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ABSTRACT

We employ measurements of thélfe] ratio from low-resolutionR ~ 2000) spectra of 17,500 G-type
dwarfs included in SDSS Data Release 8, selected using simple and well-understood selection criteria, to
separate them into likely thin- and thick-disk subsamples. This classification, based on chemistry, is
strongly motivated by the bi-modal distribution of stars in théHe] vs. [Fe/H] diagram. The resulting
subsamples allow, for the first time, investigations of the kinematic behavior of thin- and thick-disk stars
as a function of metallicity and position up to distances of 3 kpc from the Galactic plane. Both subsamples
exhibit strong gradients of orbital rotational velocity with metallicity, but with opposite sig28 {o—30
km s dex? for the thin-disk population, ané40 to +50 km s* dex* for the thick-disk population).

We find that the rotational velocity decreases with the distance from the plane for both disk components,
with similar slopes (10 km3 kpc?), and a nearly constant difference in the mean rotational velocity

of about 30 km . The mean rotational velocity is uncorrelated with Galactocentric distance for the
thin-disk subsample, and exhibits only a marginally significant correlation for the thick-disk subsample.
Thick-disk stars exhibit a very strong trend of orbital eccentricity with metallici§.Z dex?), while

the eccentricity does not change with metallicity for the thin-disk subsample. The eccentricity is almost
independent of Galactocentric radius for the thin-disk stars, while a marginal gradient of the eccentricity
with distance exists for the thick-disk population. Both subsamples possess similar trends of increasing
eccentricity with distance from the Galactic plane, with a constant difference of about 0.1. The shapes of
the overall distributions of orbital eccentricity for the thin- and thick-disk populations are quite different
from one another, independent of distance from the plane; neither subsample has significant numbers of
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stars with eccentricity above 0.6. These observationaltsegrovide strong new constraints on models for
the formation and evolution of the Milky Way'’s disk systenorExample, the observed dependence of the
mean rotational velocity on metallicity for thin-disk ssas inconsistent with predictions from classical
local chemical evolution models. We also consider the jgtais of several contemporary models of disk
evolution, such as radial migration, gas-rich mergerss Hating, and pure accretion models. We find
that radial migration appears to have played an importdatingdhe evolution of the thin-disk population,
but possibly less so, relative to the gas-rich merger or Heskting scenarios, for the thick disk. Pure
accretion models appear to be ruled out by the observedbdistm of eccentricities for thick-disk stars.
We emphasize that more physically realistic models, andlsitions that probe a greater range of disk
formation scenarios, need to be constructed in order ty @art the detailed quantitative comparisons
that our new data enable.

Subject headings: Galaxy: disk—Galaxy: formation—Galaxy: kinematics anaidgics—Galaxy: struc-
ture

1. Introduction

The Milky Way’s thick disk, first identified from fits of the viéical density profile of stars with a mix of expo-
nential functions (Yoshii 1982; Gilmore & Reid 1983), diffdn many ways from the thin disk, e.g., in its kinematics
and chemical abundances.

The scale height of the thick disk is about 1 kpc, while thahefthin disk is~ 0.3 kpc. Typical thick-disk stars
have generally lower net orbital rotational velocitieshwidrger velocity dispersions (Majewski 1993; Chiba & Beers
2000; Robin et al. 2003; Soubiran et al. 2003; Parker et 2042@/se et al. 2006), possess highefHe] ratio@,
and are older and more metal-poor than typical thin-disksgtaensby et al. 2003, 2005; Reddy et al. 2006, 2010;
Fuhrmann 2008; Haywood 2008).

Their higher p/Fe] ratios and the older ages imply that thick-disk starsewsorn earlier than most thin-disk
stars, in an environment of rapid star formation, and thay thave likely had more time to experience dynamical
heating and secular processes such as scattering by @idmdbin the disk. As a result of the multiple complex
processes that thick-disk stars may have experiencedglimair lifetimes, consensus on the nature of the formation
and evolution of the thick disk has yet to be reached.

The currently discussed mechanisms for thick-disk foramatian be broadly divided into two groups — violent
origin and secular evolution. Among the models involvinglent origin, the heating scenario (e.g., Quinn et al. 1993;
Kazantzidis et al. 2008) posits that the thick disk resultent a pre-existing thin disk that has been dynamically
heated by satellite mergers. In their simulations of thipss, Villalobos & Helmi (2008) found that on the order
of 10-20% of the stars in the thickened disk component wereeted from satellites, the rest being heated thin-disk
stars. The accretion origin of the thick disk (e.g., Abadalet2003) invokes the hypothesis that thick-disk stars were
predominantly formed in dwarf-like galaxies, which wererttdirectly assimilated into the thick disk from orbits that
reached near the Galactic disk plane. Abadi et al. (2003)igted that over 70% of thick-disk stars were accreted
from such disrupted galaxies. The third model among theswiadrigin class is that thick-disk stars may have formed
in situ through chaotic mergers of gas-rich systems, promptingilsimeous early star formation before and during
the mergers (Brook et al. 2004, 2005, 2007), and that thsk-sliars formed after the merger events settled down.

12The [o/Fe] ratio is often represented by an average of the [Mg[Sé#Fe], [Ca/Fe], and [Ti/Fe] ratios, which we adopt in tpaper as well.
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Secular evolution by disk heating was first conceived byzgpi& Schwarzschild (1953), who demonstrated that
encounters with molecular clouds could increase the uglaispersion of late type, old stars. Barbanis & Woltjer
(1967) also showed that spiral structures might be the catifiee larger velocity dispersion of older stars in the
solar neighborhood. These ideas had been further develmpsdveral studies (e.g., Fuchs 2001, and references
therein). Although challenged by Jenkins (1992), disk ingdby secular processes have recently regained attention,
both observationally and theoretically, as possible tuidk formation scenarios.

Indeed, recent theoretical studies and simulations (Satto& Binney 2009a, 2009b; Loebman et al. 2010) have
suggested that the thick disk might not require a violergiaribut rather could have formed by cumulative secular
processes associated with the radial migration of starsoring to the migration theories (Sellwood & Binney 2002;
RoSkar et al. 2008a), stars in the Galactic disk can radialye from the inner (outer) to the outer (inner) regions
due to resonant scattering by transient spiral structusseB on their simulations, Minchev & Famaey (2010) also
suggested that long-lived spiral structures, interaatiitly a central bar, could be responsible for the radial mceis
of stars in a disk galaxy.

These proposed models predict various trends between tleenkitic parameters and chemical abundances of
disk-system stars, as well as between their kinematics patias distributions. For example, Schonrich & Binney
(2008b) suggested that local, relatively metal-rich ttisk stars, formed in the inner part of the disk and moved
outward, while local metal-poor thin-disk stars were barihe outer disk and migrated inward to the solar radius,
retaining information on the kinematic differences betwte two populations. Thus, there should exist a gradientin
the variation of rotational velocity with metallicity; elénce for such a behavior has been claimed observationally b
Haywood (2008). Models of disk heating via satellite mesg#fillalobos et al. 2010) result in proposed relationships
between rotational velocity and Galactocentric distamzkdistance from the Galactic plane. Gas-rich merger models
(Brook et al. 2007) also predict a gradient of rotationabeély with Galactocentric radius for disk stars near thesol
radius.

Sales et al. (2009) proposed that the distribution of orbitaentricities for nearby thick-disk stars could be used
to provide constraints on the various suggested formatiodais. A number of recent papers also have employed
this framework to study possible origins of the thick disksbd on data from several large spectroscopic surveys.
For example, Wilson et al. (2011) have explored data fromRAdial Velocity Experiment (RAVE; Steinmetz et al.
2006), while Dierickx et al. (2010) used data from the selvgniblic release of the Sloan Digital Sky Survey (SDSS
DRY7; York et al. 2000; Abazajian et al. 2009). The study of&@@@&dinescu et al. (2011) combined RAVE data with
newly available proper motions from the fourth release ef $muthern Proper Motion Catalog (SPM4; T. Girard et
al., in preparation). We discuss their analyses and coiocis$urther below.

Most previous observational studies that have sought tatltesvarious correlations predicted by the models
mentioned above have used methods of assigning indivitaralt® membership in the thin- and thick-disk populations
(based on a given star’s location or kinematics) that intoedmanifest biases that can confound interpretations (as
previously noted by Schonrich & Binney 2009b and Loebmar.e2@10). As the chemical signatures of a star are
substantially less variable properties than its spatiaitjpm or velocities over its lifetime, it is instead desilato
classify disk stars into their likely components accordimgheir chemistry.

Among the various chemical abundance ratios that might péoeed for this purpose, thex[Fe] ratios appear
particularly useful. These ratios can be relatively easibasured (as described below), and have been proven to well
separate thick-disk stars from thin-disk stars. It is knahat, at least in the solar neighborhood (where essentially
all previous studies have been conducted), thick-disls steg on average enhanced in theifHe] ratios by+0.2 to
+0.3 dex relative to their thin-disk counterparts at a given'ltfeLocal kinematically selected thin- and thick-disk
samples based on probabilistic membership assignmengscloaNirmed this enhancement offFe] (e.g., Bensby et
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al. 2003; Reddy et al. 2006). Fuhrmann (1998, 2008) also detrated that dwarfs in his volume-limited sample
could be clearly separated into two populations as a funafdFe/H] — one associated with high [Mg/Fe] and the
other with low [Mg/Fe]. The elemental abundance patternthefstars with low [Mg/Fe] ratios and high [Mg/Fe]
ratios are very similar to the kinematically selected thnd thick-disk samples. Finallyy[Fe] ratios also provide
valuable information on the timescales and intensitiesarffermation in the populations involved.

In this study we make use of the first set ofife] ratios obtained for a large sample of low-resolutigr{2000)
spectra from the Sloan Extension for Galactic Understapditd Exploration (SEGUE; Yanny et al. 2009). As shown
by Lee et al. (2011), for stars with SDSS/SEGUE spectra afaitp-noise (S/N) ratios greater than 20, and with
temperatures in the range 4500KTe¢ < 7000 K, one can estimatex[fFe] with an accuracy of better than 0.1 dex.
This enables ahemical separation of the disk system into likely thin- and thick-disk poputats. In this paper we
explore the observed correlations of rotational veloaity arbital eccentricity with metallicity, Galactocentdistance
and distance from the Galactic plane, as well as the orbitzmricity distributions for the individual populatigns
and compare with the predictions of the radial migratiors-geh merger, and dynamical heating models. Since we
believe that direct quantitative comparisons with the jotéahs made by various models (or simulations) mentioned
in this study are somewhat premature, we emphasize the roaiigagive aspects of these comparisons.

This paper is outlined as follows. In Section 2 we preseniGkdwarf sample from SEGUE, describe various
cuts imposed on the sample to obtain a refined disk dwarf sgrapd discuss the calculations used to derive their
space motions and orbital eccentricities. Section 3 dessiow we assign membership of the stars into either the
thin- or thick-disk populations. Results from our G-dwaafrgple and discussion of comparisons of our results with the
predictions of various contemporary disk formation and@von scenarios follow in Sections 4 and 5, respectively.
A summary and our conclusions follow in Section 6.

2. Selection of Local Dwarf Stars
2.1. The SEGUE G-dwarf Sample

Our initial sample comprises low-resolutioR £2000) spectra 0f63,000 stars from SDSS Data Release 8
(DRS; Aihara et al. 2011), obtained during the SEGUE sulvesymwhich were originally targeted as G-dwarf candi-
dates (with colors and magnitudes in the range &48-r)o < 0.55 and < 20.2). As a result of the simple sampling
function, this dataset is expected to be relatively unhiagigh respect to chemistry, and completely unbiased with
respect to kinematics. In order to obtain a subsample ofstals with the most reliably estimated physical quantities
we apply several additional cuts.

First, we exclude stars lacking information on their stgflarameters (effective temperatufgs, surface gravity,
log g, and metallicity, [Fe/H]), radial velocities, or proper tiums. The stellar atmospheric parameters were deter-
mined by the most recent version of the SEGUE Stellar PaemRapeline (SSPP; Lee et al. 2008a, 2008b; Allende
Prieto et al. 2008; Smolinski et al. 2011); typical extereabrs in these estimates are 180 KTug, 0.24 dex in
log g, and 0.23 dex in [Fe/H] (Smolinski et al. 2011). It has beemwshthat shifts in the SSPP-derived estimates of
[Fe/H] and p/Fe] caused by the presence of unrecognized spectrosdopitds are generally small (Schlesinger et
al. 2010). Although the typical uncertainty of the radidlogity varies with the S/N ratio of a spectrum, it is less than
5 km s for the great majority of stars in our sample. Proper motidarimation was obtained based on the procedures
described by Munn et al. (2004); the systematic error nojetlibnn et al. (2008) has been corrected (final typical
errors are 3—4 mas ¥4). In this regard, see also Bond et al. (2010), who investigittie systematic errors in Munn et
al. (2008) by comparison with the expected null proper nratiof SDSS quasars.
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Distances to individual stars were estimated using a Gaklrset of stellar isochrones (An et al. 2009a), fol-
lowing the prescription in An et al. (2009b). After corremiphotometry for dust extinction, main-sequence fitting
was performed simultaneously on three different color-nitagle diagrams (CMDs), withas a luminosity index, and
g-r, g-i, andg-zas color indices, respectively. We adopted an SSPP-defiedH] in the distance estimation for
each star, and fixed a stellar age an¢He] of the model at a given [Fe/H], assuming a linear retetiop between
[Fe/H] and these quantities (see An et al. 2009b). Distastimates obtained using{Fe] from this assumption may
not be internally consistent with analyses based on the S&RPmined {/Fe], but even a-0.1 dex difference in
[a/Fe] has a negligible impact on the derived distanee®.Q1 mag in distance modulus). We also limited models in
the fitting to logg > 4.2 to minimize possible distance bias from stellar age effaetar the main-sequence turn-off.
An inter-comparison of results from the three CMDs suggtststhe internal error in the distance modulus-i3.1
mag; an additional-0.1 mag error is expected from the combined errors in agéH]Fp/Fe], andE(B-V). This
suggests that the associated distance-modulus erxd).i4 mag for individual stars. The effects of binarity arereno
difficult to quantify, and are not included in this error estite (see An et al. 2007; Sesar et al. 2008).

The [o/Fe] ratio is derived following the procedures described_bg et al. (2011). Briefly summarizing, Lee
et al. first generated a grid of synthetic spectra, coverB@pAK < T < 8000 K in steps of 250 K, 0.6 log g <
5.0 in steps of 0.2 dex;4.0 < [Fe/H] < +0.4 in steps of 0.2 dex, aneD.1 < [a/Fe] < +0.6, in steps of 0.1 dex, then
determinedd/Fe] by searching the grid for a synthetic spectrum thatimesthes a given SDSS/SEGUE spectrum (in
regions that are most influenced hy/fFe]). By comparing with a set of moderately high-resolntjg = 15,000) and
medium-resolutionR = 6000) spectra of SDSS/SEGUE stars, they demonstratedility &0 measure §/Fe] from
SDSS/SEGUE spectra (with S/N20) with uncertainties less than 0.1 dex, for stars with afpheric parameters in
the rangeles = [4500, 7000] K, logg = [1.5, 5.0], and [Fe/H] =+1.4,+0.3], over the full range ofd/Fe] considered.
For stars with [Fe/Hk -1.4, slightly higher S/N was required to achieve this precig®/N > 25).

In order to assemble a local dwarf sample, we only includes stith distanceg, less than 3 kpc from the Sun,
and with logg > 4.2. These cuts ensure that we are selecting likely dwarfs fubioh we can obtain accurate space
motions (i.e., that do not suffer from severe degradatiantdyropagation of proper motion errors at larger distances
In order to perform a confident separation of the thin- andktiisk populations on the basis af/Fe], we further
require that the spectra of the dwarf stars included in oalyais have S/N> 30. This conservative cut on S/N ensures
not only high quality estimates of [Fe/H] and/Fe], but also that our program stars have small errors imagtd
radial velocity (less than 5 kn1%.

2.2. Calculations of Space Motions and Orbital Eccentriciy

With information on the distances, radial velocities, amdpggr motions for our program stars in hand, we then
derive theU, V, W space velocity components. We apply,¥,W)., = (11.10,12.24,7.25) km s* (Schonrich et al.
2010) to adjust for the solar peculiar motions with respethé Local Standard of Rest (LSR). For the purpose of our
analysis, we also make use of the rotational velocity ardbadsalactic center in a cylindrical coordinate systep,
calculated assuminB. = 8.0 kpc andv;sg = 220 km s§!. The Galactocentric distance projected onto the Galactic
plane,R, and the vertical distance from the Galactic plaj2, are also obtained. In addition, by adoption of an
analytic Stackel-type gravitational potential (whichlirdes a flattened, oblate disk and a spherically-shapedveass
dark halo; see Chiba & Beers 2000), we compug (rperi), the maximum (minimum) distance from the Galactic
center that a star reaches during its orbit, as well as thitiabdecentricity,e, defined asrtpgrper) /(rapo+ I'peri)-
Errors in the derived kinematics and orbital parametergémh star due to propagation of the errors in the observed
guantities (mostly dominated by distance and proper matioors) are determined by 1000 realizations of a Monte
Carlo simulation.
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We next remove stars from our sample with derived rotativelalcities relative to the Galactic center less thign
=+50 km s, with [Fe/H] < -1.2, and located outside the range: R < 10 kpc, in order to minimize contamination
from the halo and outer-disk components.

Finally, we perform a simple check on the likely remainindoheontamination in our sample following the
prescription of Bensby et al. (2003). For calculation ofdipproximate disk and halo star fractions we adopt the local
stellar densities, velocity dispersionslh V, andw, and the asymmetric drifts listed in their Table 1, assuntireg
space velocities of the thin-disk, thick-disk, and halastre distributed as Gaussians. Based on these probability
distributions, we reject stars that have greater likelthobbelonging to the halo than to the disk system. This check
removes only about 60 additional stars from the sample, Btgpthat the above selection criteria for thin- and thick-
disk stars are quite reasonable. We also experimented hatrapplication of slightly different scale heights for
describing the variation of halo stellar densities wifh, but the above result appears quite robust. Note, however,
that these various cuts do not necessarily eliminate cantaion by members of the so-called metal-weak thick-disk
(MWTD) population, which Carollo et al. (2010) have showihigxts metallicities in the rangel.7 < [Fe/H] < -0.7,
and a prograde rotation ¥f, ~ +100 to+150 km s2.

Summarizing the criteria used for our sample selectioryigitng program stars satisfy < 3 kpc, logg > 4.2,
SIN > 30,V, > +50 km s, [Fe/H] > -1.2, 7< R < 10 kpc, and possess greater probability of belonging to the
disk system than to the halo. The surviving sample from thevalzuts numbers 17,500 stars. Figuid 1 shows the
distributions of [Fe/H]V,, |Z|, andR for the final dwarf sample (solid lines), before and aftetHar division based
on the derivedd/Fe] ratios into the thin- and thick-disk populations, asat#ed below.

3. Division of the Sample on §/Fe] into Thin- and Thick-Disk Populations

As mentioned previously, since a stellar population’s kiatics and spatial distributions can be modified over
time (especially in the disk system), while a (dwarf) statsiospheric chemical abundance is essentially invariant
(except in unusual circumstances, such as binary masddrdnem an evolved companion), we make use of the
estimated §/Fe] ratio as a reference to separate the thin- and thidkgpdipulations.

For the purpose of the present analysis, our dwarf sampjiisrgo likely thin-disk (with low [«/Fe]) and thick-
disk (with high [o/Fe]) populations, based on the following scheme:

I) For stars with [Fe/H}> —-0.8

o thin disk, if [o/Fe] < -0.08 [Fe/H] + 0.15
o thick disk, if [a/Fe] > —0.08[Fe/H] + 0.25

II) For stars with [Fe/H]< —0.8

o thin disk, if [«/Fe] < +0.214
o thick disk, if [a/Fe] > +0.314
This division into the thin- and thick-disk populations isvised based on examination of the distribution of

number densities in thex[Fe] vs. [Fe/H] plane, shown in Figuré 2. Note how well the plagions appear to separate
above and below the solid line in this figure, which is our &ddgiducial.
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The dashed lines locateH0.05 dex in f/Fe] above and below the fiducial solid line in Figlile 2 intkcthe
dividing points for the high4/Fe] (thick-disk) and low-/Fe] (thin-disk) stars. Note that this leaves a gap of 0.1 dex
in [a/Fe] between the thin- and thick-disk dividing lines. Thisie serves to reduce the number of misclassified
stars that may arise from observational errors in their mneaklo/Fe]. The dashed red line in Figuire 1 shows the thin-
disk subsample, whereas the dotted-dash blue line is fahtble-disk subsample, classified by the dividing schemes
described above. From this figure, one can roughly read effahges and peak values of the estimated and derived
parameters for each subsample.

To check on the efficacy of the chemical separation of the plighulations through use of the/Fe] ratio, we
have investigated the variation of the V, W velocity dispersions of our sample with/Fe]. It is well known that the
dispersion of each velocity component increases with digtdrom the Galactic plane (as well as on age, on average).
In any event, the thick-disk population exhibits substhtihigher dispersions than the thin-disk counterpaguie
B shows the derived velocity dispersions of our sample asetifun of [o/Fe]. It is readily apparent that, up to around
[a/Fe] =+0.2, the dispersion of each velocity component increases ratalg. Above {/Fe] =+0.2 the gradients of
the velocity dispersions withofFe] become somewhat steeper. AbowéHe] =+0.3, the magnitude of each velocity
dispersion is larger by about 10 kit ghan for [o/Fe] < +0.2. As our thin-disk stars mostly hava/Fe] < +0.2 and
thick-disk stars possesa/Fe] > +0.3, Figure[3 kinematically confirms that the division ly/ffe] into the thin- and
thick-disk populations is quite robust.

One may still be concerned about remaining biases in oualisample selection, based ay(r)o color, due to
its small, but non-zero, metallicity sensitivity. If ourleeted sample favors metal-poor over metal-rich stars,htas
might produce misleading correlations between the parenhiete are seeking to understand. For example, at least for
the thick-disk population, previous studies have indiddlat the observed stellar orbital rotational velocityrdases
with declining metallicity. Thus, if biases have increasie relative numbers of metal-poor stars in the thick-disk
subsample, the overall distribution g will be shifted to lower rotational velocity. However, itshld be kept in
mind that, because our sample does not suffer from kinerb#i any correlations that we are seeking between
kinematics and chemical abundances will not be affectechigypatential metallicity bias, as long as the correlations
are derived from ranges & and|Z| that are sufficiently small that the correlations remairgidy constant over the
regions considered.

For the thick disk, there is some existing evidence for tlok af a metallicity gradient with distance above the
Galactic plane (e.g., Gilmore et al. 1995), or at most foy@émall one, on the order of 0.1-0.2 dex Kpgvezic
et al. 2008). So, if our thick-disk sample does not suffenfi significant metallicity bias, the shape of the observed
metallicity distribution functions (MDFs) at different ights should remain roughly constant. Figlte 4 displays the
observed MDFs for both the thin- and thick-disk subsampiedifferent bins of|Z| distance. From inspection, the
relative numbers of metal-rich stars in the thick-disk subple do not grossly change with different cuts on height
above the plane, so a significant metallicity bias does n@apto exist for this population. Quantitatively, the tian
of the stars with [Fe/Hk —0.6 for the thick-disk subsample is 0.51, 0.51, 0.58, and Oré¢hfthe first to the fourth
panel (a resulting metallicity gradient witd| of —0.055 dex kpc'), consistent with the expectation from previous
work.

However, this seems not to be the case for the thin-disk subisa At heights abovfZ| = 1.5 kpc (already many
thin-disk scale heights above the plane), we notice thaemuetal-rich stars have dropped out of the distribution,
compared to the upper three panels. This is quantitativehficned by examination of the fraction of stars with
[Fe/H] < —0.2 (0.44, 0.46, 0.58, and 0.71 from the first to the fourth panhis may be a natural consequence of
selecting the sample without consideration of fedistance, since at greater heights thick-disk stars arecteg to
dominate. In other words, some of the stars in the metal-tabof the thin-disk subsample may in reality belong
to the thick disk, but they have been misclassified as thék-dtars due to errors in the estimatedHe]. Indeed,
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considering the distribution obfFe] for the stars with [Fe/H¥k 0.3 andZ| > 1.5 in the thin-disk subsample, many
of the stars haveq/Fe] > +0.15. Thus, moderately-enhanced stars at this height may mostly belong to the thick
disk rather than to the thin disk, with a much lower prob#&piif old thin-disk membership.

Simple calculations confirm the above argument. Accordingete et al. (2011), the error imFe] at S/N = 30
is about 0.08 dex. If we assume this is a reasonable estirhat&merror in [a/Fe] for all stars withZ| > 1.5 kpc,
and perturb the measured/Fe] values by this amount, the total number of stars classé#s members of the thin-disk
component falls to 41, substantially smaller than 203 thatkimed to be present. Thus, it is valid (within statisitic
fluctuations) to say that the lowx[Fe] metal-poor thin-disk stars in thj&| distance region are likely spurious, and
are found at roughly the expected level of contaminationth&spotential bias also depends on the age distribution
of our sample, which is not known at present, it is difficulgueantify it further. However, as the narrow color range
applied to originally select the G-dwarfs for spectroscdpllow-up also preferentially selects certain age ranges
the main sequence, we might expect that this bias mightibomgrat some level to the observed trends (e.g., rotational
velocity versus metallicity) that we seeking to understaddvertheless, as the total number of thin-disk stars & thi
most distant region is rather small, we expect the impactiofi stars on our analysis to be minimal.

4. Results of the Observations

In this section we use our local G-dwarf sample to examinebserved gradients df; with [Fe/H], R, and|Z|,
as well as trends af with [Fe/H], R, and|Z| for the thin-disk and thick-disk populations as identifidxbee.

4.1. Correlations between Rotational Velocity and Metallgity

The top panel of Figuriel 5 shows a color-coded distributiovoih the [o/Fe] vs. [Fe/H] plane for our G-dwarf
sample. Detailed examination of this panel (as well as Eif)rreveals a metal-poor tail for the low/fFe] stars
(< +0.2), which we associate with the thin disk, extending downR&/lH] =—-0.7. This already implies that the thin
disk may not be well-described by a single metal-rich pojotewith a peak around [Fe/H] =0.2. We also notice
from this panel that a higher rotational velocity is obserirethe region of the metal-poor thin diskafFe] < +0.2
and [Fe/H]< -0.3), suggesting a negative trend\f with [Fe/H]. In contrast, the highe[/Fe] stars £ +0.3, which
we associate with the thick disk) apparently exhibit a sjrpositive trend oW/, with [Fe/H]. We investigate these
trends quantitatively below.

The bottom panel of Figuté 5 displays the distribution of mesbital radii Rmean in the [o/Fe] vs. [Fe/H] plane.
It is clear that the stars we associate with the thick-dighytetion exhibit smaller mean orbital radii than those with
associated with the thin disk. In addition, the metal-pdan-disk stars possess larger mean orbital radii than the
dominant metal-rich thin-disk stars.

Looking at the results from other observational work, a ieséudy by Navarro et al. (2010) obtained a slightly
different result for their thin-disk subsample. These atfound little or no correlation betwe&fy and [Fe/H] for
their thin-disk stars (defined by [Fe/H] -0.7 and p/Fe] < +0.2), although the subset of their thin-disk subsample
with available Eu abundances (so that potential thick-didkalo stars could be rejected) exhibits a very similargoatt
to that we identify here. One should also keep in mind theipiigg of effects from selection biases in their sample,
as it was based on an assembly of stars that included kinsatgpselected targets.

Haywood (2008) separated thin-disk stars with [Mg/Ee}0.2 from thick-disk stars with [Mg/Fe} +0.2 in
the spectroscopic sample of Soubiran & Girard (2005), anddcan increasing trend of the mean orbital radii with
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decreasing metallicity for the thin-disk population, ajomith a decreasing trend of mean radii with decreasing metal
licity for the thick-disk population (see his Figure 3). Haimed that this tendency resulted from stars that migrated
from the inner and outer disk. These behaviors are quaktgtin very good agreement with our findings.

Rocha-Pinto et al. (2006) also reported a similar behavwben the mean orbital radii and the chemical
abundances in their volume-complete sample of 325 latedyyarfs. Their primary results were that, as the difference
in the distance between the mean orbital radius and the aalars increases, the abundances of Fe, Na, Si, Ca, Ni,
and Ba all decrease. This relationship between the cheaticaldances and the mean orbital radii could be accounted
for by radial displacements of the stars involved.

It is quite remarkable that all of the observed behaviorfiefrhean orbital radii from our G-dwarf sample agree
so well with several previous observational studies (basethuch smaller samples).

Figure[6 indicates that there exists a clear gradientofith [Fe/H] at any givenZ| distance, for both the
thin-disk subsample (top panel) and the thick-disk subsaiippttom panel). Figuid 7 displays the observed gradients
at different heights above the plane for both subsamplesil&islopes ol/4 for both the low- and highel/Fe] stars
are obtained for the various slices|i#i distance, although the slope of the thick-disk subsampternes shallower
at larger distance (fourth panel), and slightly steepettferthin-disk subsample (which only includes 203 stars)e Du
to the small number of thin-disk stars in the vertical regloh < |Z| < 3.0 kpc, the slope and its error are obtained
by a linear fit to all stars, without binning in [Fe/H]. If siditant contamination of our thick-disk subsample by
unrecognized MWTD stars were present, we might expect thgesdf the correlation o¥, with [Fe/H] to increase
with distance above the plane, due to the greater veloatydager scale height, and lower metallities of the MWTD
component compared with that of the canonical thick disk¢met al. 2010). That is, at larger distances from the
plane and at lower [Fe/H], the me¥p would be expected to Hewer than it would be for a pristine thick-disk sample.
We see no evidence for steepening of the gradient in Figure 7.

A gradient of-20 to -30 km s* dex, on average, is shown to exist for the thin-disk subsampie aastrong
gradient of+45 to +50 km s dex™ for the thick-disk subsample. This result for the thickkdipulation agrees
with the claim of Spagna et al. (2010), who derived a similaps using F-, G-, and K-type dwarfs from SDSS DRY.
However, this finding clearly contradicts the results ofzigeet al (2008), who found little correlation betweénand
[Fe/H]. We discuss a possible resolution to this discrepamthe Appendix.

In order to check how uncertainties in the parame¥éysjFe/H], [a/Fe], and Z| affect our derived gradients of;
over|Z| for both the thin- and thick-disk subsamples, we have peréara simple Monte Carlo experiment. Random
changes in each parameter withinn &f the estimated error of each parameter were applied to i€dlixations of
each subsample (over the full rangg/#), from which we obtained average gradients-@8.6 km s dex* for the
thin-disk subsample ane#6.0 km s* dex for the thick-disk subsample, in good agreement with thbssva in the
bottom panel of Figurel 7. This indicates that our derivedignats ofV;, over [Fe/H] are not grossly affected by errors
in the derived parameters.

4.2. Rotational Velocity Gradients with Distance from the Galactic Center and Galactic Plane

Figure[® shows the overall trends of rotational velocityhwdistance from the Galactic center (top panel) and with
vertical distance from the plane (bottom panel) for the-thisk (black dots) and thick-disk (open squares) poputetio
Inspection of the top panel of this figure indicates only aligégle rotational velocity gradient for the thin-disk
subsample (only-0.2 km s kpc™), consistent with a flat rotation curve in the solar neigtiomd. The asymmetric
drift is about 10 km & at the solar radius, as found by previous work (e.g., Soakital. 2003). A small gradient of
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-5.6 km s kpct is found for the thick-disk subsample, which lags Yher by ~40 km 2, not far from the lag of
51 km s? obtained by Soubiran et al. (2003). Note that even if we idelin the analysis the stars with0V,, < 50
km s that were eliminated in our original selection, we obtaimy&milar asymmetric drifts and gradients for the
thin- and thick-disk populations.

The bottom panel of Figufg 8 shows that the gradient,afith |Z| distance are very similar (abot10.0 km
st kpc?) for both the thin- and thick-disk subsamples. The diffeeemV,, (the velocity lag) for the highe/Fe]
stars relative to the lowe]/Fe] stars is almost constant;30 km s* at any givenZ| distance. This again suggests that
contamination from MWTD stars is not a major issue for ouckhilisk subsample.

Comparing with other recent studies, the vertical gradiéi, with |Z| for our thick-disk subsample;10.8 km
st kpc, is smaller than that obtained by Casetti-Dinescu et all 126-25 km s kpc™, based on-4400 red clump
metal-rich thick-disk stars covering the metallicity ren.6 < [Fe/H] < +0.5, that of Ilvezt et al. (2008) from their
SDSS sample-29 km s kpc™), that of Girard et al. (2006), who derived a gradient-80 km s* kpc™ from a
sample of about 1200 red giants located in the rdd@ge 1-4 kpc, and as obtained by Chiba & Beers (2660 km
st kpc?) for the subset of their non-kinematically selected stathé metallicity range0.8 < [Fe/H] < -0.6 within
2 kpc of the Galactic plane. Even if we cut our thick-disk sarbple to include only stars with [Fe/H} -0.6, we
obtain a slope 0f8.6 km s* kpc™®, consistent, within 3, with that derived from the subsample without a metallicity
restriction.

It is interesting to note that, if we consider our entire tland thick-disk subsamples with| > 1.0 kpc together,
we find a vertical gradient 0f21.2 km s* kpc™, in better agreement with the previous studies. That isdéreed
vertical gradient of the rotational velocity becomes sabgally steeper when the stars are not divided according to
their [a/Fe] ratios. We conclude that accurate determination of/érécal gradient oV, with |Z| for the thick disk
reguires application of a chemical separation criterion (other thiamply [Fe/H]) to isolate the various components.

Application of our simple Monte Carlo experiment with 10Glizations of the subsamples yielded average
radial gradients o, with R of 0.1 km s* kpc™ and-4.0 km st kpc?, and vertical gradients witfz| of —9.6 km
st kpct and-10.0 km st kpc? for the thin- and thick-disk subsamples, respectively.sTunfirms again that our
computed gradients &f are not strongly affected by errors in the parameters iralas these values are very close
to the listed in Figurgl8.

4.3. Correlations of Stellar Orbital Eccentricities with M etallicity, Distance from the Galactic Center, and
Height Above the Galactic Plane

Figure[® shows trends of orbital eccentricitie} for the G-dwarf sample, as a function of [Fe/HR, and|Z|,
from the top to bottom panel, respectively. The black dotsotke our thin-disk subsample, while the open squares
indicate the thick-disk subsample.

One outstanding feature from inspection of the three paséhat the overall distribution of the orbital eccentric-
ities for the thick-disk stars is easily separable from fbathe thin-disk population. The top panel suggests that th
trend of the eccentricities for the thin-disk stars is inelegient of metallicity, i.e., an almost flat trendeofkith [Fe/H],
indicative of a very narrow distribution of eccentricityitiva peak arouné ~ 0.14. On the other hand, the trend of
e for the thick-disk subsample increases as the metalli@grehses. Around [Fe/H] =1.0 it flattens out, implying
a rather broad distribution of eccentricities. A slope-6f2 dex? is obtained from a least-squares fit to the averaged
points.

The second panel also shows several interesting featuresn #he top panel, there is not much correlation
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betweene andR for the thin-disk subsample, although the behavior trettightty higher belowR = 7.5 kpc. The
thick-disk stars generally exhibit an increasing trend with increasingR. The eccentricity distributions for the thin-
and thick-disk populations mergeRt- 7.0 kpc.

The bottom panel shows that the eccentricities for both b high-p/Fe] stars increase on average the farther
away they are from the Galactic plane. In addition, simitefFigure 8, it is also noticed that the difference (about 0.1)
in the eccentricity between the lowsfFe] and high-{/Fe] subsamples is constant at any giV&n

A simple Monte Carlo experiment with 1000 realizations af #fubsamples also reveals that the derived trends
of the eccentricities with [Fe/HR, and|Z| above are not strongly affected by errors in the parameteadvied, as
the computed gradients of the eccentricities are withirfrdm those values listed in Tallé 1, which quantitatively
summarizes various correlations discussed in this sefditcthe two subsamples.

5. Qualitative Comparisons with Predictions of Contemporay Models of Disk Formation

At present, it may be unwise to rely too strongly on the prepeedictions of the suggested thick-disk formation
models. This follows because, even though they are abl@todece some aspects of the Milky Way'’s disk system, the
predicted properties are limited by large uncertaintigb wieir treatment of star formation, the dynamical intécac
of presumed satellites with the disk, unavoidable numeeiffacts, and the myriad of assumptions that are required
in their construction. Thus, in this section, we compareahservational findings only with qualitative expectations
from the published radial migration, gas-rich merger, ais#l Heating models. It is our expectation that, as the models
and simulations improve, these comparisons will increggibe able to discriminate between the relative importance
of the various formation scenarios.

5.1. Correlations between Rotational Velocity and Metallcity

According to the radial migration models (Sellwood & Binrn2§02; RoSkar et al. 2008a; Schoénrich & Binney
2009a; Minchev & Famaey 2010), the (presumably) metal-jstams of the thin disk (which includes young, low-
[a/Fe] stars) that were born in the outer disk move inward tosthiar neighborhood, while the (presumably) metal-
rich stars that formed in the inner disk migrate outward thosolar neighborhood (as the inner region of the disk has
a higher stellar and gas density, and is rapidly chemicalhicbed, most of the stars should be metal rich).

Schonrich & Binney (2009a) suggested that this radial marmroan occur by two mechanisms: “blurring” and
“churning”. Blurring refers to the increase of eccenti@stover time at a similar angular momentum due to scattering
e.g., on giant molecular clouds. Churning is mostly triggeby resonant scattering at co-rotation due to transient
spiral density waves, which transfers stars from inner (de) disk regions into the solar vicinity by changing their
angular momenta without alteration of their orbital ciemity (hence eccentricities). These authors suggested tha
churning is the dominant process by which stars in the inisde higrate out to the solar annulus, thus providing
greater heterogeneity in the abundance and velocity bligions among solar neighborhood stars.

The consequence of incomplete mixing from blurring and ohng is that the metal-rich stars in the thin disk
possess relatively lower rotational velociti® ), while the metal-poor stars have highgr. Thus, the expectation is
that there should exist a trend g with [Fe/H] among (at least) the thin-disk stars. Schon&cBinney (2009a,b)
indeed predicted a significant downtrend\gf with [Fe/H] for the low [p/Fe] stars, due to incomplete mixing for
younger stars. This prediction was confirmed by the lateloylmodels of Loebman et al. (2010), who employed
slightly different treatments of radial mixing and starrf@tion in their simulated disks from Schénrich & Binney



—-12—

(2009a,b), but found a gradient 19.7 km s* dex™* for younger stars (identified with the thin-disk componeithw
low [«/Fe]) in the solar neighborhood & R < 9 kpc and 6 < |Z] < 1 kpc).

Our observed gradient of, with [Fe/H] for the thin-disk stars in the range50< |Z| < 1.0 kpc (24.1 km
st dex?) is not far from the estimate 6f20 km s* dex* obtained by Loebman et al. (2010) for their simulated
sample of young, lowe}/Fe] stars in theitransition zone, which covers the same interval in height above the plane.
Note that the scale of thein[Fe] determinations and ours are slightly different, areythlso employed the predicted
oxygen abundance ratio as a proxy fafffe], rather than the averages employed in our estimateppkars that an
overall velocity gradient 020 to-30 km s* dexwith metallicity for the thin-disk subsample qualitatiyelgrees
well with the expectations from the radial migration models

The extended tail of lowe}/Fe] metal-poor stars observed in Figures 1, 2, 4, and 5 catsbeexplained by the
radial migration scenario. Roskar et al. (2008b) found their simulated disk stars (when allowed to mix radially)
exhibited a MDF more like the observations by Holmberg et(@007) than that obtained from an situ sample
without radial migration. These authors concluded thaiatadigration was the likely cause of the broader MDF,
which is also supported by our present data.

It is noteworthy that our observed negative gradienVpfwith [Fe/H] for the thin-disk stars-20 to —30 km
st dex?) stands in contradiction to expectations from traditidoahl evolution models in the solar neighborhood
(without allowing for mixing or migration of stars), whichredict apositive slope of V4 with [Fe/H]. According to
these models, the stars that were born early in the histastaoformation in the thin disk are expected to be relatively
metal-poor. These old metal-poor thin-disk stars shoule lexperienced more perturbations, such as from variations
in the Galactic potential over time. As a result, such stegeapected to exhibit slower rotational velocities andéar
velocity dispersions than the younger, more metal-rich-thisk stars. This inevitably leads to the expected pradoct
of a positive gradient o, with [Fe/H], which we clearly do not find.

When considering the radial migration models for the thidkdhe case differs somewhat, in particular due to
the much older ages of these stars. According to these mdtdslexpected that most of the thick-disk stars that exist
in the solar neighborhood today were born with high velodigpersion in the inner portion of the Galaxy, in regions
of higher local density, at a time when the metallicity of t8 was relatively low and the-abundance ratios were
high. As they migrated outward over time, the lower graiotaal restoring force of the local disk allowed these stars
to explore orbits reaching higher above or below the plamatirely few thick-disk stars are thought to have migrated
inward from the outer disk region. These old stars had mare tb experience mixing of their orbits; in the case of
complete mixing for these older stars, one might expett litt no trends between rotational velocity and metallicity

Schoénrich & Binney (2009a,b) did not make predictions obeély trends with metallicity, on the grounds that
insufficient knowledge of the earliest phases of disk foromaexists to constrain expectations for such a potential
gradient (i.e., unknown initial conditions). However, lbmean et al. (2010) reported from their simulation an indigni
icant gradient of-1.4 km s dex? for these older starsx( 7 Gyr, which generally matched the observed properties
of the thick-disk component, e.qg., high/[e] ratios). Even though the migration strength in themdation induced
substantial mixing, the process was still incomplete. Tlitusould allow for the conservation of significant veloc-
ity/metallicity trends. It should be mentioned, howevéatttheir model was not specifically intended to match the
properties of the Milky Way.

In any case, the small or absent predicted correlationsdzetw, and [Fe/H] for the high4/Fe] stars from the
migration models are in contrast to our determination otaigradient o040 to+50 km s* dex for the observed
high-[a/Fe] stars we associate with the thick disk, as shown in EigurThus, this trend of, with [Fe/H] for the
thick-disk subsample can provide a useful constraint tadld&l migration models mentioned above.
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In summary, the observed correlations betwégand [Fe/H] for our low-f/Fe] (thin-disk) stars can be naturally
explained by the radial migration of stars from the outek dieore metal-poor stars) and from the inner disk (more
metal-rich stars) into the solar vicinity, as predicted bg migration models. As explained by Schénrich & Binney
(2009b), such a velocity gradient arises from the interfdatween the churning and the blurring processes. The
behavior of the high/Fe] (thick-disk) stars is rather different (exhibiting aiahn steeper gradient) than expected
from the simulated highef/Fe] stars of Loebman et al. (2010), although there rem&iesibcertainty of how well
thick-disk stars are represented in these models, and htMhsenodels match the actual history of the Milky Way.

It appears that stellar radial migration may have playedgortant role in the evolution of the thin disk, but, based
on the information available from the current radial migratmodels and simulations, it is difficult to ascertain the
relative importance of radial migration for the formatiamdéor evolution of the thick disk.

5.2. Rotational Velocity Gradients with Distance from the Galactic Center and Galactic Plane

The gas-rich merger model of Brook et al. (2007) predictsraetation betwee, andR for stars in the disk
system. According to their simulations (especially thegure 5) there should exist a detectable velocity gradient f
the thin disk in the region of the solar neighborhoBd«7-10 kpc). This differs from our null gradient for the thin-
disk subsample. Their simulations also indicate a nedégibadient for their thick-disk stars (which they refer to a
“merger stars”), which is at least qualitatively in line lvibur small value 0f5.6 km s* kpc™t. However, it should be
kept in mind that, as Richard et al. (2010) demonstratedain thrarious gas-rich merger simulations, the initial cabit
parameters of the mergers strongly affect the final kinessatnd structures of the resulting disk populations. Brook
et al. (2007) performed a simulation with a particular sgpafameters to produce their disk systems, which may not
necessarily match those of the Galaxy. For example, onerédige difference between this particular simulation
and our results is that, while we find a difference in velotity of about 30 km8 between our thin and thick-disk
subsamples, thi-body prediction calls for a difference of over 150 km.sAdditional simulations of this process,
better matched to the nature of the Milky Way, would cleadyuseful to compare our results with.

The dynamical heating of a pre-existing thin disk, as matlélethe simulations from Villalobos et al. (2010)
also predicts gradients &f, with respect to botlR and|Z|. Looking at their Figure 14, the thickened-disk component
exhibits a very weak trend &f, with R for low initial orbital inclination of the merging satelit while the correlation
between the two quantities becomes stronger as the in@dergle is increased. Concerning the gradienofvith
|Z|, it is evident in their Figure 14 that the vertical gradiefty is much shallower at higher orbital inclination.
Thus, roughly speaking, our radial gradient\f for the thick-disk subsample agrees better with that exgukfur
low orbital inclination of the merging satellite, but ourrtieal gradient is better matched by mergers with high atbit
inclination. This may indicate that the compromise casentdrmediate orbital inclination € 30°) best describes
our observed results, a possibility also considered byaMtios et al. (2010). In any event, the comparisons of our
thick-disk subsample with this particular model predintimply that if the heating scenario played a major role in the
formation of the thick disk, the initial orbital inclinatioof the merging satellite could not have been too small or too
large. Of course, it is also possible that multiple sateltitergers may have been involved, which complicates these
simple comparisons with a single merger.

In summary, comparisons of our data with the gas-rich memgedel from Brook et al. (2007) suggest that,
while this model may not explain the lack of a rotational witlp gradient with Galactocentric distance for the thin
disk, it does account for that observed for the thick diskwigeer, the much larger difference in the velocity lag than
our finding between the thin- and thick-disk stars remainsstoesolved. The model of thin-disk heating by mergers
of Villalobos et al. (2010) qualitatively agrees with thepexted kinematic features of our thick-disk subsample,
assuming that the merging satellite has an intermediateabiclination.
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In the previous section, which considered correlations/benV,, and [Fe/H], our results for the thin-disk pop-
ulation were shown to be in qualitative accord with predics of the radial migration models, while those for our
thick-disk population might not be. In order to be confideithe implications of this result, one would like to com-
pare with the predictions from more refined radial migratioodels that better reproduce the observed properties of
the thick-disk population. On the other hand, the relatigmbetweerV, with R and|Z| for the high-p/Fe] stars
agrees better with the predictions of the gas-rich mergethin-disk heating models that we have considered here.
Taken as a whole, the presently available comparisons ofdtieus observed gradients suggest that the thick disk
may have formed from either the mergers of gas-rich systenimedieating of a pre-existing thin disk by mergers, and
has been little influenced by the secular process of steligration, while radial migration may well have strongly
affected the evolution of the thin disk.

5.3. Distribution of Stellar Orbital Eccentricities

Sales et al. (2009) demonstrated that the orbital eccérgsiof a stellar population could also be used as a tool to
probe the formation and evolution mechanisms of the distesysIn particular, taken at face value (and recognizing
that their summary only pertains to a limited set of modelbpagters and histories), their Figure 3 suggests that
radial migration models (e.g., RoSkar et al. 2008a) geaesgtnmetric distributions of stellar eccentricities with
rather narrow widths, while the gas-rich merger models.(8ok et al. 2004, 2005) produce distributions that are
skewed toward higher eccentricity with larger widths. Tlkeration models (e.g., Abadi et al. 2003) distribute the
eccentricities rather broadly over a wide range. For thk ldésating scenario (e.g., Villalobos & Helmi 2008), there is
a similarity of the eccentricity distribution with that dfé merger model fag < 0.6, but there exists a secondary peak
at high eccentricity€ ~ 0.8). Generally, they found that violent models such as disktihg and accretion generated
a distribution of stellar orbital eccentricities spannadprge range, with secondary peaks at higher eccentragity,
at least with rather broad distributions of high eccentyistars. By contrast, the smooth transition models, such as
radial migration ofn situ star formation from gas-rich mergers produced distrimgidominated by lower eccentricity
orbits covering relatively narrower ranges.

Several studies have compared the above expectations ffrege models to observed distributions of orbital
eccentricities for thick-disk stars in the solar neightoarth. Wilson et al. (2011), for example, investigated the
eccentricity distribution of a sample of thick-disk stargrh RAVE. They concluded that their observed distribution,
which peaked at low eccentricity and exhibited a lack of héghentricity stars, disfavored the pure accretion model
of Abadi et al. (2003), and was most consistent with the pteatis of gas-rich merger models. Dierickx et al. (2010)
carried out a similar test, using a large sample of dwarisf8DSS DR7, and suggested that their sample favored the
gas-rich merger scenario as well. Casetti-Dinescu et &1 Pperformed an analysis using a sample-d@#00 red
clump thick-disk stars from RAVE Data Release 2 (Zwitter let2008) with available proper motions from SPM4.
Their comparison of the derived orbital eccentricity dizition with model predictions supported the gas-rich reerg
scenario, or possibly the minor merger heating model (agythat the expected secondary peak at high eccentricity
could be avoided, depending on the initial orbital configioraof the merging satellite(s)). Indeed, a recent simaoifat
study by Di Matteo et al. (2011) showed that, with the adaptiba particular set of initial conditions (a 1:10 mass ratio
and direct orbit of a presumed single interacting satg|lttee disk heating model could also produce the distriloutio
of eccentricities observed by Wilson et al. (2011) and Bleciet al. (2010without creating a secondary peak at high
eccentricity, confirming that the heating model may also kmble mechanism for thick-disk formation.

It is noteworthy that the various observational studiesedaon different samples, with different distance esti-
mates, and adopting different models for the Milky Way ptit#nall produce similar eccentricity distributions fdret
thick-disk population — a broad peak at low eccentricity arleick of high eccentricity stars. Considering all of the
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studies mentioned above, the favored mechanisms for thigkformation are likely to be either (or both) the gas-rich
mergers model or the thin-disk heating by minor mergersatenat least when considering only stellar orbital ec-
centricities as a probe. All of these studies rejected te pacretion model of thick-disk formation (as advocated by
Abadi et al. 2003).

Unlike the previous observational studies mentioned abetéch selected thick-disk stars mostly on the basis
of spatial extent, we have selected a subsample of liketkitisk stars based on their measuretFg], as described
in Section 3. We now compare the eccentricity distributibowr thick-disk subsample with expectations from each
model cited in Sales et al. (2009). The left-hand set of maoEFigurd 10 displays the normalized distributions of
eccentricity for the low-q/Fe] (top left) and high<4/Fe] (top right) populations. Each distribution in the teptpanels
is restricted to different slices on distance from the Gidgaane, as listed in the figure legend. Tédistribution of
the entire G-dwarf sample (without splits based afig]), divided into regions that should emphasize the taimd
thick-disk regions, is shown in the bottom left and bottoghtipanels, respectively.

The eccentricity distributions of the thin-disk subsampémk at much less thas= 0.2, with narrow widths,
and apparently include very few high eccentricity stars-(0.4) for the two|Z| regions shown in the top left panel.
In contrast, the distributions for the thick-disk subsaengthown in the top right panel peak@t-0.2, and exhibit
extended tails of higher eccentricities upete-0.8; there remains a relative lack of high eccentricitystar> 0.6).
Although we find that the relative frequency of the hightars increases a bit at larg2t distance (red dashed line)
for both subsamples, the distributions otherwise do nohghaignificantly. This again confirms that the population
separation based on/Fe] appears to work quite well. The eccentricity distribas for the full sample of G-dwarf
stars exhibits some rather interesting features. Evemgs |d| distance (0.8—2.4 kpc, bottom right), where the thick-
disk stars should dominate, the eccentricibgs not appear similar to that of the thick-disk subsample separated by
[a/Fe] (top right panel) in either range (| distance; the peak and the width do not match. This undezsamrce
more that, for the purpose of the selection of thick-diskatsamples, purely spatial separations are insufficient.

Comparing with the published model predictions in Sales.e{2009), as shown in the right-hand panels of
Figure[10, the relative shortage of high eccentricity stard the absence of the secondary peak at higl0.8 in
our observed distribution exclude the accretion origin Hradisk heating model for the thick disk. Although the
distribution expected from the radial migration modelsvyides a viable description of stars in the low eccentricity
region, it fails to capture the observed high eccentrieitydf the thick-disk stars. The skewed distribution of atvsel
eccentricities toward higher values is not well-represeédty the radial migration predictions, which exhibit a more
Gaussian-like shape (lower left panel of the right-handefmof Figuré_1ID). It should be noted, however, that an
alternative radial migration model by Schénrich & BinneY)(®a,b) indicates the presence of a peak eccentricity
between 0.1 and 0.2, with an extended tail towards high éGcities, which is consistent with the shape of the
observece distribution of our thick-disk sample. Hence, we must beticaus in drawing firm conclusions on the
formation mechanisms of the thick disk due to their appasensitivity to details of the models and simulations.
Solely based on comparisons with the predictions in theiglubdl models from Sales et al. (2009), it seems that our
eccentricity distribution most closely resembles thatiied from the gas-rich merger scenario.

The eccentricity distribution of our thick-disk subsamgitfers little from the disk heating model of the Di Mat-
teo et al. (2011) simulation. As identified by this simulat{@and also mentioned in the discussions of the observations
of Casetti-Dinescu et al. 2011 and Wilson et al. 2011), tlwesdary peak or high eccentricity regiom> 0.6) in
the disk heating model is mostly occupied by the accretad tehich retain the initial orbital characteristics of the
merging satellite). In addition, depending on the initiahditions (especially the orbital inclination of the irdeting
satellite) of the simulation, the high eccentricity secanytpeak may (or may not) be seen in the predicted distributio
of the eccentricities. In particular, the small satellitags (1:10 mass ratio) in the Di Matteo et al. simulation would
likely not contribute large numbers of stars to the solaghkorhood.
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It appears from our observed eccentricity distributiory #ivat of others, that the inclination of the merging small
galaxy in the simulation of the disk heating model in Saleale{2009) may be less than 30This is qualitatively
consistent with the findings from the correlations\gf with R and |Z| in the previous section. We stress that the
existence of the secondary peak at high eccentricity arad entification of the extended tail of the high eccentyici
with observational data can provide strong constraintdienrtitial conditions on the merger or heating models.

The observed eccentricity distribution of the full G-dwaaimple at larger distances from the Galactic plane, or
for the thick-disk population with highnf/Fe] ratios, rule out a broad peak at intermediate eccétytriChis argues
strongly against the importance of an accretion origin efttiick-disk component, unless the accretion model can
explain the dominant population in the low eccentricityineg. At this stage, confident distinction between the other
published models is infeasible because uncertaintiesannitial conditions, in theN-body simulations themselves
(e.g., artificial heating), and in the assumed model pararsébotential, secular heating, star formation histog&s)
can produce differences that are roughly comparable torédigied differencebetween various scenarios.

6. Summary and Conclusions

We have assembled a sample~af7,500 G-type dwarfs with available low-resolutidR2000) spectroscopy
from SEGUE, a sub-survey conducted during SDSS-II. The &amp considered comprises stars with< 3 kpc,
log g > 4.2, spectra having S/N 30,V,, > +50 km s?, [Fe/H] > -1.2, and 7< R < 10 kpc. A separate test was
carried out to eliminate a small number of stars that hacelgpgobability of being associated with the halo than the
disk system.

Unlike the conventional assignment of stars into thin- dricktdisk components based on kinematics (or spatial
distribution), we have made use ef/Fe] as a reference themically divide our G-dwarf sample into likely thin-disk
and thick-disk populations.

Our chemically separated populations indicate that a hegadtational velocity gradient with increasing [Fe/H]
exists for the thin-disk populatior22.2 km s* dex?), while the thick-disk population exhibits a positive stof49
km s dex?) in the range (L < |Z| < 3.0 kpc andR = 7-10 kpc. Larger mean orbital radii are also noticed among
the metal-poor thin-disk stars, as compared to the morelimetathin-disk stars, and smaller mean orbital radii are
found for the thick-disk stars compared with the thin-disks.

The distribution of rotational velocity appears indepemtd# R for our thin-disk subsample, while there exists a
very small correlation{5.6 km s* kpc™*) betweerV,, andR for our thick-disk subsample.

We have found that the observed lagvaffor the high-p/Fe] stars relative to the lowsfFe] population is quite
constant at a givefZ| distance (30 km$), implying that our chemically separated populations adeed distinct
components in terms of their kinematics. This also allowsotefer that division by chemistry reveals the kinematic
structure of each population better than division on théshafsspatial separation.

The vertical gradient of,, with |Z| for our thick-disk subsample-00.8 km s kpc™) is smaller than that reported
by Casetti-Dinescu et al. (201125 km s kpc™?), Ivezic et al. (200829 km s? kpct), Girard et al. (2006-30
km s kpc™?), and Chiba & Beers (2000:30 km s kpct). Without application of our proposed separation of
the thin- and thick-disk subsamples, we find a vertical gratof-21.2 km st kpc?, in better agreement with the
previous observational studies. Hence, depending on hewhibk-disk stars are selected (spatially or chemically),
the kinematic trends change. Assuming the thick disk is efindiscomponent comprised of stars with hightfe]
ratios, we again stress that the chemical separation ohitledisk provides a more clear picture of the kinematics.
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It appears that there is no correlation between orbital recicity and metallicity for the thin-disk subsample,
while the trend ot for the thick-disk subsample rather steeply increaseseaastallicity decreases; around [Fe/H] =
-1.0it flattens out. The distribution for the low-fy/Fe] stars appears to be independerR,offhereas the highdj/Fe]
stars exhibit an increasing trend with distance from thea@ad center. The difference in average orbital eccetyrici
between the low/Fe] and high-fv/Fe] subsamples appears constant at any g&jgfabout 0.1), which also indicates
a clear distinction between these populations.

Our approach of separating the thin-disk and thick-disk ponents by chemical tagging on their/Fe] abun-
dance ratios yields well-defined, and distinct, kinemaéads for these populations as listed in Téble 1. The ratatio
velocity gradient for the thin-disk subsample with metatii qualitatively agrees with the predictions of the radid
gration models (Schonrich & Binney 2009b; Loebman et al. @0Trable[2 summarizes the results of qualitative
comparisons of the various thick-disk formation scenaniitk the observed properties of our G-dwarf sample, based
on predictions from these published (but still rather ptiva) models.

Based on these results, radial migration appears to haveendéd the structural and chemical evolution of the
thin disk, but may not have played a prominent role in the faion and evolution of the thick disk. However, to be
certain of this inference, comparisons with the predidiohmore refined radial migration models that better repro-
duce the observed properties of the thick-disk populatfadheMilky Way galaxy are required. The preponderance of
evidence, based on qualitative comparisons with existifgkidisk formation models, indicates that the thick di$k o
the Milky Way may have resulted from gas-rich mergers, amfteeating of a pre-existing thin disk by minor mergers.
We again emphasize that, although all of the models coresideave had some success in reproducing aspects of the
thick disk, no one theory has emerged that fully accountit$adetailed observed properties. We expect that newer
generation models and simulations will be strongly comsé@ by observations such as those presented here.
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A. Resolving Observational Conflicts on Correlations betwen Rotational Velocity and Metallicity

The recent study of lveziet al. (2008) concluded, on the basis of their analysis ofaytete photometric sample
from SDSS, that there existed little or no correlation betm\é, and [Fe/H] for stars in the disk system of the Milky
Way, a finding confirmed by Bond et al. (2010). However, based spectroscopic sample of dwarfs from SDSS
DR7, Spagna et al. (2010) reported a gradient of 40-50Rmdex? for stars with-1.0 < [Fe/H] < —0.5 and 1< |Z|
< 3 kpc. Loebman et al. (2010) claimed that the gradient foun8jmgna et al. (2010) was caused by selection bias
in the SDSS spectroscopic sample. As our current analy®israleals a trend &f, with [Fe/H] for likely thick-disk
stars, of similar size to that reported by Spagna et al., we htiempted to resolve these contradictory results betwee
the various studies.

As a first step, we employ the relationship devised by wetial. (2008) to obtain absolute magnitudes in
ther band, and derive distances for our G-dwarf sample that ghioeilon the same scale as theirs. Their adopted
relationship is:

M, (g-i,[Fe/H]) =-0.56+14.32x-12.97x°
+6.127x-1.267x*+0.096 7x° (A1)
-1.11[Fe/H] -0.18[Fe/H]?,

wherex = (g—i). The above is the combined relationship of Equations A2,akl A7 in lvezt et al. (2008). Then,
by adopting the improved expression by Bond et al. (2010)stenate the photometric metallicities for our sample.
The adopted relationship is as follows:

[Fe/H] pHoT =—13.13+14.09x+28.04y—-5.51xy
-5.90x*-58.68y° +9.14x%y (A2)
-20.61xy?+0.00x> +58.20y°,

wherex = (u—g) andy = (g-r). All colors are reddening corrected, and note that thefiwierit of thex® term is
zero. We refer to the distance determined with Equdtioh Atha$photometric distance”, the metallicity estimated
by Equatioi A2 as the “photometric metallicity”, and theatian velocity calculated using the photometric distance
in combination with the measured radial velocities and prapotions as the “photometric rotational velocity”. The
label “PHOT” in Figure$ 111 and12 indicate these estimatdslevthe label “SSPP” denotes the values we have used
for the G-dwarf sample.

Figure[11 shows scatter plots (left panels) and histograigist(panels) of the differences in [Fe/H], distance,
andV, between the photometric (PHOT) estimates and our estinf@&BP) for stars ifZ| = 1.0-1.5 kpc from our
G-dwarf sample considered in this paper. It can be noticeoh finspection of the top panels that the photometric
metallicity is consistently higher at low [Fe/H] and lowertagh [Fe/H], compared to the SSPP estimates, with an
overall shift of about 0.1 dex (top right panel).

The middle panels suggest that our distance determination iaverage-0.1 kpc lower than the photometric
estimate, with a trend that this deviation becomes largéhaslistance increases. The bottom panels show that our
rotational velocities generally agree with the photoneattational velocities, but our values trend higher at

With these differences (especially for [Fe/H]) kept in mimek have examined the trend\éf with [Fe/H] based
on the photometric estimates and based on the spectrossipmates, for stars in the rangg = 1.0-1.5 kpc. Figure
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[12 shows the results. The top panel makes use of the spempioalty-derived quantities, while the middle panel
comes from the photometric quantities. Due to the smalkdiffice in the distance estimates (larger distances for
the photometric distance), we see in the middle panel tleaetare more objects selected in tld$ distance range,
which does not affect our conclusions. It is obvious that Ww&am a flattening of th¥/,, relationship below [Fe/H]
< —0.5 for the photometrically-determined values. Even if wesidar the photometric metallicity aralr values

of V4, we obtain a very similar pattern (bottom panel). This sgfgrsuggests that the effect of the input metallicity
in Equation’Al on distance for calculation \gf, is minimal. However, it is clear that the difference betwese

of the photometric metallicity and the spectroscopic niietg} makes a large difference in the derived trendvgf
This can be accounted for by the scattering of higher metigiistars (which have highy) into the photometrically
determined low-metallicity region, resulting in a flatteadient ofV,, with [Fe/H] for stars with [Fe/H]< —0.5, as
seen by comparing the middle panel of Figure 12 with the togpa

There are at least two reasons that the photometric métatidation in Equatiof AR may assign the metallicity
of a star to a value that strongly deviates from that estichfxten the SSPP. First, EquationlA2 was not calibrated with
the metallicity estimates used in this study, but with thaailable in DR7. There has been significant improvement
in the SSPP for estimation of [Fe/H] since the DR7 releagee@ally for stars with near-solar and super-solar values
(see Smolinski et al. 2011). For a proper comparison, theophetric metallicity relation needs to be re-calibrated
with the metallicities available from the DR8 release. Theeoreason is that small random errors in the photometric
measurements (and zero points) can strongly influence tbmietric metallicity estimate (and its errors). As a
result, stars that are in reality of high metallicity can bifiaially moved into the low-metallicity region.
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Fig. 1.— Distributions of metallicities, [Fe/H] (top leftyotational velocitiesV, (top right), distances from the
Galactic plane|Z| (bottom left), and Galactocentric distances projected tim¢ planeR (bottom right) for the final
selected sample. The solid line indicates our final full dvgample, while the dashed red and dotted-dash blue lines
are the thin- and thick-disk subsamples, respectivelyy stidrs assigned by the procedures described in Section 3.
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Fig. 2.— Distribution of logarithmic number densities, het[a/Fe] vs. [Fe/H] plane, over-plotted with equidensity
contours. Each bin is 0.025 dex in/Fe] by 0.05 dex in [Fe/H], and is occupied by a minimum of 2&rst The
median occupancy is 71 stars. The solid line is the fiducradifcsion into likely thin- and thick-disk populations;eh
dashed lines locatett0.05 dex in p/Fe] on either side of the solid line indicate the adopteddiig points for the
high-[a/Fe] (upper-dashed) and lowtfFe] (lower-dashed) stars in our sample.
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Fig. 3.—U, V, W velocity dispersions, as a function af/fFe], are shown from top to bottom, respectively. Well-
defined trends of the velocity dispersions can be seen, ¢irmykinematic confirmation that the proposed separation
of the thin-disk and thick-disk populations on the basisgFg] works very well. Each dot contains 200 stars, and the
error bar on each point is calculated by re-sampling theSesf0's with replacement 1000 times. The vertical dashed
lines provide references atfFe] =+0.2 and+0.3, which roughly correspond to the divisions shown in Fig@lre
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for each panel. The vertical dash-dotted lines are refertines at [Fe/H] = 0.0 and [Fe/H] =0.6.
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Fig. 5.— Distribution of rotational velocities/§, top panel) and the average orbital radRin¢an bottom panel) for
our G-dwarf sample in theoJFe] vs. [Fe/H] plane. As in Figurld 2, the dividing lines ftwetthin- and thick-disk
subsamples are shown. Each bin has a size of 0.025 dex'ke] by 0.05 dex in [Fe/H], and is occupied by a
minimum of 20 stars. The median occupancy is 71 stars. Eactepresents asl3clipped mean o¥; so that outliers
in each bin do not significantly affect the average behavior.
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Fig. 7.— Rotational velocity gradients with metallicityrfdifferent slices in distance from the Galactic plane, for
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clipped average of 100 stars, the impact of outliergjin each bin is minimal. Note that therlerror bars associated
with each point are very small (on the order of 3-5 ki) sso for visualization purposesrZrror bars are plotted
instead. The error bars are calculated by re-sampling Hd§ sfith replacement 1000 times. The bottom panel shows
the results for the full samples of stars considered. Estimnaf the slopes are obtained from a least-squares fit to
the averaged points, except for the thin-disk subsamplebat 17| < 3.0 (fourth panel from top). Due to the small
number of stars in this subsample, the slope and its unngri@ie calculated by a linear fit to all stars in tf#$ slice,
without binning in [Fe/H]. The locations of average valuestivo bins are shown for reference; it is clear that had we
fit to these bins, the results would be quite similar.
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Fig. 8.— Rotational velocity gradients with Galactocenteadius (top panel) and with height above the Galactic plane
(bottom panel), for the thin-disk (black dots) and thickld{open squares) subsamples. Each dot represents a 3
clipped average of 100 stars. Estimates of the gradientstaegned from a least-squares fit to the averaged points.
The error bar on each point is calculated by re-sampling 148 svith replacement 1000 times.
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Fig. 9.— Trends of eccentricities as a function of [Fe/R]and|Z|, from the top to bottom panels, respectively, for
the thin-disk (black dots) and thick-disk (open squarebsamples. Each dot representssaclipped average of 100
stars, and the error bars are calculated by re-samplingta@®with replacement 1000 times. The lines are obtained
by a least-squares fit to the averaged points. The calculmsetients ok are listed in Tablg]1.
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right-hand set of panels, the formation scenarios depateddopted from Abadi et al. (2003) for the accretion model,
Villalobos & Helmi (2008) for the heating model, RoSkar et @008a) for the radial migration model, and Brook et
al. (2004, 2005) for the gas-rich merger model. We adopt aizmof 0.075 in the left-hand panels, close to that used
in the Sales et al. figure. Taking the scale heig@h} ¢f the thick disk as 0.8 kpc, the rangellZ/Z;| < 3 in the Sales
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Fig. 12.— Derived rotational velocity gradients as a fuoictof metallicity. The top panel shows the trend with the
SSPP-derived quantities for all stargat= 1.0-1.5 kpc from our G-dwarf sample. Note that the SSPErdehed

|Z| distance is used to select these stars. The middle pandlephbtometric determinations in the same interval of
height above the plane. Notice that there are more objelgsted in this|Z| distance range, which was calculated
using Equatiof_All. The bottom panel displays the trend ofvalwes ofV, vs. the photometric metallicity, and a
very similar pattern between the middle and the bottom piar@dserved. The error bar on each point is calculated by
re-sampling 100 stars with replacement 1000 times.
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Table 1. Summary of Observed Gradients for the Thin- andKkrdisk Subsamples

Correlation AV, /A[Fe/H]  AV,/AR  AVy/A|Z]  Ae/AlFelH] Ae/AR Ae/A|Z|
(kmstdex?) (kmstkpc?l) (kmstkpcl)  (dex?) (kpch (kpc)

Thin -222+11 -0.2+£0.6 -94+11 -0.00240.004-0.0034 0.002+0.036+4 0.003
Thick +49.0+34 -56+13 -10.8+0.9 -0.200+ 0.014+0.032+ 0.005+0.039+ 0.004

Table 2. Results of Qualitative Comparison Tests with Ritastis of Published Models for Thick-disk Formation

Model AVy4 /AlFe/H] AV, /AR AV, /AlZ| eDistribution

Accretion N/A N/A N/A Failed
Disk Heating N/A Passed Passed Failed
Radial Migration  Indecisive N/A N/A Indecisive
Gas-rich Mergers N/A Passed N/A Passed
Note. — N/A indicates that a model prediction is not avaiablThe

adopted thick-disk formation models are drawn from: Abadile (2003)
for the accretion model, Villalobos & Helmi (2008) for theatmg model,
Roskar et al. (2008a) for the radial migration model, ancbRret al. (2004,
2005) for the gas-rich mergers model.
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