution for halo sta

ELODIE stellar library. Random errors for the radial vetyci 45 not show significant tilt. Using velocities transformed t
measurements are a strong function of spectral type andlsign - gpherical coordinate system,
to-noise ratio, but are usually 5 km s* for stars brighter than

g ~ 18, rising sharply tov15 km s* for stars withr = 20. We R V4
model this behavior of radial velocity errors as Vr = VR@ +VZ@
Orad = 3+1210429mag/yr. (23) Vo = vRi —Vzi, (25)
Roc " Rge

We begin our analysis using distant blue disk and halo stars,
and then briefly discuss kinematics of less distant M stars. wherer = Ry = (R? +Z72)1/2 is spherical galactocentric radius,
we find no statistically significant tilt of; vs. vy, nor any other
two-dimensional projection (with tilt angle errors rangiftom

In order to maximize the sample distance limit, we select about T to about 5, depending on sample size and median
42,000 stars with @ < g—r < 0.6 (29,000 havé > 0). Using andz).
spectroscopic metallicity, we separate them into 28,50@ica The strong evidence for the tilt of the vs. vg velocity ellip-
date halo stars with3 < [Fe/H] < -1.1, and~ 10,000 disk soid seen for low-metallicity candidate halo stars is netder
stars with-0.9 < [Fe/H] < 1. We estimate that the application disk stars. Figure A12 shows two-dimensional projectiohs o
of photometric metallicity for disk/halo classification uld re- the velocity distribution for two subsamples of candidaitkd
sult in a contamination rate of 14% for both subsamples. stars with 02 < g-r < 0.4 selected from two narrow ranges

24gtatistical deprojection methods, such as that recenpiierbto a subsample of M stars discussed here by Fuchs @08l9) can be used to indirectly infer the
three-dimensional kinematics.

4.1. Blue main-sequence stars



of distance from the plané4| = 1.5-2.5 kpc, above and be-
low the plane). The smallez range is mandated by sample
contamination: largelZ|, which would provide more signal for
velocity ellipsoid tilt (at a constarR), have fewer stars and suf-
fer from increased contamination by halo stars. Witkido,
the velocity tilt is consistent with zero. The alignment bét
velocity ellipsoid with spherical coordinate system isadibut
at about 2 or greater significance level for each of 5 analyzed
R-Z bins with|Z| = 1.5-2.5 kpc andR= 6-11 kpc, withR bin
size of 1 kpc. We conclude that there is no statistical eviden
for the velocity ellipsoid tilt for disk stars, but cautiomat, due
to smallZ range, the data cannot easily distinguish cylindrical
and spherical alignment.

The vy vs. Vg velocity distributions for both the northern
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the spectroscopic sample. Stars from the northern henmisphe
(5,700) have a median heliocent(i2®s) = -1.8 km s, while
for stars from the southern hemisphéw) = -11.0 km s*.
This difference can be interpreted as due to a systematic ra
dial velocity error. By simultaneously varying an assumed
error, Arag, andvy’, with a requirement that the mediagPs
should be the same for both hemispheres, we oldkain= 5.0
kms?® andVy = 6.5, with uncertainties of @ km s. This
value for v is in excellent agreement with HIPPARCOS-
based value of 2+ 0.4 kms?! (Dehnen & Binney 1998).
COMMENT: anything intelligent to add about ELODIE spectra?
IS Arag = 5.0 km s plausible?

When Aaq = 5.0 km st is subtracted from all SDSS ra-
dial velocity measurements, the mediarfor all color-selected

and southern subsamples (top and bottom middle panels-n Fig sybsamples are consistent with zero everywhere excepitfer b

ure A12) suggest a misalignment with the coordinate axes, us
ally interpreted as vertex deviation (analogous to vejoelt
lipsoid tilt discussed above, but defined in thevs. vg plane
instead of thes; vs. vg plane). Another interpretation invokes
a multi-component velocity distribution, which can resuolta
similar deviation even if each component is perfectly symme
ric in cylindrical coordinate system. Because the spectpis
samples are not large enough, these two possibilities ate ha
to distinguish observationally (but see below).

4.2. Red main-sequence stars

The complew,, vs. v distribution for blue disk stars seen in
Figure A12 g ~ 2 kpc) can be traced closer to plarie< 2
kpc) with red spectroscopic stars. The middle top and left
panels in Figure A13 show the, vs. vg distribution for red
(g—r > 0.6, median 1.2) stars witfZ| = 0.6-0.8 kpc. In
both hemispheres, data are consistent with a vertex dewiati
of about 20, similar to values obtained by Fuchs et al. (2009).

However, Kowalski et al. (in prep.) demonstrate that am-
biguous interpretation of spectroscopic samples can l@dis

low-metallicity stars withZ < 2 kpc from the southern galactic
hemispherel(= 40° -150° and|b| = 25° - 65°): for these stars
the medianv; is about 15 km¥. This median does not vary
with b, suggesting that this offset is probably not due to sys-
tematic errors in proper motion or radial velocity measugam

In addition, a subsample wittFg/H] > -1, which otherwise
has similar apparent magnitude and sky distributions, doés
show this offset.

If the adopted value ofy, = -10 km/s were incorrect, the
medianvg would deviate from zero. The variance of median
Vg for samples of nearby M stars selected by distance and colo
is 0.5 km s, which is an upper limit for the error in adopted
valuevy;. This result, based on full three-dimensional velocities
agrees with results from indirect methods based only onesrop
motions for nearby HIPPARCOS sample (Dehnen 1998), and
for SDSS M dwarf sample (Fuchs et al. 2009).

For both blue and red disk stars, the extrapolation of me-
dianv, to Z = 0 gives-205 km s*. Since the correction of
observed velocities assumed a solar motion-225 km s?,
this extrapolation implies that thé component of the Sun’s

biguated by proper motion samples of red stars observed to-velocity relative to the bulk motion of the solar neighbookas

wards the north galactic pole. Thg vs. vr distribution for
red stars in their sample, withD< Z/kpc < 1.5, can be fit by

20 km s, again in agreement with the recent results by Fuchs
et al. (but note that both results are based on the same dat

a sum of two gaussian distributions that are offset from each COMMVENT: Fuchs et al. used mean, and here we use median

other by~10 km s in each direction. This offset results in a
non-zero vertex deviation if the sample is not large enoogh,

how can they be the same given skewed distribution??). Dehne
& Binney (1998) obtained a similar valefRfor their subsample

measurements are not accurate enough, to resolve two gaussi of red stars within 100 pc.

components. This double-gaussian structure is clearlylds$ o
with classical description based on the Schwarzschildappr
imation. We refer the interested reader to the Kowalski et al
study for more details.

4.3. Direct determination of solar peculiar motion

Assuming there is no net streaming motion in Zhdirection
in the solar neighborhood, the median heliocengf€for stars
both above the plan&Z(> 0) and below the plane should be

equal tovy (7 km s'based on analysis of HIPPARCOS results

by Dehnen & Binney, 1998). Even if there is bulk streaming
motion, the median heliocentrig® should still be the same
for subsamples selected above and below the plane (unkess t
bulk flow would suddenly change its velocity in the solar Reig

borood). We find that this is not the case for the data used here

In order to limit the averaging volume to about 1 kpc (so
that the assumption of constant bulk streaming motion adyik
correct), we select-13,000 stars with 3 < g—i < 2.8 from

5. AMODEL FOR KINEMATICS OF DISK AND HALO STARS

Informed by the results from preceding two sections, here
we introduce a model that aims to describe the global behav-
ior of stellar kinematics. This model is certainly wrong and
insufficient. It is wrong because we don’t attempt to account
for kinematic substructure (e.g. Monoceros stream, which r
tates faster than disk stars in which it is embedded, and alsc
has a distinctive metallicity distribution, see 108), ahdsiin-
sufficient because it does not address the bulge region ossr d
it account for complex kinematic behavior close to the gidac
plane. Nevertheless, this model captures the gross dataibeh

pin the volume probed by SDSS, including the significant kine-

matic difference between high-metallicity disk stars ao-|
metallicity halo stars. We first describe the model, and then
it using both proper motion and radial velocity samples.

5.1. Halo Kinematics

25Dehnen & Binney extrapolated the mean azimuthal motion freselected samples, which is correlated with the radidaity dispersion, to zero dispersion

and obtained"P*°=-5.3 km s, used here.
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Similarly to its metallicity distribution, the kinematiosf
halo stars are by and large spatially invariant. The only sig
nificant spatial variation is that of the velocity ellipsdill an-
gle. However, when cylindrical velocity components are ex-
pressed in spherical coordinate system, a single veloltipy e
soid becomes a good description of halo kinematics througho
the probed volume (apart from localized substructures sigch
Monoceros stream).

dispersion gradient from the inner to outer Galaxy (botteft |
panel). There are no large discrepancies between measwed a
predicted behavior. Pixel-to-pixel scatter of the differe of
medians is 21 km's, which is about the same as the scatter be-
tween two model realizations. The data/model dispersitia ra
is centered on 1.13, with a scatter of 0.2. For pairs of maalel r
alizations, the ratio is always centered on 1 to within Oviifh

a scatter of 0.2. Hence, we are finding that the observed-veloc

Our model assumes that halo does not have net rotation (sedty dispersion is about 10% largex(0 km s?) than predicted

below for a test of this assumption), and that principal ates
aligned with spherical coordinate system. The velocityelis

by our smooth model. Results for disk stars are similar.
Proper motion sample has many more stars, which enable:

sions measured in preceding two sections (in Section 3, we de a much higher spatial resolution when searching for strectu

terminedof = 135 ando!! = 85, ando!! = 85 in Section 4)

in model residuals (on the other hand, radial velocity mesasu

are expressed in cylindrical coordinate system. We have use ment errors do not increase with distance as fast as taagienti

Monte Carlo simulations to translate them to spherical dor
nate system (the interplay between proper motion, radlatve

velocity errors, which makes radial velocity superior agéa
distances). We have compared observed and modeled prope

ity and distance measurement errors is exceedingly complex motion distributions in narrow bins of distance, acrossske

We obtainedr}! =141 ands}! = 75, with probable uncertainties
of about 5 km &%,

5.2. Disk Kinematics

and separately for disk and halo subsamples. As an illistrat
Figures A15 and A16 show the median longitudinal and latitu-
dinal proper motion observed for disk stars. There is vetigli
change in the proper motion distribution among differest di

Closer than about 1-2 kpc from the galactic plane, the mea-tance bins because of vertical rotational velocity graididrich
surement errors are sufficiently small and samples are suffi-is nearly linear. Model distributions look identical to thge.

ciently large to resolve rich kinematic substructure (esge
Figure A3). This behavior is quantified in detail in Kowalsii

The (data-model) residuals for longitudinal proper motioa
shown in Figure A17. They provide weak evidence for a radial

al. Here we simply use egs. 19 and 20) to describe non-gaussia gradient that is not modeled, or for substructure, but itds n

vy, distribution and velocity shear for disk stars, and assurae t

Vg andv; distributions are un-correlated gaussian distributions

with zero means and-dependent intrinsic dispersions listed in
Table 1.

easy to distinguish these two possibilities.

A comparison of disk and halo subsamples selected from the
same distance bin{4 kpc) is shown in Figure A18. The largest
data vs. model discrepancy for halo stars, seen in the botton

As discussed in section 4, there is no strong evidence thatleft panel, is also seen from a different viewing angle inttie

blue disk stars display a tilt of velocity ellipsoid in thg—vz
plane. A vertex deviation is clearly seen in the datador 1

kpc, but as shown by Kowalski et al., it appears to be a con-

sequence of two-component nature of the underlying vy
velocity distribution.

5.3. Global Model Tests

Our model predicts distributions of the three measured-kine
matic quantitieSVrag, (1 and up. A simple model test is to
compute the mean and the distribution width for (data-model
residuals normalized by predicted dispersions

_ d-m

~(of o)
whereoy is measurement error ang, is the dispersion pre-
dicted by the model. We find that the mean valueyd$ 0 to

within 0.05 for all three quantities, with dispersions abbi05-
1.1. While this result is a necessary condition for modeldo b

X (26)

left panel in Figure A7.

We conclude that our model reproduces reasonably well the
first and second moments of the velocity distributions fekdi
and halo stars, and the non-gaussigndistribution for disk
stars, except in the region close to Monoceros stream.

5.4. Constraints of vsg from large-scale halo kinematics

The halo proper motion distribution towards north galactic
pole depends only on the difference betwegiior the Sun and
halo stars. However, for a sample extended over a large sky
area, these two velocities are not degenerate any more &ad ha
different impacts on the predicted proper motion distiiusg.
This can be used to obtain (weak20 km s') constraints on
both (the best fits are consistent with assumed valyes= 20
km s and no halo rotation).

5.5. Kinematic Parallax Relation
Model constraints from proper motions involve a degenerate

accepted, it is not sufficient. There may be various trends in ratio of velocity and distance. Since velocity scale is set b

residuals that are not easily uncovered by the overafiatis-
tic, and thus we perform further tests for various judiclgus
selected subsamples.

radial velocity data, and the model agrees with the data, one
can get constraints on distance errors by fitting properanoti
distribution: kinematic parallax relation.

Figure A5 represents a strong test of the model proposed The errorsin adopted photometric parallax relation ardisma

here, including both disk kinematics, with its shear and-non
gaussiarv, profile, and halo kinematics. However, this test is
valid only for a small region around the north galactic pdie.

extension to the whole meridional plane is shown in Figure A8

for disk stars. Here we perform additional tests that coler t
entire sky region with available data.

but need to redo analysis with DR7 proper motions.

6. SUMMARY AND DISCUSSION

This is the first analysis based on SDSS data that simultane
ously studies kinematics of halo and disk populations ude€l
ing halo samples studied by Carollo et al. (2007) and Smith

Figure A14 compares medians and dispersions for measurecet al. (2009), and disk samples ranging from nearby M stars

and modeled radial velocity of halo stars. The elongatedorel
ity ellipsoid aligned with spherical radius is nicely seerthe

(such as samples studied by Bochanski et al. 2007 and Fuch
et al. 2009) to distant F/G stars. We have quantified proipabil
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distribution functionps(uu, b, Vrag|U—0,9,9-r,1,b) introduced do not include systematic effects (such as errors in phatome
in 108 that describes proper motion and radial velocity mea- ric parallax; both studies used the same calibration fro8);10
surements for a given bin in thegvs. g—r color-magnitude  based on our Monte Carlo simulations, we believe that true er
diagram, as a function of position on the sky, and as a functio rors (including systematics) cannot be smaller thénkm s™.
of theu—g color. We have developed a simple empirical model The measurement of the velocity ellipsoid for halo starseep
based on a sum of two components, for disk and halo, that mapsents a strong constraint for the shape of gravitation piaden
well to components detected in spatial profiles and meitgilic  as discussed by Smith et al. (2009).
distribution. COMMVENT: Notes: also mention Siebert et al. result for ve-

At nearest distances(100 pc) that were accessible to HIP- locity ellipsoid tilt. Discuss Morrison et al. result for leeity
PARCOS survey, we obtain encouraging agreement with gesult dispersion in outer halo, and Carollo et al. results.
from Dehnen & Binney (1998) and Dehnen (1998). The exten-
sion of kinematic mapping to distances up~d0 kpc repre-
sents significant observational breakthrough and delpevns Data-model residuals can be used to search for low-level sub
erful new constraints for dynamical modeling of the Galaxy.  structure with a high spatial resolution. Show examples.

Refer to recent studies based on angular momentum analysic
6.1. Disk Kinematics such as Klement et al. (2009)

The disk kinematics are dominated by a verti@lgradient. 6.4. Future Work
The mean rotational velocity and the three velocity disipass
for disk stars can be modeled as relatively simple functafins
the forma+b|Z|® (see egs. 19 and 20, and Table 1). The shape
of rotational velocity distribution for disk component i&m
gaussian and can be formally modeled as a sum of two gaussia
components with fixed normalization ratio fat| > 1 kpc.

The fact that the normalization ratio of these two compasent
does not vary wittZ is at odds with standard disk decomposi-
tion into thin and thick disk components (see also Sectiois a
3.4.4 and 4.2.1in 108). Loebman et al. (2008) argued, based
on the behavior of N-body models by RoSkar et al. (2008), that
the unexpected behavior of new data, including the abseince o
velocity-metallicity correlation at the thin/thick dislobndary 6.5. Future Surveys

pointed out by 108, may be due to a combination of strong ver- Pan-STARRS. Sk :
: 4 . C e . - , SkyMapper, Dark Energy Survey, LSST:
tical age gradient and radial migration of stars. A moreitkta deeper, wider and better proper motions. Gaia: highly accu-

ﬁ?ﬁggn\;vl\l/le?teicglrease:tegagiyerl1_to feobrn:jfiisnkesttglr.s Els,n ;)I;%pgu [Q]bsrltg- rate trigonometric distances and proper motionst@0, radial
X g9e g ; . velocities tor = 16. LSST will rule beyond 10 kpc.
by analysis of active M dwarfs presented in Bochanski et al.

(2007).
Close to the plane, proper motion data imply complex multi-
modal velocity distribution which is inconsistent with asgdep-

6.3. Kinematic Substructure

Tomography IV: Jui et al. (in prep.) determine luminosity
functions for disk and halo, and describe a publicly avédédab
tool for generating mock catalogs based on the models intro-
r(ijuced in this series of papers.

Tomography V: Berry et al. (in prep.) descend into the disk
by solving extinction problem (stars at smhlare embedded
in dust and thus SFD always gives overestimated extinction)
via SED fitting of SDSS and 2MASS photometry. Yields both
a three-dimensional extinction map for SEGUE data and dis-
tances to stars. The latter enable tomographic mappingell t
way tob = 0. The best fits will be made publicly available.

Z. lvezic and B. Sesar acknowledge support by NSF grants
AST-615991 and AST-0707901, and by NSF grant AST-
tion based on standard Schwarzschild ellipsoid. It is istgk 0551161 to LSST for design and development activity. J. Dal-
that we obtained essentially the same velocity distritvuimr- canton acknowledges NSF CAREER grant AST-02-38683. C.
phology by direct mapping as did Dehnen (1998) using a statis Allende Prieto acknowledges support by NASA grants NAG5-

tical deprojection method and HIPPARCOS data. Our results 13057 and NAG5-13147. T.C. Beers, Y.S. Lee, and T. Sivarani
for the first and second moments of velocity distribution for acknowledge support from the US National Science Founda-
nearby M stars agree with analogous results obtained fgcent ton under grants AST 04-06784 and AST 07-07776, as well
by Fuchs et al. (2009). However, their interpretation stidag as from grant PHY 02-16783; Physics Frontier Center/Joint

cautious, especially for the orientation of the velocitjpsbid, Institute for Nuclear Astrophysics (JINA). P. Re Fiorengic-

which is strongly affected by multi-modal structure. Weatiss ~ Knowledges partial support through the Marie Curie Researc

these issues in more detail in Kowalski et al. (in prep.). Training Network ELSA (European Leadership in Space As-
trometry) under contract MRTN-CT-2006-033481.

6.2. Halo Kinematics Funding for the SDSS an_d SDSS-II has bgen prqyided by
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Our results for the velocity distribution of halo stars ane i the National Science Foundation, the U.S. Department of En-
excellent agreement with Smith et al. (2009). Althoughrthei ergy, the National Aeronautics and Space Administratiba, t
analysis was limited to about 30 times smaller sky area, they japanese Monbukagakusho, the Max Planck Society, and th
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much smaller, systematic errors than SDSS-POSS proper mo- The SDSS is managed by the Astrophysical Research Con
tion measurements analyzed here (and somewhat largemmando sortjum for the Participating Institutions. The Partidipg In-
errors). Hence, the close agreement of our and their resultsstitutions are the American Museum of Natural History, As-
for halo velocity ellipsoid orientation and size (we ob&dn  trophysical Institute Potsdam, University of Basel, Umive
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are encouraging. Their estimated errors of 2 Kkagparently tute for Advanced Study, the Japan Participation Grouppgoh



12

Hopkins University, the Joint Institute for Nuclear Astro- Institute for Astrophysics (MPA), New Mexico State Univer-
physics, the Kavli Institute for Particle Astrophysics abds- sity, Ohio State University, University of Pittsburgh, Wersity
mology, the Korean Scientist Group, the Chinese Academy of of Portsmouth, Princeton University, the United Statesallav
Sciences (LAMOST), Los Alamos National Laboratory, the Observatory, and the University of Washington.
Max-Planck-Institute for Astronomy (MPIA), the Max-Pldac

APPENDIX

THE REVISED SDSSMETALLICITY SCALE

Recent analysis of metallicity and kinematics for halo aistt dtars by 108 utilized photometric metallicity estimgfer F/G stars
with 0.2 < g—r < 0.6. Their mapping function from thg—r vs. u—g color-color diagram to metallicity was calibrated usinarst
with spectroscopic metallicities distributed in SDSS DRtdease 6. At that time, high-metallicity stars requiredtfe calibration
of methods implemented in automated spectroscopic ppéREGUE Stellar Parameters Pipeline; Beers et al. 2006) wetr
available. Between Data Releases 6 and 7, the required @atacollected and the new calibration resulted in revisedtspscopic
metallicity values distributed with Data Release 7 (Leel €2@07ab; Allende Prieto et al. 2007).

Here we recalibrate the photometric metallicity estimaiging updated spectroscopic metallicities from Data Relda We also
re-derive parts of 108 analysis that are most affected Isydhange of metallicity scale.

The updated photometric metallicity estimator

Figure A19 shows that the largest difference between SD@&8trgiscopic metallicity values distributed with Data Reles 6
and 7 is at the high-metallicity end (as expected). In paldic the abrupt cut in the metallicity distribution &€g/H] ~ -0.5 (see
Figure 9 in 108) is not present any more and the distributiderds to values as high asd/H] ~ —0.2 (the distances for the shown
stars range from-1 kpc to~7 kpc.

We proceed to re-derive the photometric metallicity caflim using the same selection criteria and the same melhgpdas in
108. The new data set admits a slightly simpler function. beaplex dual definition of th& axis is not required any more and the
new expression is

[Fe/H]ph = A+Bx+Cy+Dxy+Ex+Fy? + Gy + Hxy + Ix3+Jy?, (A1)

with x = (u-g) andy = (g—r). The best-fit coefficients aré&{J) = (-13.13, 14.09, 28.04;5.51,-5.90,-58.68, 9.14,-20.61, 0.0,
58.20). Note that the coefficiehis 0. We removed this term because with the new data set it meakiping too much curvature at
the right end (redi —g) of the best-fit map.

We estimate that an upper limit for the intrinsic metallicgicatter for fixed noiseless—g andg-r colors (presumably due
to limited sensitivity of broad-band colors to metallicigriations) is about 0.1 dex. This value is estimated froemmgbatter in
the difference between spectroscopic and photometriclicéies, discussed below. Unlike 108, who simply adoptbd median
metallicity value given by the above expression for each sta draw photometric metallicity estimates from a Gaussdiatribution
centered on the best-fit median value, and with a width of 8xl @he main benefit is the avoidance of hard edges in the pledtc
metallicity distribution for stars close to the edges of¢héibration region in thg-r vs. u—gdiagram.

The performance of the new map is qualitatively the sameaaoftihe old map. The median and scatter for the differentuedsn
spectroscopic and photometric metallicities as a funaticheg—-r andu—g colors are shown in the top two panels in Figure A20.
Typical systematic errors in the map (i.e. median diffeeeper pixel) are~0.1 dex or smaller, and the scatter varies fref.2
dex at the high-metallicity end t€0.3 dex at the low-metallicity end (note that this scattetudes contribution from errors in both
spectroscopic and photometric metallicity).

The above photometric metallicity estimator is applicatolestars with 02 < g-r < 0.6 and-0.25+0.5%x (u—-g) < g-r <
0.05+0.5(u—g) (i.e. for the calibration region in thg—r vs. u—g color-color diagram shown in the top two panels in Figure A20
these constraints isolate main sequence F and G starshulidshe noted that the performance of photometric metgilestimator
deteriorates at the low-metallicity end becauseutha color becomes insensitive to further metallicity decrease shown in the
bottom left panel in Figure A20, the photometric metallicgtturates atfe/H] ~ -2 for smaller values of spectroscopic metallicity.
For example, for spectroscopic metallicity &/H] = -2.5, the photometric metallicity is overestimated by as mie8.8 dex. This
shortcoming could be alleviated by using more accurdtand photometry (say, with errors of 0.01 mag instead of hag as used
here), but probably not for metallicities lower thdref H] = —2.5. Fortunately, the low-metallicity halo stars within SD®&8&ch have
a median metallicity of ffe/H] ~ —1.5 (108). Another important note is that, despite the improeat at the high-metallicity end,
the calibration range only extends teg/H] ~ —0.2. Any result relying on higher metallicities should be npieeted with caution
(especially at low galactic latitudes where the uncert&ii lextinction may strongly affect the estimated metalks). For stars
with spectroscopic metallicitye/H] > —2.2, the distribution of the difference between spectroscapd photometric metallicities
is well described by a Gaussian with a width of 0.26 dex (sedtttom right panel in Figure A20).

Tomography Il reloaded

108 pointed out several aspects of their analysis that mag baen affected by the DR6 metallicity “compression” at hirgh-
metallicity end. We repeated their full analysis and repere on those aspects where differences warrant discussion

The “hard” upper limit for photometric metallicity estinest at the high-metallicity endKg/H] ~ —0.5) with DR6 calibration is
best seen in the bottom left panel in Figure 9 from 108. Weadpce that map of the conditional metallicity distributiorthe top
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left panel in Figure A21. As expected, the metallicity dkatition of disk stars within 2 kpc from the Galactic plane nextends to
[Fe/H] ~ 0.

Due to the change in calibration, the parameters of thefiiestpression that describes the variation of the mediamltigty for
disk stars as a function of the distance from the Galactiocela

1o(Z) = pioo + Ay €xp(-|Z|/H,,) dex (A2)

are also changed. The updated valuesgre 0.5 kpc, 1o =-0.82 andA , = 0.55 (the old values werll,, = 1.0 kpc, j1oc = =0.78
andA, = 0.35). The best-fit values gf., andA,, are constrained to within-0.05 dex. The values ¢, in the range 350700 pc
are consistent with the data. Another reason for a decreddg is an additional requirement that the best-fit function nsadisfy
the local constraintp(Z) = —0.2 (Nordstrém et al. 2004; Allende Prieto et al. 2004).

An interesting result from 108 was statistical detectiordisk stars at a distance from the Galactic plane as largebaspc (see
their Figure 10). A peak afHe/H] = -0.5 in the metallicity distribution of stars at those distase@s another manifestation of the
metallicity “compression”. As demonstrated in the top tighnel in Figure A21, this peak is not present when using ¢vised
calibration. However, there is still statistical evidertbat disk stars exist at such large distances from the pkipeut 5% of stars
in the 5 kpe< Z < 7 kpc bin are presumably disk stars, in agreement with eatagipn of the exponential profile for counts of disk
stars.

Perhaps the most intriguing result of 108 study was the neteation of a correlation between rotational velocity aretatiicity
for disk stars aZ ~1 kpc. At such distances from the Galactic plane, the courttdmand thick disk stars inferred from the spatial
density profiles are expected to be similar. Since traditigrihe thick disk component is associated with a largeoei#y lag and
lower metallicities, a fairly strong and detectable catiein was expected (see 108 for details). The two bottomIgamé&igure A21
demonstrate that such a correlation is still undetectéidpagh the photometric metallicity range now extends tdaigzalues (up
to [Fe/H] ~ -0.2).

The higher metallicity values obtained with re-calibratethtion have quantitative effect on the best-fit metaificiistributions
shown in Figure 7 from 108. Using the same methodology, weaayce their Figure as Figure A22 here. 108 modeled the non-
Gaussian disk metallicity distribution using a sum of twauSgians with a fixed amplitude ratio (1.7:1), fixed different the mean
values (0.14 dex), and fixed widths (0.21 dex and 0.11 dexigwislides” as a function oZ according to eq. A2. We find that the
only required significant change is to increase the widtthefdecond Gaussian to 0.21 dex, which accounts for the éoxenfsthe
metallicity distribution to higher values. Only minor cliges are required for the best-fit halo metallicity distribat(see Table 3
in 108): the median halo metallicity is nowl.46 in the first three bins, anel.56 in the most distarf bin, and its width changed
from 0.32 dex to 0.36 dex in the last bin. We note somewhatdeater of the data points around the best-fit functions i¢h
re-calibrated data set. To summarize, the revised bestfitnpeters that describe halo and disk metallicity distigims are:

e The halo metallicity distribution is spatially invarianh@ well described by a Gaussian distribution centeredFaiHl] =
-1.46, and with the intrinsic (not including measurement esyaridthoy = 0.30 dex. FoilZ| < 10 kpc, an upper limit on the
halo radial metallicity gradient is 0.005 dex/kpc.

e The disk metallicity distribution varies with such that its shape remains fixed, while its mediay),varies as given by eq. A2
(with the best-fit parameter values, = 0.5 kpc, 1o, = -0.82 andA,, = 0.55). The shape of the disk metallicity distribution
can be modeled as

po(x=[Fe/H]|Z) = 0.63G[x|u = a(Z),o = 0.2] +0.37G[x|u = a(Z) +0.14,0 = 0.2], (A3)
where the positioa and the mediapp are related via(Z) = up(Z) —0.067 (unless measurement errors are very large).

We point out that the asymmetry of metallicity distributifom disk stars is now less pronounced (as implied by the saidthsy
of the two best-fit Gaussian components). Neverthelesgodaege sample size, the non-gaussianity is statisticktected beyond
doubt. A remaining concern is the error distribution for fiiroetric metallicity, which itself could account for suclkdeviation from
gaussianity. However, to the extent possible using higidgmplete spectroscopic sample (c.f. the bottom rightlgarégure A20
and discussion in 108), we are unable to quantitatively @xpthe observed deviation from gaussianity as an artifjghotometric
metallicity method.
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TABLE 1
BESTFIT PARAMETERS FOR THE DISK VELOCITY DISTRIBUTION.

Quantity a b C
vyt -194 19.2 1.25
ol 12 1.8 2.0
U? 34 1.2 2.0
a§ 30 3.0 2.0
OR 40 5.0 1.5
oz 25 4.0 15

a All listed quantities are modeled as-b|Z|¢, with Z andR in kpc, and velocities
inkms?,

b Thevy distribution is non-gaussian, and can be formally desdripea sum of
two gaussians with a fixed normalization rafiol, with fy = 3. The mean value for
the second gaussian has a fixed offset from the first gausgin, (Vs - Avy), with
Avy, =34 km/s. When/,! > 0 (atZ ~ 6 kpc), V! should be set to 0. The velocity
dispersion for the second gaussian is givem@ylf this non-gaussianity is ignored,

the dispersion is given by?.
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SDSS DR5 quasars (u, medians: —1.5 to 1.5 mas/yr) SDSS DR5 quasars (rms for u,: 2 to 5 mas/yr)

Fic. A1.— The behavior of proper motion measurements for 47,000 sgsexipically confirmed SDSS quasars with galactic latitude
b > 0. The color-coded maps (see the legend on top, units arg/makbw the distribution of the median (left) and rms (right
for longitudinal (top) and latitudinal (bottom) proper rat components in Lambert projection of the northern Gadasap. For
both components, the distribution width for the medians &G0nas/yr (after accounting for statistical noise, thelietpscatter of
systematic proper motion errors across the sky is 0.60 mad/ge median proper motion for the full quasar sample i& Gnas/yr
in the longitudinal direction, and -0.20 mas/yr in the ladiinal direction.
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—1.5¢[Fe/H]<—1.1, Z=4-5 kpc, <r>=18.0 (n=2212)
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-VR (km/s) vg (km/s)

Fic. A2.— The change of theg vs. vg velocity distribution with metallicity, at a nearly constdR andZ. The top left panel shows
thevg vs. vg diagram for~6,000 blue (0.2 g—r <0.4) stars from th& = 4-5 kpc range and detected towards the North Galactic
pole b > 80°). The distribution is shown using linearly-spaced congpand with color-coded map showing counts in pixels (low to
high from blue to red). Other five panels are analogous, aod slubsamples selected by metallicity, with the[H] range listed
above each panel (also listed are the mediaand magnitude and subsample size). The measurementaeaypically 70 km .
Note the strong variation of mediag with metallicity.
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g-r>0.6, b>80, Z=0.3-0.4 kpc, <r>=18.12 (n=18427) g-r>0.6, b>80, Z=0.5-0.7 kpc, <r>=18.13 (n=34130

g-r>0.6, b>80, Z=0.1-0.2 kpc, <r>=17.33 (n=9083)
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Fic. A3.— Similar to Figure A2, except that thg vs. vg velocity distribution is studied as a function 8f The top row shows
thevs vs. vg diagrams for~60,000 red §—r >0.6) stars from th& = 100-700 pc range observed towards north galactic pole.
Each panel corresponds to a narréwin, with the range shown above each panel. The measuremers eary from typically~3
km stin the closest bin te-12 km stin the most distant bin. Note the complex multi-modal suligtire in the top left panel. The
bottom three panels are analogous, and show4hes. vg diagrams for~7,000 blue (0.2 g-r <<0.4) stars with high metallicity
([Fe/H] > -0.9). The measurement errors vary from typicali0 km slin the closest bin te-35 km stin the most distant bin.
Note that the medians becomes closer to zero Zsncreases.
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b>80, 0.2<g-r<0.4: [Fe/H]>-0.9 vs. [Fe/H]<-1.1
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Fic. A4.— The dependence of the rotational velocity componegt,on the distance from the plane, for 14,000 high-metalicit
([Fe/H] > —0.9; top left panel) and 23,000 low-metallicityH§/H] < —1.1, top right) stars wittb > 80°. In the two top panels
individual stars are shown by small dots, and the mediangmdif Z are shown by the large circles. The 8nvelope around the
medians is shown by dashed lines. The bottom two panels aarttpamedians (left) and dispersions (right) for the twossuples
shown in the top panels. The dashed lines in the bottom twelpaow predictions of a kinematic model described in t&ke
dotted lines in the bottom right panel show model dispessisithout a correction for the measurement errors.



20
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n/N,, (s/km)

Fic. A5.— The symbols with error bars show measured rotational vigldstribution,vs, for stars with 2 < g-r < 0.4,b > 80,
and the distance from the galactic plane in the range in tiger8.8—1.2 kpc (top left- 1,500 stars), 1.5-2.0 kpc (top right4,100
stars), 3.0—4.0 kpc (bottom left;6,400 stars) and 5.0-7.0 kpc (bottom right1 2,500 stars). The red and green curves show the
contribution of a non-gaussian disk model (a sum of two gausswith fixed, 1:3, relative normalization, see egs. 19 20\ the
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Fic. A6.— Analogous to Figure A4, except that the radial velocity comgnt R) is shown.
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~ metal—poor, pm: <v,> (=200 to 100 km/s)
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Fic. A7.— The dependence of velocity, measured using proper motieftscblumn: rotational componentg; right column:
vg = sin()vg + cosp)vz) on cylindrical galactocentric coordinates for blue& g-r < 0.4) stars: 172,000 metal-poor halo-like
stars (Fe/H] < —1.1; top panels) and 205,000 metal-rich disk-like stafe(H] > —0.9; bottom panels), selected from three regions
with b > 80° (north galactic pole), 170< | < 19C° (anticenter), and 350< | < 10° (center). The median values of velocity in each
bin are color-coded according to the legend shown in eachlflem s). The measurements are reliable at distances up to about
kpc. Regions beyond this limit are shown for halo stars fonpleteness. The fraction of disk stars is negligible at slistances,
and their velocity distribution is shown f@ < 6 kpc. The region with negative velocity on the right sideayf teft panel is due to
Monoceros stream. The thin region with negative velocitytanleft side of top right panel is a data artefact.
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~ metal—rich, pm: model <v,> ~ metal—rich, pm: <d,> (=150 to 150 km/s)
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Fic. A8.— The left panel is analogous to the bottom left panel in FigAifgexcept that here the median rotational velocity prexdict
by a model described in text is shown. The right panel showsrikdian difference between the data and model values. Larg
discrepancies & > 12 kpc are due to Monoceros streamReat 18 kpc andZ = 4 kpc, disk stars rotate with a mediap ~ —100
km s, while for Monoceros streaw, ~ =200 km s?).
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Fic. A9.— The distribution of stars with.@ < g-r < 0.4 and distance from the galactic plane in the radgd—6 kpc in the
rotational velocity vs. metallicity plane, for four rangefsgalactocentric cylindrical radiug (top left: 3—4 kpc; top right: 7-9 kpc;
bottom left: 12—-13 kpc; bottom right: 17—19 kpc). In eachglathe color-coded map shows the logarithm of counts in @ad,
scaled by the total number of stars. The horizontal linag at 0 andve = —220 km stare added to guide the eye. High-metallicity
([Fe/H] ~ —1) stars with fast rotationvg ~ 220 km §?) visible in the bottom right panel belong to the Monoceresat, and are
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responsible for features seerRat- 15 kpc in the two left panels in Figure A7.
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6D, 0.2<g-r<0.4: [Fe/H]>-0.9 vs. [Fe/H]<-1.1
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Fic. A10.—Similar to Figure A4, except that the vertical velocity campent £) is shown, using a sample of stars with SDSS radial
velocity measurements abd> 0 (20,000 stars in the high-metallicity subsample, and®g28rs in the low-metallicity sample). The
behavior of rotational and radial velocity components Figs sample is consistent with that shown in Figures A4 andeX6ept for
slight differences in measurement errors.
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Fic. A11.— The three two-dimensional projections of the velocity rilttion for two subsamples of candidate halo stars salecte
using spectroscopic metallicity-8 < [Fe/H] < —1.1) and with 6< R/kpc < 11. The top row corresponds to 2,000 stars with
distances from the galactic plane<3Z/kpc < 4, and the bottom row to 1,200 stars with < Z/kpc < -3. The distributions are
shown using linearly-spaced contours, and with color-dodap showing smoothed counts in pixels (low to high from xueed).
The measurement errors are typically 60 K Note the strong evidence for velocity ellipsoid tilt in tapd bottom left panels.
The two dashed lines in these panels show median directwartts the Galactic center. Note also a non-vanishing medianf
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~15 km/s in the bottom left and right panels.
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Fic. A12.— Analogous to Figure All, except that the velocity distribatis shown for two subsamples of candidate disk stars
selected using spectroscopic metallicis0@ < [Fe/H] < 1). The top row corresponds to 1,700 stars with distances fie
galactic plane B < Z/kpc < 2.5, and the bottom row to 1,500 stars witR.5 < Z/kpc < —1.5. The measurement errors are
typically 35 km s'. Note the absence of velocity ellipsoid tilt in top and baitieft panels.
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Fic. A13.—Analogous to Figure A12, except that the velocity distridats shown for two subsamples of red stags ¢ > 0.6): the
top row corresponds to 2,200 stars with distances from tleetiaplane 06 < Z/kpc < 0.8, and the bottom row to 4,300 stars with
-0.8 < Z/kpc < —0.6. The measurement errors are typically 15 ki s
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metal—poor, 2<D/kpc<7, data o, metal-poor, 2<D/kpc<7, ratio (D/M) o,

Fic. A14.— A comparison of medians and dispersions for measured anelewdadial velocity of blue (@ < g—r < 0.4) halo
stars (spectroscopid-g/H] < —1.1) with distance in the range 2—7 kpc abhd> 0. The top left panel shows median measured
radial velocity color-coded according to the legend showtha top (units are km's). The top right panel shows the difference
between this map and analogous map based on model-geneatied of radial velocity, using the same scale as in theetip |
panel. The bottom left panel shows the dispersion of medsadial velocity color-coded according to the legend akibgenits
are km s1). The bottom right panel shows the ratio of this map and afogoas map based on model-generated values of radia
velocity, color-coded according to the legend above it @isionless).
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metal—rich, 2.8 < D/kpc < 3.2, <u> metal—rich, 3.8 < D/kpc < 4.2, <p >

Fic. A15.—The distribution of the median longitudinal proper moti@mgonent in Lambert projection of the northern Galactic cap
for high-metallicity (Fe/H] > -0.9) blue (02 < g-r < 0.4) stars, in several distance bins (top left: 58,000 statis B#0.8—-1.2
kpc; top right: 119,000 stars with=1.8-2.2 kpc; bottom left: 72,000 stars wiil+2.8—3.2 kpc; bottom right: 43,000 stars with
D=3.8-4.2 kpc). All maps are color-coded using the same ssht@vn in the middle (units are mas/yr). Note that the magieit

of proper motion does not change appreciably as the distaaraes from~2 kpc to~4 kpc. This is due to vertical gradient of the
rotational velocity for disk stars (see Figure A3).



metal—rich, 2.8 < D/kpc < 3.2, <pg> metal—rich, 3.8 < D/kpc < 4.2, <ug>

Fic. A16.—Analogous to Figure Al15, except that the latitudinal prapetion component is shown.

31



32

metal—rich, 0.8 < D/kpc < 1.2, u_: <residuals> metal—rich, 1.8 < D/kpc < 2.2, u,: <residuals>

metal—rich, 2.8 < D/kpc < 3.2, u: <residuals> metal—rich, 3.8 < D/kpc < 4.2, p,: <residuals>

Fic. A17.— Similar to Figure A15, except that the median differenceMeein the observed value of longitudinal proper motion
component and a value predicted by model described in teskiagn. All maps are color-coded using the same scale, shorei
middle. Note that the displayed scale is streched by a faxéttwo compared to the scale from Figure A17, in order to ersjzea
discrepancies.
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metal—poor, 3.5 < D/kpc < 4.5, <u> metal—rich, 3.5 < D/kpc < 4.5, <p >

T T
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metal—poor, 3.5 < D/kpc < 4.5, p: <residuals> metal—rich, 3.5 < D/kpc < 4.5, p,: <residuals>

Fic. A18.— Similar to Figures A15 and Al7, except that the behavior ghhinetallicity (left) and low-metallicity (right) starsi
compared in a single distance bin (3.5-4.5 kpc). The top @&vefs show the median longitudinal proper motion compqraerat the
two bottom panels show the median difference between theredd and model-predicted values. An analogous figure fitwdénal
proper motion component has similar characteristics.
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DR6 to DR7 change in spectroscopic [Fe/H]
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Fic. A19.—A summary of the differences in SDSS spectroscopic meitglialues distributed with Data Releases 6 and 7. The left
panel shows the median difference between the DR7 and DRéw#br 0.0 0.02 mag large bins in theg—r vs. u—g color-color
diagram, color-coded according to the legend shown in tmelpal'he largest differences of 0.2-0.3 dex are seen in theigt
corner, which corresponds to high metallicities. The riganel shows the difference in metallicities as a functiothefnew DR7
values. Individual stars are shown by small dots, and thdanedlues of the difference are shown by large circles. Weedashed
lines aret20 envelope around these medians, wheirgthe root-mean-square scatteiQ; 1 dex, due to software updates) estimated
from the interquartile range. The median differences agelathan 0.1 dex only at the high-metallicity enBéfH] > —0.6).
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~ <spec—photom. [Fe/H]> (—-0.3 to 0.3) ~ rms(spec—photom. [Fe/H]) (O to 0.6)
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Fic. A20.— The color-coded map in the top left panel shows the medidardifice between spectroscopic and revised photometric
metallicities for~50,000 stars from SDSS Data Release 7. The median valueoismdrthe root-mean-square scatter is 0.07 dex.
The contours show the distribution of stars with 20 and at high Galactic latitudes. The top right panel shbwsdot-mean-square
scatter of the difference between spectroscopic and phaitanmetallicities in each pixel. The top two panels arel@gaus to the
bottom two panels in Figure 2 from 108. The bottom left parwgs the photometric metallicity as a function of the spmstopic
metallicity. Individual stars are shown by small dots, ahd tnedian values of the difference are shown by large circldse
distribution of stars is shown as linearly spaced contolNste that the photometric metallicity saturates fe¢[H] ~ -2 at the
low-metallicity end. The histogram in the bottom right pbasleows the distribution of the difference between spectwpi and
photometric metallicities for stars with spectroscogie[H] > —2.2. A best-fit Gaussian centered on zero and with a width of 0.26
dex is shown by the dashed line.
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log,o[count(FeH,z) /totCount(z)]
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Fic. A21.— The top left panel shows the conditional metallicity disttion as a function of distance from the Galactic plane, and
is analogous to the bottom left panel in Figure 9 from 108. é\ibiat the new photometric metallicities include[H] > -0.4. The
dashed line which shows the median disk metallicity is aésgsed (see text). The top right panel is analogous to Fijargom
108 and shows the metallicity distribution for stars withfickc Z < 7 kpc, whereZ is the distance from the Galactic plane. Note
that the photometric metallicity artifact &¢/H] = —0.5 discussed by 108 is not present any more. However, thet#l isvddence,
albeit weaker, that disk stars exist at such large distafroes the plane (about 5% of stars at suchare presumably disk stars,
in agreement with extrapolation of the exponential profile dounts of disk stars). The bottom two panels show the betitysic
rotational velocity for disk stars in two thi slices, and are analogous to the bottom right panel in Figéifeom 108. Note that the
correlation between velocity and metallicity is still abse
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Fic. A22.—Analogous to Figure 7 from 108. The symbols with error bassmetallicity distribution for stars with.2 < g-r < 0.4,

7 kpc < R< 9 kpc and the distances from the galactic plane as markedgevtis the galactic cylindrical radius. The behavior
is qualitatively the same as that discussed by 108. The dghifcant quantitative difference is in the model for thetalkcity
distribution of disk stars (see text).



