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Abstract Accurate measurements of stellar metallicity gradientséradial and ver-
tical directions of the disk and their temporal variationgyide important constraints
on the formation and evolution of the Milky Way disk. We us& 242 main sequence
turn-off stars selected from the LAMOST Spectroscopic 8ywf the Galactic Anti-
center (LSS-GAC) to determine the radial and vertical gratdi of stellar metallicity,
A[Fe/HJ/AR and A[Fe/H]/A|Z| of the Milky Way disk in the direction of the anti-
center. We determine ages of those turn-off stars by isoehiitting and measure the
temporal variations of metallicity gradients. We have ieatiout a detailed analysis
of the selection effects resulting from the selection, oleton and data reduction of
LSS-GAC targets and the potential biases of a magnitudéddrsample on the de-
terminations of metallicity gradients. Our results shoattthe gradients, both in the
radial and vertical directions, exhibit significant spbtiad temporal variations. The
radial gradients yielded by stars with the oldest aged { Gyr) are essentially zero
at all heights from the disk midplane, while those given byryger stars are always
negative. The vertical gradients deduced from stars wigholdest agesX 11 Gyr)
are negative and only show very weak variations with Gatasttric distance in the
disk plane,R, while those yielded by younger stars show strong variatioith R.
After being essentially flat at the earliest epochs of diskifation, the radial gradients
steepen as age decreases, reaching a maximum (steepgstyaBaGyr, and then they
flatten again. Similar temporal trends are also found fovéréical gradients. We in-
fer that the assembly of the Milky Way disk may have experetat least two distinct
phases. The earlier phase is probably related to a slovwsymesupported collapse of
gas, when the gas settles down to the disk mainly in the adicection. In the later
phase, there are significant radial flows of gas in the dis#t,tha rate of gas inflow
near the solar neighborhood reaches a maximum around adokkime of 7—8 Gyr.
The transition between the two phases occurs around a lokkimae between 8 and
11 Gyr. The two phases may be responsible for the formatitimeaflilky Way's thick
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and thin disks, respectively. Also, as a consequence, veame@end that stellar age is
a natural, physical criterion to distinguish stars fromttiia and thick disks. From an
epoch earlier than 11 Gyr to one between 8 and 11 Gyr, thereabaupt, significant
change in magnitude of both the radial and vertical metsfligradients, suggesting
that stellar radial migration is unlikely to play an impartaole in the formation of
the thick disk.

Key words: Galaxy: abundances — Galaxy: disk — Galaxy: evolution — @ala
formation — techniques: spectroscopic

1 INTRODUCTION

The structure and evolution of the Galactic disk are keydssn the the formation of the Milky

Way, which serves as a unique window for understanding tiradtion of disk galaxies in general.
With the unique advantage that the individual stars in thikywVay can be resolved, it is possible
to address the above issues via a detailed and comprehansieological approach.

It has been shown that the stellar density profile in the e@rtlirection of the Galactic disk is
best fitted by the sum of two exponentials with different edaights (e.g. Gilmore & Reid 1983),
suggesting that the Milky Way disk may contain two composgeatthin and a thick disk. Similar
two-component disks are also observed in external galéRigstein 1979; Dalcanton & Bernstein
2002; Yoachim & Dalcanton 2008a,b; Elmegreen & Elmegredd62(-urther studies show that the
thin and thick disks of the Milky Way are different not only density profiles (Juri¢ et al. 2008;
Cheng et al. 2012a), but also in kinematics, metallicitied ages. Compared to the thin disk stars
the population of the thick disk is on average older (Fuhm&898; Bensby et al. 2003, 2005;
Reddy et al. 2006; Haywood et al. 2013), kinematically hditeg. Soubiran et al. 2003), and more
metal-poor but alpha-enhanced (e.g. Reddy et al. 2003,; B¥i&by et al. 2003, 2005; Fuhrmann
2008). On the other hand, evidence has been presented 8ogdkeat the thin and thick disks may
not be two distinct components after all. For example, ithean shown that the evolution of stellar
populations resulted from a monotonically declining stanfation rate that can naturally reproduce
the observed bimodality in the distribution @felement to iron abundance ratiegfFe] (Schdnrich
& Binney 2009a,b). Similarly, it has been suggested thaotheerved vertical density distributions
of the individual populations selected in the [Fe/H}Afe] plane (‘mono-abundance populations’ —
MAPSs) can be the result of internal evolution of the disk (Betal. 2012). The question of whether
the Milky Way has two distinctive disks, and if so what thegtation in terms of origin, remains
inconclusive.

Various scenarios/models have been proposed in recerg j@axplain the formation of the
Milky Way disk, especially the thick disk. Based on the obserstellar age — metallicity -afFe]
relation, Haywood et al. (2013) proposed a two-phase digkdtion scenario, in which the thick
disk forms from the well-mixed interstellar medium 8 Gyr ameer a time scale of 4-5Gyr, and it
sets the initial chemical conditions for the inner thin dikkt formed later and more slowly. Other
models proposed to explain the presence of a thick disk enather external, violent processes
or internal, secular evolution. In these models the thigdk desults from, for example: (1) direct
accretion of stars in infalling satellites (Abadi et al. 3DQ(2) vertical heating of a pre-existing thin
disk via minor mergers (Quinn et al. 1993; Villalobos & Heltl08; Read et al. 2008; Kazantzidis
et al. 2008, 2009; Purcell et al. 2009; Bird et al. 2012); ¢8) $ormation during a rapid, turbulent
disk phase with a high gas accretion rate at an early epodokBat al. 2004, 2005; Bournaud et al.
2009); and (4) radial migration of stars (RoSkar et al. 2@¢honrich & Binney 2009b; Loebman
et al. 2011). Those models reproduce some aspects of thevatisas well, yet it remains unclear
which model(s) is the most realistic one. There is no doudtttine predictions of some of the afore-
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mentioned models sensitively depend on the input assungptfat are often poorly constrained—
for instance, the gas infall/inflow rate and the frequencyteflar migration in the radial migra-
tion model of Schonrich & Binney (2009b). Comprehensive ancurate observations are therefore
crucial to better constrain those models.

Over the lifetime of a low mass star, the surface metallioftthe star remains largely the same
as that at the time of formation. Stellar metallicity thus/es as a fossil record of the chemical con-
ditions of the Galaxy at the time the star was born. By conmgjithe metallicity and age information
of a large sample of stars, it is possible to reveal the Galaxyation and evolution history. The
distribution of the stellar age and metallicity, as welllasit spatial and temporal variations, contains
important information on the past history of gas infall, @tion and inflow, as well as of the possible
merger events and the Galactic dynamic evolution (e.g.drat®976; Quinn et al. 1993; Schonrich
& Binney 2009a,b). This thus serves as a powerful tool to tairsthe various scenarios/models in
Galactic disk formation.

On one hand, different models/scenarios often prediceudifit distributions of stellar age and
metallicity, as well as kinematics. For example, a thickdsat formed via a rapid, gas-rich merger
at an early epoch has a narrow age distribution and almosenizal metallicity gradients (Brook
etal. 2004, 2005), while a thick disk that formed from a slpressure-supported collapse, following
the formation of the extreme Population Il stars, has anrnméeliate age distribution and shows
negative vertical metallicity gradients (Larson 1976;n@&ife et al. 1989). A thick disk that formed
by heating a pre-existing thin disk as a result of minor mesghould contain stars older than the
age of the current thin disk (e.g. Quinn et al. 1993), whildiakt disk arising from stellar radial
migration should contain stars with a wide range of ages @chonrich & Binney 2009b). On the
other hand, many of the aforementioned models have beeongedpo explain some specific aspects
of disk formation, rather than to provide comprehensiveljgteons on the disk properties, including
age, metallicity and kinematics. It is thus not easy to immat a comprehensive test of those models
with observations, especially considering the predicifrom a model often sensitively depend on
the input assumptions. A good knowledge of the stellar agenagtallicity distributions of a large
sample of stars is helpful to set the baseline of a model, sofasther tighten their predictions that
can be tested with observations.

Metallicity gradients of the Galactic disk have been meeddrom various tracers, including
those with relatively young ages, such as OB stars (e.g. D&IGunha 2004), Cepheid variables
(e.g. Andrievsky et al. 2002; Luck et al. 2006; Yong et al. @Q®1 11 regions (e.g. Balser et al. 2011)
and open clusters (e.g. Friel 1995; Friel et al. 2002; Chah @003; Magrini et al. 2009), and those
with intermediate-to-old ages, such as planetary neb&kie Maciel & Quireza 1999; Costa et al.
2004; Henry et al. 2010), FGK dwarfs (e.g. Katz et al. 201le1@het al. 2012b; Boeche et al. 2013),
horizontal branch stars (Chen et al. 2010, 2011; Bilir 2@1.2) and red giants (Hayden et al. 2014).
In general, the studies yield negative gradients in bothrdldel and vertical directions of the disk,
along with some fine structures. Significant scatters ambagésults, however, do exist. Young
populations often yield a linear radial gradient of valuesaeen—0.01 and—0.09 dex kpc* (e.g.
Lemasle et al. 2013), and there is also evidence that a [fogation is not sufficient to describe the
observed radial variations in metallicity over the wholgkdie.g. Luck et al. 2003, 2011; Andrievsky
et al. 2004; Lépine et al. 2011). From an analysis of theively old F turn-off stars targeted in the
SEGUE survey (Yanny et al. 2009), Cheng et al. (2012b) shattte radial metallicity gradient
flattens with increasingZ|, the absolute height above the disk plane, and becomes etetypilat
at|Z| > 1kpc, a result that seems to support the rapid, highly turtiidas-rich merger origin of
the thick disk at high redshifts (Brook et al. 2004, 2005).idikar trend in variations of the radial
metallicity gradient is also found by Boeche et al. (2018)irdwarf stars observed by the RAVE
survey (Steinmetz et al. 2006) and in the Geneva-Copentrageey (GCS; Nordstrom et al. 2004),
as well as by Hayden et al. (2014), from red giants targetedemAPOGEE survey (Majewski et
al. 2010). In the vertical direction of the disk, negativadjents are found with the exact value
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varying from study to study (e.g-0.068 dex kpc!, Katz et al. 2011-0.22 dex kpc!, Chen
et al. 2011;-0.14 dex kpc !, Kordopatis et al. 2011:-0.30 dex kpc'!, Schlesinger et al. 2012;
—0.243 dex kpc!, Schlesinger et al. 2014). A strong dependence of the atdiadient on the
Galactocentric distance is also found (Hayden et al. 2014).

To interpret those results, it is helpful to keep severaidhiin mind. First, the intrinsic spatial
distributions of different tracers probably differ sigodintly. For example, young stars are mostly
restricted to low Galactic latitudes while older stars atgecmmore spread out. Second, given that
different tracers usually have different characteristjes they actually probe metallicity gradients
of different evolutionary epochs of the Galaxy. Third, diftnt studies make use of data from obser-
vations with different probing limits (in both magnitudedavolume) and target selection functions.
Those effects are responsible, at least partially, for tfferdnt results obtained in various studies.
A complete spectroscopic data sample, containing statathapread over the whole age range of
the Galaxy, and, at the same time, have a large enough predlinge as well as number density for
any given age, would be extremely useful to avoid/reducepatgntial selection effects and draw a
clear picture about the chemical enrichment history of taéa€tic disks.

Obtaining a statistically complete spectroscopic samphiisk stars is, however, an extremely
difficult task. One obvious obstacle is that the stars arelyidistributed over the whole sky because
of our own location in the Galactic disk, thus one needs aesuwith extremely large sky coverage
to target those stars. Secondly, restricted by limited otisg capability, only a tiny fraction of the
numerous stars have been spectroscopically targetedthitfi@nally, disk stars often suffer from
a significant amount of extinction by interstellar dust geaiand, as a consequence, reaching out
spectroscopically to a substantial distance in the disknigxremely challenging task. Available
large sky area spectroscopic surveys are either resttictiheé solar neighborhood or geared toward
halo directions in order to avoid the disk.

The LAMOST Spectroscopic Survey of the Galactic Anti-cerfteSS-GAC; Liu et al. 2014)
aims to collect medium-to-low resolutio?(~ 1800) optical spectra3f00 < A < 9000,&) of
more than 3 million stars down to a limiting magnitude of 1&g (inr-band) in a contiguous sky
area of approximately 3400 square degrees in the direcfitireoGalactic Anti-center, by making
use of the newly built LAMOST spectroscopic survey telesc@pui et al. 2012). The survey will
deliver accurate stellar parameters (radial velotity effective temperaturé.g, surface gravity
log g, metallicity [Fe/H], andh-element to iron abundance ratio/Fe] ) derivable from the collected
spectra. The contiguous sky coverage, large number of atarfigh sampling density (100 — 200
stars per square degree), as well as the specifically desgimple yet nontrivial target selection
algorithms (random selection in tii¢ — ) —r and(r — i) —r Hess diagrams; Liu et al. 2014; Yuan
et al. 2015) make the LSS-GAC particularly suitable to sttieyyGalactic disk in a star by star yet
statistically meaningful manner. The LSS-GAC was initihie September 2012, and is expected
to be complete in 2017. The first LAMOST official data relea$¢he whole LAMOST survey
(LAMOST DR1; Luo et al. 2015), as well as the first release @ ¥hlue-added catalog of LSS-
GAC (Yuan et al. 2015), has been recently publicly releaée. latter includes stellar parameters
yielded by the LAMOST Stellar Parameter Pipeline at Peking/érsity (LSP3; Xiang et al. 2015b),
as well as values of interstellar extinction and stellatasise estimated with a variety of techniques,
for a sample of almost 700 000 stars targeted by the LSS-GAE 2313.

In this work, we define a sample of about 300 000 main sequemnceff (MSTO) stars selected
from the first release of the value-added catalog of LSS-GA&hieffort to study the age-dependent
metallicity gradients of the Galactic disk. The paper isamiged as follows. In Section 2, we briefly
introduce the value-added catalog of LSS-GAC. In Sectioné,introduce the MSTO star sam-
ple in detail. In Section4, we characterize the sample Seleeffects. We present our results in
Section 5, followed by a discussion of the implications a#l a& potential uncertainties of our re-
sults in Section 6. A summary is presented in Section 7.
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2 THE VALUE-ADDED CATALOG OF LSS-GAC

Most stars in the current sample were observed during tlog¢ gDct. 2011 — Jun. 2012) and first-
two-year (Oct. 2012 — Jun. 2014) regular surveys of LSS-G3&llar parameters derived from
spectra collected during the pilot- and first-year reguleveys have already been published in the
first release of the value-added catalog of LSS-GAC (LSS-GAQ; Yuan et al. 2015). Data from
the second-year regular survey will be publicly availall¢hie second release of the value-added
catalog of LSS-GAC (LSS-GAC DR2; Xiang et al. in preparation

The LSS-GAC DR1 contains stellar parameters derived froeetsa with signal-to-noise ratios
(SNRs) better than 10 for 664 773 stars, including 219 04 $tam the BMF (Bright, Medium-
bright, Faint) plates toward the Galactic Anti-cent&5(® < [ < 210° and|b| < 30°), 52921
stars in the M31/M33 area, and 392 807 stars from the VB (Veighs; » < 14 mag) plates (Liu
et al. 2014; Yuan et al. 2015). The stellar parameters areatiwith the LSP3 (Xiang et al. 2015b),
and have an overall accuracy of 5 — 10km s150K, 0.25 dex and 0.15 dex I, T.¢, logg and
[Fe/H], respectively, for a blue-arm spectral SNR bettanthO per pixel. The blue-arm spectral SNR
is defined as the median value in the wavelength range 4600044 and one pixel corresponds to
1.07A at 4650A. The LSS-GAC DR1 also includes values of extinction andedise for individual
stars, estimated with a variety of methods. Typical unaartas 0.04 mag for the estimates of color-
excessE(B — V), and 15%, 10% and 30% respectively for distances of dwagtsctump stars
and giants (Yuan et al. 2015). The LSS-GAC value-addedagfal the second-year regular survey
contains stellar parameters as well as extinctions andrdiss for about another 700 000 stars with
a spectral SNR higher than 10.

In the current study, we have also include@®0 000 stars observed by the Galactic spheroidal
parts of the LEGUE survey (Zhao et al. 2012; Deng et al. 2012¢k al. 2015). Those stars have
high Galactic latitudes and thus suffer little extinctidihey were originally analyzed to examine the
accuracy of the flux calibration pipeline of LSS-GAC (Xiangad 2015a). The stellar parameters
of those stars are also measured with the LSP3, and theiesddur extinction and distance are
estimated in the same way as for the LSS-GAC targets. Fjrtakdycurrent sample also contains
50000 stars in th&eplerfield targeted by the LAMOSReplerProject (De Cat et al. 2015). Those
stars are also processed in the same way as LSS-GAC targets.

3 THE MAIN SEQUENCE TURN-OFF STAR SAMPLE

We define an MSTO star sample that contains stars witly lagund the main sequence turn-off.
The effective temperature of an MSTO star is sensitive tilastage so that it can be used to obtain
a relatively reliable estimate of the latter using the téghe of stellar isochrone fitting.

3.1 Sample Definition

To select MSTO stars, we first define the ranges for valueg @fand logg of MSTO stars with
different ages for a given set of [Fe/H] andFe] by interpolating stellar isochrones. As an example,
Figure 1 shows the trajectories of MSTO stars deduced framYtinsei — Yale (¥) isochrones
(Demarque et al. 2004) in tHE.¢ — logg plane for [Fe/H] = 0 andd/Fe] = 0. For a given set of
T.¢ and [Fe/H], we first determine the value of lgpdor an exactMSTO star, logjror. Then all
stars with the given set df.¢ and [Fe/H] that have a value of lggwithin the rangex < logg —
loggror < bare selected as MSTO sample stars in the current analysvalbes of: andb are set

to be—0.2 and 0.1 dex, respectively. A smaller valuehdhan that otz is adopted in order to reduce
the potential contamination by dwarf stars. We further negytihat spectra of all stars in our sample
have an SNR higher than 15, and have an effective temperbéiveeen 5400 and 7500K. The
LSP3 yields more accurate stellar atmospheric paramedersdrs with such SNRs and effective
temperature in this range than for stars with lower spe&hiRs or effective temperatures outside
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Fig. 1 Trajectories of MSTO stars with ages, from left to right, L&Gyr, in theT.x — logg plane
deduced from the ¥ isochrones of [Fe/H]=0 anchfFe] = 0. The dashed lines delineate the area
of MSTO stars. The background grey-scale image shows thdeudensity of stars with spectral
SNR higher than 15 in the current sample.
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Fig. 2 Effective temperatures of MSTO stars deduced from tRéséchrones as a function of age
for different sets of [Fe/H] and/Fe].

of this range (Xiang et al. 2015b). In addition, as Figure @vet this effective temperature range
encloses stars with age between 2 and 13 Gyr for a wide rangetaflicities, from/Fe/H] = —1.0
to +0.4 dex. A total of 338 639 unique stars are selected wittabove criteria.

3.2 The Stellar Distance and Age
3.2.1 Determinations of stellar distance and age by isocéffitting

We determine distances and ages of MSTO stars by isochrting.fiGiven the stellar atmospheric
parametersi(.q, logg, [Fe/H] and p/Fe]) of a star, the age and absolute magnitude of the stdrecan
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determined by interpolating stellar isochrones. Sincaesbf /Fe] are not yet available from the
LSP3, we have assumed that our sample stars follow the [Fe[H]Fe] relation inferred for stars
in the solar neighborhood (e.g. Venn et al. 2004). Stars {#tiH] > 0.0 are assumed to have a
constant{/Fe] of 0.0 dex; Stars with-0.5 < [Fe/H] < 0.0 are assumed to have an'Fe] value that
increases linearly with decreasing [Fe/H] from 0.0 to 0.2, &tars with—1.0 < [Fe/H] < —0.5 are
assumed to have anfFe] value that increases linearly with decreasing [Ferbljif0.2 to 0.3 dex,
while stars with[Fe/H] < —1.0 have a constanbfFe] value of 0.3 dex. We have adopted the Y
isochrones. As a test, the Dartmouth isochrones (Dottelr 2088) are also used for comparison.
Stellar magnitudes in the?visochrones are given in filter passbands of the JohnsonkCsystem
(UVBRIJHK). We transfer them into the SDSS and 2MASS systems usinglhgons presented
by Jester et al. (2005) and Carpenter (2001), respectively.

To deduce the distance, magnitudes are corrected for értingsing £(B — V') derived by
comparing the measured photometric colgrsy, r—1, J — K, with synthetic values, as introduced
in Yuan et al. (2015), and using the extinction coefficierft¥wan et al. (2013). For stars in the
footprint of XSTPS-GAC, the optical band photometry is fréme XSTPS-GAC survey (Liu et al.
2014), except for stars brighter than 13.0 mag, for whicldtita are taken from the UCAC4 catalog
(Zacharias et al. 2013) based on the AAVSO Photometric Ajl-Survey (APASS; e.g. Munari
et al. 2014), which is complete to 15 magrinband (Henden & Munari 2014). For stars outside the
footprint of XSTPS-GAC, the optical magnitudes are takemfithe UCAC4 catalog or the SDSS
when available. In our sample, there are a few thousand ttarslo not have optical photometry
from either the XSTPS-GAC, UCAC4 (APASS) or SDSS surveystRose stars, only the 2MASS
J, H, K5 magnitudes are used when deriving values of extinction. dlgerithm used to derive
stellar distances is similar to that introduced in Yuan e{(2015). The only difference is that, in
Yuan et al., the magnitudes of a star on an isochrone thatélker sitmospheric parameters closest
to those of the target star are simply adopted to estimatistence of the latter, while in the current
work, we have interpolated the isochrones to the desireanpeters of our target star of concern.
The differences in the resultant distances are howeverinaig most cases.

3.2.2 Calibration and uncertainties of the stellar distasc

There are several sources of distance errors, includirgsein the adopted stellar atmospheric
parameters, uncertainties in the stellar (atmospherigaisahat yield the isochrones, and any po-
tential mismatches in absolute scale between the LSParstethospheric parameters and those of
the isochrones.

We estimate the distance errors induced by random erroleih $P3 stellar atmospheric pa-
rameters by comparing distances deduced from multi-epbskruations of duplicate stars in the
LSS-GAC sample. There are 54 881 pairs of duplicate obgensatf spectral SNRs better than 10
for which the SNRs of the pair spectra differ by less than Sosehstars are divided into bins of
SNR, Tes, logg and [Fe/H], and the mean and dispersion of the differencdssiance yielded by
the individual pairs of spectra in each bin are calculatda mean values of differences are found
to be very close to zero, while the dispersions vary with SNR stellar atmospheric parameters,
as one would expect. We thus construct a grid of distancesgitaken as the dispersion divided by
the square root of 2, as a function of SNR and stellar atmagpparametersi.g, logg, [Fe/H]).
For a star with given SNR and stellar atmospheric paramdtergistance error resulting from the
random errors in LSP3 parameters is then estimated by oltgipg the grid.

To quantify systematic errors induced by our method of distaestimation, we apply our
method to stars in the MILES library (Sanchez-Blazqueal e2006) that have accurate Hipparcos
distance measurements (Perryman et al. 1997). MILES isetimplatte spectrum library used by
LSP3 to deduce stellar atmospheric parameters (Xiang €0&bb). Xiang et al. apply the LSP3
to MILES template spectra in order to quantify the systeenatiors of the LSP3 algorithms. Here,
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when calculating the distances of MILES template starsdaseisochrones, we have adopted the
stellar atmospheric parameters deduced by applying th& tSRIILES template spectra. By this
approach, one can calibrate the resultant distances adlagnklipparcos measurements to correct
for errors introduced by uncertainties in the isochroneklansystematic errors in the LSP3 param-
eters, as well as errors resulting from any potential mishres in absolute scale between the LSP3
and isochrone stellar atmospheric parameters. There &&MNES stars with distance measure-
ments available from the catalog of Extended Hipparcos Glatign (Anderson & Francis 2012),
and 602 of them have distance errors smaller than 10%. Wdedthie 602 stars into bins @,
logg and [Fe/H]. The bin size is adjustable to ensure that in eacthkre is a sufficient number of
stars. Normally, we require that each bin contains at le@dst&s. An upper limit of 600 K, 0.4 dex
and 1.2 dex is set for bin size ifig, logg and [Fe/H] , respectively. As a result, a small number
of bins have less than 20 stars. The relatively large binisifee/H] is designed to account for the
relatively small number of very metal-poor stars. For biastaining more than five stars, the mean
and dispersion of differences between the isochrone angafips distances are calculated. Note
that for F/G-type stars having typical disk star metailgst(e.g. [Fe/Hk —0.6) that are of interest

to this work, there are about 20 or more stars in each bin. Wetdains with4500 < T.g < 7500K,
logg > 3.4dexandFe/H] > —1.5 dex that encompass the parameter space of all stars in o uOMST
sample, and fit the means and dispersions of differencesiastidn of 7., logg and [Fe/H] using

a third-order polynomial. The mean differences as a funaticstellar parameters are adopted as the
systematic errors of our distance estimates, and are ¢edréx yield our final distance estimates.
The dispersions, after combining with the random erroiisneged above using LAMOST duplicate
observations of the same target, are adopted as the fined @rrour distance estimates.

3.2.3 Calibration and uncertainties in the stellar age

Errors in age estimates are determined by Monte-Carlo sitionls that propagate errors in stellar
atmospheric parameters as a function of SNR;, logg and [Fe/H], including both random and
systematic errors.

As described in Xiang et al. (2015b), the systematic errctusadly result from two main causes,
one is the inadequacy of the LSP3 algorithms — for instameebbundary effects when estimating
logg. The other is the uncertainties in stellar atmosphericrpatars of the MILES templates. The
first cause induces offsets in stellar atmospheric paraméezived with LSP3, and the magnitudes
of the offsets vary with location in the parameter space|enhie second cause induces dispersions
in the LSP3 stellar atmospheric parameters. The systematics are estimated by comparing the
MILES stellar atmospheric parameters with those derivechfapplying the LSP3 to the MILES
template spectra. Different from the approach of Xiang ef20115b), where the errors induced by
the above two causes are treated as a whole to derive theyfsiahgtic errors, here we determine
errors induced by the two causes separately. The offsaiséutby the first cause are determined in
a similar manner to what has been carried out for the distarmoes introduced above. The LSP3
adopts the weighted mean (fékgz and [Fe/H]) or biweight mean (for log) parameters of the
templates best-matching the target spectrum. Heeelarger than 10 for th&.g and [Fe/H] esti-
mation, andn = 8 for logg estimation. Thus systematic errors induced by the secouskcean
be expressed ag'o?(X — X()/N, whereX represents the stellar atmospheric parameters derived
with LSP3 for the MILES templatesy, represents the MILES stellar atmospheric parameters, and
N is a number between 1 and Here, we assume thaf = 4. These dispersions are also deter-
mined in a similar manner to what has been carried out for idtantce errors as introduced above.
The dispersions, combined with the random errors deducetbmparing results from duplicate
observations as described in Xiang et al. (2015b), are addptbe the error estimates of the stellar
atmospheric parameters in the current work. The errorsuaieibns of spectral SNR and the stellar
atmospheric parameters themselves.
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In order to use Monte-Carlo simulations to estimate errbasioage determinations, we create a
dense grid in the parameter spa€gy, logg and [Fe/H]). For each node, random errors are assigned
to parameter&.g, log g and [Fe/H], assuming Gaussian error distributions, withdispersions of
distributions given by the above error estimates. With ttrereadded parameter$.g, logg and
[Fe/H], the age is then determined by isochrone fitting. Tkfeement is repeated 3000 times for
each grid point. The deviation of the mean age yielded by @@ 3imulations from the desired age
that corresponds to the grid parametErs, log ¢ and [Fe/H], combined with offset in age caused by
the offsets of LSP3 stellar atmospheric parameters as a&stirabove, is adopted as the systematic
error of our age estimate, and is corrected to yield the figalestimates. Note that the systematic
errors in age arise from two sources, one is the systemaiticsén stellar atmospheric parameters,
and the other is the non-linear relation between the agetefidrsatmospheric parameters and the
uneven spacing of the theoretical isochrones. The agerdispgstandard deviation) yielded by the
3000 simulations is then adopted as the final errors for oereatimates. The errors are function of
spectral SNR7 g, logg and [Fe/H].

A more robust estimation of systematic errors of our agenedgtts would require a direct com-
parison of our estimated ages with accurate measuremaanksas those given by asteroseismologi-
cal analysis. Although such an effort is under way, here weentrate on the estimation of relative
ages, rather than absolute values of age.

To check the robustness (consistency) of our age estimagedjvide the MSTO sample stars
into bins of T, and [Fe/H], and examine the median and dispersion of agesis i each bin.

A similar exercise is also carried out to check the robustméur estimates df.¢ and [Fe/H].
Figure 3 plots the distribution of the resultant mediansafaj dispersions (d) of ages in thig: —
[Fe/H] plane, the medians (b) and dispersions (e) of [FeftHthe 7. — age plane, as well as the
medians (c) and dispersions (f) ®fg in the age — [Fe/H] plane. The figure shows clear trends in
variations of the median values of each parameter. The igpes are small in general, indicating
that our method of age determination is robust. If we inaz¢hs value of parametéin Section 3.1,
say from 0.1 to 0.15, so as to include more stars in our MST(pgwe find that while the trends
in variations of the median values remain clearly visitie, dispersions become significantly larger
at some locations of the parameter space as a result of cioatéon of dwarf stars which have large
uncertainties in age estimates.

3.2.4 Comparison with results deduced using the Dartmagbhrones

As a further check of our distance and age estimates, we d@pglynethod using the Dartmouth
isochrones (Dotter et al. 2008) to our sample stars, and amenghe results with those deduced
using the ¥ isochrones. Distances and ages deduced using the two sstslofones are compared

in Figure 4. The figure shows that distances yielded by ttees®is of isochrones are very consistent
with each other. There are negligible systematic diffeesnevith a dispersion of only a few per
cent. However, ages yielded by thé ¥ochrones are systematically younger by 1-2 Gyr than those
deduced using the Dartmouth isochrones, with typical satif about 1 Gyr. Results for the age
comparison are in agreement with the findings of Haywood €2alL 3). The systematic differences
are probably caused by the different stellar physics arddlibbrations adopted in the calculation of
the two sets of isochrones (Dotter et al. 2008).

3.3 Distance, Age and Spatial Position of the Sample Stars

Figure 5 plots the distributions of distances and ages, dsawéheir errors, of the MSTO sample
stars. Most stars are within 2 kpc, and about 35 000 are fatiha this distance. Typical distance er-
rors are 20%. The ages peak around 4-5 Gyr, with a tail extgriyond 8 Gyr. A small fraction of
stars have ages older than 13 Gyr or even 15 Gyr. Althoughisoes as old as 17 Gyr are available,
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Fig. 3 Examining the robustness of the age estimates. From upfieollower-right, the panels
show respectively the distributions of (a) median agesétth — [Fe/H] plane; (b) median [Fe/H]
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Fig.4 Comparison of agdéft) and distanceright) yielded by the ¥ isochrones with those by the
Dartmouth isochrones for the MSTO sample stars. The grdg soatours show the stellar number
densities on a logarithmic scale.

stars that old are not expected given our knowledge thatriherse is younger than 14 Gyr. Thus
those old ages found in our sample are likely caused by tloesairr stellar atmospheric parameters
used. We have however opted to keep stars with determinecbagad as 16 Gyr in our sample but
discard those older than 16 Gyr. We believe that for mosteféjected cases, only a small number
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Fig. 6 Grey scale number density distribution of MSTO sample stettse R — Z and X —Y planes.
The stars are binned by 0«®.2 kpc in both the diagrams. The densities are shown on aitlogeac
scale.

(~ 2500) are actually cold dwarfs arising from some problematicdagtimates of LSP3. Typical
age errors are 30%.

Figure 6 shows the number density distributions of samjples $h theR — Z and X —Y planes.
Here X, Y and Z are coordinates of a right-handed Cartesian coordinatersywith its origin at
the Galactic centetZ = 0 defines the Galactic disk plan&. points toward the Galactic center, and
7 toward the north Galactic polé? denotes Galactocentric distance in thé € Y") plane of the
disk, i.e.R = v/ X? + Y2. The figure shows that the MSTO sample stars cover the regietween
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7.5 < R < 13.5kpc and-2.5 < Z < 2.5kpc well. Stars with high Galactic latitudes are found at
larger values of? due to the fact that they suffer less from extinction. In tigk ghlane, most stars
fall between—13.5 < X < —7.5kpcand-2 <Y < 4kpc.

4 SELECTION EFFECTS

Since not all stars in a given volume are observed, one needsrisider the potential selection
biases that may be presented in the sample and how they affecesults. The current sample
has gone through two sets of main selection criteria. Theifirsnposed by the magnitude limit
of the photometric surveys from which the LAMOST targets setected and get observed. The
magnitude limits are 9 — 14, 14 — 16.5 and 16.5 — 17.8 magtand for the LAMOST VB, B
and M plates, respectively (Liu et al. 2014; Yuan et al. 20THg second criterion is related to the
SNR as well ag.g and logg cuts imposed when selecting the MSTO stars from the valdedd
catalog of LSS-GAC. We have thus implemented a two-stepaagmpr for examining the selection
effects. First, we calculate the fraction of stars selefiteh the photometric input catalogs that are
targeted by LAMOST and have a spectral SNR higher than 15.calilation is carried out for
each spectrograph in the color — magnitude diagram (CWMB)r versesr, as such a diagram is
adopted to select the LSS-GAC targets for the B, M and F pl&tete that the LSS-GAC target
selection is in fact based on both the — ) —» and (r — ¢) — r planes (Liu et al. 2014; Yuan
et al. 2015), but here we only adopt the former to implemeatdhlculation for simplicity. Such
a simplification is not expected to significantly affect tlesults given that the stellar locus in the
(¢ —r)and(r — i) plane is quite tight (e.g. lvezit et al. 2007) and that weehdivided the stars into
large color-magnitude cells to calculate the fraction {Sk&). Also note that although the selection
of VB targets is not carried out in thg — r) — r plane but rather only based on magnitudes of the
targets, our approach is still valid. The photometric ingatalogs include the XSTPS-GAC, UCAC4
and SDSS catalogs. Secondly, we examine how the metaljjcityients deduced from the data are
affected by the selection effects for a magnitude limitedgle, utilizing mock data generated with
Monte-Carlo simulations.

4.1 CMD Weights

The total sample introduced in Section 2 contains 1 130 6%guerstars with all colors that have a
spectral SNR higher than 15. The corresponding spectraodieeted from 15967 spectrographs of
1126 plates of 418 fields (Yuan et al. 2015). For a given fidld,fdrojected positions on the sky of
the 16 LAMOST spectrographs of different plates are nedmdygame (differing by at most a few
arcseconds). We have thus combined together data from disgeectrograph from different plates
for the given field in order to increase the sampling dersipectrographs containing less than 10
stars are excluded, as well as those in which more than 20R&stars targeted have no counterparts
in the aforementioned three photometric input catalogsthe XSTPS-GAC, UCAC4 and SDSS.
The later cases occur in some few sky areas where the targetelacted from other catalogs (e.g.
the 2MASS catalog dKeplerinput catalog) and happen to have no complete photometiacfoam

the XSTPS-GAC, UCAC4 or SDSS surveys. After excluding thepsectrographs, 1 052 860 stars in
5911 spectrographs remain, and 297 042 of them are in our Msantple.

Figure 7 is a histogram of the numbers of stars per spectpbgsédich covers a field of view
(FoV) of ~1square degree. The majority (3680) of spectrographs have than 100 stars. The
sampling rate (fraction) of a given field not only dependstomtbtal number of stars observed in
that field but also on the total number of stars in the field inithhe observed magnitude range.
For fields with high Galactic latitudes in which only VB platare observed, even a relatively small
number of stars observed could imply a high completenedseicdrresponding magnitude range.
More than half of the spectrographs that have less than &89 ate from fields wittb| > 30°.
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Fig. 7 Histogram of numbers of stars per spectrograph targetéthiélva a spectral SNR higher than
15, after combining plates of the same field (see the text).
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Fig.8 (g — r) versusr CMD diagrams for three spectrographs from different fieBlack dots
represent point sources in the photometric input catalogS$S8-GAC, red dots are stars targeted by
the LSS-GAC and have a spectral SNR higher than 15, and busessjare MSTO stars. The field
name and spectrograph 1D, as well as the number of red dotslaegquares are marked on the top
of each panel.

For each spectrograph, we divide the stars into bins ck0.2mag in theglg — r) —r plane
and for each cell calculate the fraction of stars targetethbyLSS-GAC with a resultant spectral
SNR better than 15 with respect to the underlying photomeitpulation. The inverse values of
the fraction will be assigned as the CMD weights of samplesdtathat cell when calculating the
mean metallicities of the relevant spatial bins in which $t&rs are located (see Sect.5). This is
illustrated in Figure 8 for three spectrographs as an exanijl obtain a reliable estimate of the
fractions, it is essential that some sufficient number afsstae targeted in all CMD grid cells that
may contain MSTO stars. This is not a problem when the numbstars observed in a given
spectrograph is large enough, given the fact that the LSE-GAlesigned to target stars with all
colors. However, it becomes a problem for spectrographsvihe number of stars that meet the
SNR requirement becomes too small. As a remedy, for speejpbg containing less than 50 stars
with qualified spectra yet covering the whole magnitude esraf both VB and B plates or B and M
plates, the fractions are derived by combining data frommgkttrographs in the same field instead of
from each separate spectrograph. Finally, for some sggejpbs, some CMD cells near the fainter
end of the magnitude limit contain only one or two stars witlalified spectra, for example, the
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Fig. 9 Number density distribution in the plane:sband magnitude and the inverse of CMD weight
for our MSTO sample stars. The grey scale is shown on a I¢gaidtscale. The red line shows the
median value of the inverse of CMD weights for the samplessdara function of-band magnitude.
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Fig. 10 Limiting magnitude at the fainuupper and bright [ower) ends for the individual sight lines
(spectrographs).

cell fainter than 16 mag in the color bin of 0.7 — 0.9 mag in thddie panel of Figure 8. Such stars

thus cannot be used to represent the average metallicitarsffsom the photometric sources in the
corresponding CMD cells. To address this problem, for trepsetrographs, stars belonging to the
faintest 2% of all stars in the spectrograph of concern afmek as outliers. Those stars will be

assigned a minimum CMD weight of unity.
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Figure 9 plots a grey scale contour map of stellar numberigeas a function ofr—band
magnitude and the inverse of the thus derived CMD weightlfdha sample stars. For the majority
of stars, the inverse of their assigned CMD weights deceeadth increasing magnitude. This is
due to the fact that, in general, the fraction of sample stlegive to the underlying photometric
population decreases with increasing magnitude. More 9046 of the stars have an inverse CMD
weight larger than 0.1 which corresponds to a CMD weight fmalhan 10, suggesting that the
sampling rate for our sample is high. The sampling rate isy@aach higher for the very bright
(r < 14 mag) stars, for which half of them in the survey fields areudeld in our sample.

Applying the CMD weights to individual sample stars leada tmagnitude limited sample, al-
though due to varying observing conditions and sensigigitif individual spectrographs, the limiting
magnitudes differ from one sight line to another. Figure bdgthe limiting magnitudes at the bright
and faint ends for the individual sight lines. The limitinggnitudes are derived for each spectro-
graph, after discarding 2% of the brightest as well as th@dat sample stars in each spectrograph.
The figure shows that at the bright end, the majority of sigitetd have a limiting magnitude brighter
than 11.0 mag, while at the faint end, more than half of thatdiges have a limiting magnitude
fainter than 16.5 mag. For sight lines for which no VB plates@bserved, the limiting magnitudes
at the bright end are fainter than 14.0 mag.

4.2 Selection Effects of a Magnitude Limited Sample

In this subsection, we examine potential selection effiaetsmay affect the determinations of metal-
licity gradients using a magnitude limited sample. For fhispose, mock data are generated from
Monte-Carlo simulations of a model disk. The data are themwl tis investigate how the metallicity
gradients derived from an observational sample deviate ffee assumed true values as a result of
the limiting magnitudes imposed on the sample.

Our simple model disk includes two stellar components,radhd a thick disk. The mass density
profile of each component is described by a double exporgntia

R—R Z|l+ Z

(R.2) = plRo, D) exp (— 202 e (- ZLEZ2), @
wherep is the mass densityi andZ, are the positions of the Sun in the radial and vertical direc-
tion of the disk respectively, anl; andZ,; are the scale length and height of the disk, respectively.
We adoptp(Rs,0) = 0.05Mg pc3, R = 8.0kpc (Reid 1993) and, = 25 pc (Juric et al. 2008).
The scale parameters are from Juric et al. (2008), With= 2.6 kpc andZ,; = 0.3 kpc for the thin
disk, andR,; = 3.6kpc andZ; = 0.9kpc for the thick disk. For simplicity, we adopt a constant
scale length and height for stars with different ages. Thesmatio of the thick disk to the thin
disk atR = 8.0kpc andZ = Okpc is adopted to be 0.12 (Juri¢ et al. 2008). We implemeat th
age-metallicity relation that was used by a recent versfath@ Besancon Galactic model (Robin
et al. 2003). In this model, the thick disk forms 12 Gyr agajvd mean metallicity of-0.48 dex
and a metallicity dispersion of 0.3 dex, while the thin disknis continuously from 11 Gyr ago to
the current time, with the mean metallicity increasing frei).12 to 0.01 dex at the current time
and metallicity dispersion decreasing from 0.18 dex to @éXat the present epoch. Note that this
age-metallicity relation is taken from a version of the Began Galactic model from 2011, and it
is different from the original one presented in Robin et 20Q3). In fact, we find that compared to
the original one, the age-metallicity relation adoptecehisractually more consistent with measure-
ments based on our MSTO sample stars in the solar neighbd(Xgang et al. 2015, in preparation).
Metallicity gradients in both the radial and vertical ditieas are assumed to be zero. We assume a
constant star formation rate, and at a given age, the staration follows the initial mass function
(IMF) of Kroupa (2001). The Y isochrones are adopted to link the physical propertiesa$ stith
observables. We produce a mock catalog with Monte-Carlalsitions, and for each star we add
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Fig. 11 Radial metallicity gradients as a function |¢f| derived from the magnitude limited MSTO
sample extracted from the mock catalog. The dashed lineatls the gradients (zero) of the model
assumptions. The individual panels show results derivad Btars from different age bins as marked
in the plots.

the interstellar extinction using the three-dimensioméihetion map of Chen et al. (2014). The map
covers an area of about 6000 square degrees in the diredttbe Galactic Anti-center. For stars
outside of that area, the extinction map of Schlegel et &898) is used. Finally, for each star, we
assign a 25% random error to its age, 20% error to distanc®.ardex error to [Fe/H].

We extract MSTO stars from the mock catalog that fall inshie EoVs and range of limiting
magnitudes as our magnitude limited sample derived in theigus subsection in the direction of
the anti-center® > 8.0kpc), and compare the metallicity gradients derived froenrttock sample
with the assumptions of the model (i.e. zero gradients).

Figure 11 plots the radial metallicity gradients thus dedifrom the mock sample as a function
of absolute height above the Galactic plajg|) for stars with different ages. Details of the defini-
tion and derivation of radial metallicity gradients are@uuced in Section 5.1. The figure shows that
gradients derived from stars of all ages deviate from theghiogput which is set at zero, marked by
dashed lines in the plot. The deviations are artifacts @hbgeahe different volumes probed by dif-
ferent stellar populations (ages and metallicities) ferdgfven limiting magnitudes. As an example,
this is illustrated in Figure 12. Younger, more metal-ritdrs have higher turn-off effective temper-
atures, and thus higher (intrinsic) luminosities than pldere metal-poor stars. Given the limiting
magnitudes imposed on the sample stars, younger, more-rigétaitars reach larger distances than
those older, metal-poor ones, leading to an artificial pasihetallicity gradient. The magnitude of
this false gradient depends on the metallicity distributibstars in the volume studied. As the height
(|Z]) increases, the fraction of metal-poor (thick disk) starseases, yielding larger deviations. At
|Z] > 1.5kpc, metal-rich (thin disk) stars are so few that they do fday jan important role in the
derivation of metallicity gradients. As a result, the déieia from the true value of the gradients
derived actually decreases for heights above 2 kpc.

Fortunately, for sample stars in a narrow age bin, suchaatsifare found to be almost absent.
Figure 11 shows that metallicity gradients derived fromissta the individual age bins reproduce
the underlying assumption foZ| < 1.5kpc well. Here the age bins are defined in the same way
as those for the observed MSTO star sample (Sect.5.2). Natert deriving the gradients, stars
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Fig. 12 The plot illustrates the selection effects that lead toefaton-zero radial metallicity gra-
dients deduced from a magnitude limited sample of stars |#th< 0.1 kpc. The data are drawn
from the mock catalog. Dots with different colors represgats of different ages, with cyan ones
being the youngest and red ones the oldest. Diamonds in gregtned are respectively the mean
metallicities of stars having an age of 2 Gyr and 12 Gyr aed#iit Galactic radii, while black dia-
monds represent the mean metallicities of stars with ab.afjee error bars associated with the mean
metallicities are tiny and therefore not plotted. The liaes linear fits to the data points. Because
of the limiting magnitudes imposed on the sample starsethes few old, metal-poor stars at large
distances.
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Fig. 13 Distributions of mean metallicities in the — Z plane beforeléft) and after fight) applying
CMD weights for our sample stars.

with [Fe/H] < —1.0 dex have been discarded like in the case of the observed samip# cut is to
avoid contamination from halo stars (Sect.5.1).| At < 1.5kpc, the largest (absolute) gradients
derived from the mock data are about 0.01 dexKpdhe deviations from the true, zero gradient
start to occur near the outer edges of height probed by thesmwnding stellar populations. Near
the edges, the selection biases induced by the metallifdgts become important, i.e, for a given
age, more metal-rich stars are more luminous and are thuslahtiin the observed sample, and vice
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versa. At a given age, a 0.5 dex difference in metallicity resg to about a 0.2 mag difference in
absolute magnitude and about a 10% difference in distaoceparable to the bin size gf| ~1.5

— 2kpc. The selection effects are complicated given thetfattour sample has different limiting
magnitudes for different sight lines. In our simulatiore tinaximum deviations of radial gradients
are about 0.02 — 0.03 dex kpt, found for heightsl.5 < |Z| < 2kpc from stars in the 6-8 Gyr
age bin (Fig. 11). Such deviations are unlikely to pose a najoblem for our analysis given their
small magnitudes and the fact that they only occur near tgesdf volumes probed by the sample
stars. Note that for our sample, bias induced by limiting nitagles at the bright end is negligible
given that most FoVs of the sample contain very bright stars (0 mag). The maximum deviation
caused by the magnitude cut at the bright end is about 0.0kglex, as shown by the first data
point in the last panebt{ 11 Gyr) of Figure 11.

5 RESULTS
5.1 Spatial Distribution of Mean Metallicities

We divide the sample MSTO stars into bins in tRe- Z plane. The bins are arranged in steps of 0.2
and 0.1kpc in the? andZ directions, respectively, with bin sizes determined by+QR2— R|x0.1
and 0.2+7|x0.1kpc in theR and Z directions, respectively, to account for distance errangctv
become larger at larger distances. For each bin, we cadctilatmean metallicity, defined as,

[Fe/H]2
[Fe/H] can E/ n([Fe/H]) x [Fe/H]d[Fe/H] (2)
[Fe/H]y

wheren([Fe/H]) is the normalized, fractional stellar number density aswation of [Fe/H], [Fe/H]
is set to—1.0 dex to avoid contamination by halo stars, and [Fe/id]set to infinity. Note that the
current sample only contains 4000 stars wifla/H] < —1.0 dex, but no stars withFe/H] >
0.5 dex. We use summation in replacement of the integrationtime&calculation.

Figure 13 shows a color-coded distribution of the mean r@tads in the R — 7 plane. The left
and right panels show respectively the results derivedrbednd after applying the CMD weights
deduced in Section 4.1. When plotting the distributionshaee discarded bins containing less than
30 stars. The distributions before and after CMD weight@ctions are quite similar, suggesting that
the CMD corrections only have a marginal effect on the meataliigties. A strong negative radial
metallicity gradient is clearly seen near the disk plané, the gradient flattens as one moves away
from the midplane. There are also significant negative e&rtiradients, which become shallower
as one moves outward. The distributions are largely symoneith respect to the disk plane. To
guantitatively characterize the spatial and temporalatinms of mean metallicities, we derive the
radial and vertical metallicity gradients and study themporal variations in the remaining part of
this section.

5.2 Radial Metallicity Gradient
5.2.1 The radial gradients as a function|df]|

We divide the stars into slices with|&| of thickness 0.2 kpc. In each slice, the mean metallicities
of the individual bins in the radial direction as a functidnf®are fitted with a linear function. The
slope of the fit is adopted as the radial metallicity gradiémteach slice, we divide the stars into
radial bins by requiring that each radial bin contains a mimn of 100 stars. The minimum bin size
is set to be 0.2kpc. For stars in each radial bin, we calctifetenean metallicity and uncertainty,
after applying the CMD weights to the individual stars, a8l @& the error-weighted mean and error
of R. A linear function is then used to fit the mean metallicitissaafunction ofR to derive the
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Fig. 14 Radial metallicity gradients\[Fe/H]/AR derived from stars withz| < 0.1 kpc (eft pan-
els), 0.4 < |Z| < 0.6 kpc (middle panelsand0.9 < |Z| < 1.1kpc (right paneld and from different
age bins, as marked in each panel. Red squares represenmatlicities in the individual radial
bins, after applying the CMD weights. The error bars of themmetallicities are overplotted, but in
all cases they are smaller than the size of the symbols ghefatge number of stars in each radial
bin. Red lines are linear fits to the red squares. The fittedigmband associated error thus derived
are marked in each panel.
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Fig. 15 Radial metallicity gradients as a function|&f| derived from stars from different age bins.
Dots represent actual measurements, while lines are drgwmbothing across three adjacent dots.
Different colors represent results from stars from difféerage bins, as marked in the plot. Grey
symbols are measurements from the literature. The triamgeesents the measurement of Chen
et al. (2003) using open clusters as tracers, the star is ¢lsumement of Friel (1995), again using
open clusters, the crosses are measurements of Cheng281#bj derived from SEGUE turn-off
stars, and the squares are from Hayden et al. (2014) deduwad\POGEE giants.
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radial metallicity gradient. Errors in the mean metaliestand the mean values &fare taken into
account in the fitting to estimate the error in the derivedaladetallicity gradient.

In doing so, we divide the MSTO sample stars into groups basedlifferent age bins.
Considering that the metallicity of the very young starsrishably biased against metal-poor ones
due to an upper limit cut ifi . at 7500 K (cf. Fig. 2), we discard stars younger than 2 Gyr tucav
this potential bias. The remaining stars are binned intagsoof ages: 2-4, 4-6, 6-8, 8-11, and
11-16 Gyr. For each age group, we derive the radial metgllizadients in different?| slices.

Figure 14 shows the results from thrg#g| slices,|Z| < 0.1kpc, 0.4 < |Z| < 0.6kpc and
0.9 < |Z| < 1.1kpc. The figure demonstrates that within a giyéh slice, stars with older ages are
more metal-poor and exhibit shallower radial metallicitadjents.

The derived radial metallicity gradients as a functionfare plotted in Figure 15. The figure
shows that the radial gradients have significant spatiatemgoral variations. The gradients derived
from stars of all ages (2-16 Gyr) increase monotonicallymfr-0.1 dex kpc ! at|Z| = 0 kpc to
0.02 dex kpc ! at|Z| = 2kpc. However, stars from different age bins present siganifiy different
gradients.

In particular, stars with the oldest ages show essentially gradients atil heights, while stars
with younger ages have negative gradients and the gradiemtsindividual age bins are always
steeper than those derived from stars of all ages. Excetitdse in the oldest age bin, gradients de-
rived from stars in the individual age bins show significgratéal and moderate temporal variations:
the gradients flatten with increasing height above the pland, as the lookback time decreases,
the gradients first steepen, reaching a maximum (negathegaround 6 — 8 Gyr, and then become
shallower again. The gradients derived from stars in soneebats (e.g. those in 6-8 Gyr and 8—
11 Gyr) also show some fine featureqd Z$varies. The genuineness of those fine features is hard to
assess for the moment given the potential selection efté¢kee current sample which has limiting
magnitudes that vary from one sight line to another (cf. Se2).

5.2.2 The radial gradients as a function of age

Figure 16 plots the radial metallicity gradients as a fuorttf age for stars in differenf| slices. It
shows that at the earliest epochs (agé Gyr), the gradients steepen with decreasing age, reaching
a maximum around 6 — 8 Gyr, then flatten again. Similar trerrdssaen in all height slices of
|Z| < 1.5kpc. As already shown by Figure 15, the negative gradienssas younger than 11 Gyr
flatten as|Z| increases, while the gradients of the oldestl(1 Gyr) stars are essentialbero and
invariant with|Z|. As a result, stars at large| only show a weak trend of variations with age at
the early epochs. For the height sliced®o$ < |Z| < 1.1kpc, the gradient steepens from a value
of 0.0dexkpc! around 12.5Gyr te-0.07 dex kpc! at 7 Gyr, corresponding to an evolution rate
of —0.013dexkpc ! Gyr—!. The corresponding rate is0.020 dexkpc™! Gyr~! for height slice
0.3 < |Z] < 0.5kpc and—0.022dexkpc ! Gyr~! for |Z| < 0.1kpc. Analyses show that the
radial gradients derived from stars with age 7 — 9 Gyr are @rafle with those from stars with
age 6 — 8Gyr, indicating that the gradients probably reaelr thaximum earlier, around 8 Gyr
ago. This suggests that the evolution rate of the radialignaét early epochs of disk formation
is even faster. Unfortunately, given the relatively largeertainties and poor (absolute) calibration
of our current age determinations, it is difficult to pin dotiie exact time that the radial gradients
reach the maximum and the exact values of the evolution fateeayradients. For stars with ages
younger than 8 Gyr, as the age decreases, the gradients #atiehe evolution rate slows down to
about 0.007 dex kpc' Gyr—t, much slower than the rates at the early epochs for bins with ¥ |.
The application of CMD weights to the data mainly changesttaglients in slices with lowdt” |

(< 0.5kpc), and leads to an increase of gradients between 0.01.88dl€x kpc!. Nevertheless,
the CMD correction does not change the overall trend of gradias a function of age.
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Fig. 16 Radial metallicity gradients as a function of age for stardifferent|Z| bins, as marked in
the plot. The black and red squares represent respectaljts before and after applying the CMD
weights to our sample stars. The horizontal error bars septtethe age ranges of stars adopted to
derive the radial gradients. The vertical error bars aréittireg errors of radial gradients, and in most
cases they are very small because of the large number of Btergrey crosses in th&| < 0.1 kpc

bin are measurements from Nordstrom et al. (2004).

5.2.3 Comparison with previous results

In Figure 15 we have also plotted measurements of the radidients from several recent studies,
including the measurement of Cheng et al. (2012b) using SEGturn-off stars, that of Hayden
et al. (2014) deduced from APOGEE red giants, and those ef @995) and Chen et al. (2003) us-
ing open clusters as tracers. The figure shows that the gitadiad their variations wittZ | given by
those earlier studies are largely consistent with our tesldduced from stars with all ages, except
for the bin with|Z| = 0.75kpc where the measurement of Cheng et al. is about 0.02 dexkpc
higher (less steep) while that of Hayden et al. is lower bynailar amount (more steep). At
|Z| ~0.1kpc, the gradient;0.063 +0.008 dex kpc !, derived from an analysis of 118 open clusters
by Chen et al. (2003), seems to be too high (less steep), byials as 0.03 dex kpcd, compared to
our result as well as that of Friel (1995), who find a gradignt6.091 + 0.014 dex kpc ! using 44
open clusters between 7 and 16 kpc.

We show in Section 4 that metallicity gradients derived fretiars with a wide range of ages
suffer from strong selection effects. In general the efféead to a shallower (negative) metallicity
gradient than the true value (cf. Sect. 4.2), or even a peditiadient at largeZ|. Both our gradients
derived from stars with all ages and those of Cheng et alylikeffered from such effects. On the
other hand, as we show in Section 4, our gradients deduceddtars in the individual age bins
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should be hardly affected by those effects. Hayden et all4p@ivide their sample into stars with
high-[a/Fe], which they believe to mainly consist of old stars, atatswith low-f/Fe], which
they believe to be mostly young stars. For the young stetiaufation, they find a radial metallicity
gradient of —0.03 & 0.006 dex kpc! for stars with heights.0 < |Z| < 2.0 kpc. This value

is basically in agreement with our results for stars yourigan 11 Gyr in the same height range.
For the old, high-fv/Fe] population, Hayden et al. find that the radial metdifigradients show
significant variations withZ|, in contrast to our results. For stars with the oldest age$1(Gyr),

we find that the radial gradients are essentially zero ateifjtits covered by the current sample
(< 2kpc). Most open clusters have ages younger than 2 Gyr, aiydgéneerally yield a negative
radial gradient ranging, for example, fror0.09 dex kpc! (Friel & Janes 1993; Friel 1995) to
—0.06 dex kpc! (Friel et al. 2002; Chen et al. 2003). Parts of the scatteesults may be caused
by the different ranges oR and Z, and maybe also caused by different ranges of age covered
by the different samples of open clusters employed in theiithdlal studies. As described earlier
(Sect.5.2.1), to avoid bias, we have excluded stars youhger2 Gyr in our sample. Our results
deduced from stars older than 2 Gyr show that the gradientsrflas age decreases in the past few
Gyr. Thus the relatively shallower gradients yielded byrogleisters compared to our measurements
from young stars near the disk plane are probably not simgrislote also that the sample employed
by Chen et al. (2003) includes open clusters spreading owgderange of age and|. This may
have also caused the relatively shallower radial gradmnmd by them.

In Figure 16 we have also plotted the measurements of Nérdsét al. (2004) in the panel
representingZ| < 0.1 kpc (top-left), considering that their stars are limitechtemall volume near
the solar neighborhood. Note that Nordstrom et al. use #erorbital radii rather than the measured
values ofR in deriving the gradients. The overall trend of variatiomgfadients, with age deduced
from this very local sample of stars, is in good agreemerit what is reported here, although there
are some differences in their absolute values. Nordstitoah €2004) suggest that the gradients of
young disk stars steepen mildly with age, but stars with tHesi ages¥ 10 Gyr) do not follow the
trend. In fact, results from PNe also suggest that the radédidllicity gradients of the Galactic disk
steepen with age (Maciel et al. 2003; Maciel & Costa 2009)ti¥dse are consistent with what we
see in the current data, but shown with much more detail.

5.3 Vertical Metallicity Gradients
5.3.1 Vertical gradients as a function & and age

To derive the metallicity gradients along the vertical diien, we divide the stars into annuli of 1 kpc
in the radial direction. In each annulus, we further divide $tars into bins ofZ| by requiring that
each vertical bin contains at least 100 stars that coverat @2 kpc in the vertical direction. The
slope of a linear fit to the CMD weight corrected mean metitiis as a function ofZ| is adopted as
the vertical gradient for that radial annulus. As in the daseadial gradients, we divide the sample
stars into groups with different age bins to examine the taalpvariations in vertical gradients.

Figure 17 plots the vertical gradients derived from stardifferent age bins as a function of
the mean radiug of the radial annulus. It shows that for stars in almost adl bips, the vertical
gradients flatten a® increases. The only exception is those derived from thesblte 11 Gyr)
stars — the vertical gradients yielded by those old stardasigely constant, at the level of about
—0.11dexkpct, becoming only slightly shallower by about 0.02 dexkpdrom 8 to 11kpc. In
fact, considering the uncertainties in the gradients aedsistematics induced by potentially un-
accounted for selection effects, the vertical gradientsvée from the oldest stars are essentially
consistent with no radial evolution at all. Phenomenolallycit is probably not surprising that one
sees such trends in variations of vertical gradients as etitmof R given that we have already
shown that, except for those with the oldest ages, our sastais exhibit negative values of ra-



Stellar Metallicity Gradients of the Galactic Disk from LSBAC 1231

A[Fe/H]/AlZI (dex/kpc)

Fig. 17 Same as Fig. 15 but for vertical gradients as a functio®oThe grey symbols are mea-
surements from APOGEE giantsquare$ by Hayden et al. (2014), SEGUE stafis¢ pointed stgr
by Schlesinger et al. (2014), SEGUE FGK dwarfs witk< |Z| < 3kpc (cros9 by Carrell et al.
(2012), thick disk stars with < |Z| < 4 kpc (diamond by Kordopatis et al. (2011), SEGUE RHB
stars with|Z| < 3kpc (small trianglg, and from thick disk RHB stars with.5 < |Z| < 3kpc
(large triangle by Chen et al. (2011).

dial metallicity gradients that become shallower Z§increases, but for the oldest stars the radial
gradients are essentially zero at all heights (cf. Figs ntb1®5).

Figure 17 also shows that the vertical gradients derivesh fstars of all ages are significantly
steeper than those derived from stars in the individual &ame Bhis result reflects the differences in
the spatial distribution of stars with different ages. Ygutars, mostly metal-rich, are concentrated
at small heights, while those with older ages, often morealvy@tor stars, are more often found at
larger heights. This leads to steeper negative verticalignas if stars of all ages are put together to
derive the gradients. Note that this is different from theector the radial gradients, where if one
includes stars of all ages when determining the metalligigdients, then the selection effects will
lead to shallower gradients than the true underlying values

At a givenR, the vertical gradients show significant evolution with &gehe oldest stars have
a nearly constant vertical gradient of abeti.11 4 0.02dexkpc!. The gradients become much
steeper at age bins 8 — 11 Gyr and 6 — 8 Gyr, and then becomewéaHgain. This is seen in all
annuli of R < 11 kpc. In the radial annulus a® = 9.0 kpc, where the sample suffers from the least
selection bias as a result of the magnitude cuts both atithtesfad the bright ends, it seems that 8 Gyr
is an apparent turning point in the vertical gradients. Hifficult to assess at the moment whether
the epoch of this turning point in the vertical gradientsiesmwith R or not due to the potential
systematics of our current measurements at both small agel tadii. However, the presence of a
turning epoch around 8 Gyr, with the exact time that may diffg one or two Gyr, seems to be
secure. AtR = 9.0kpc, the vertical gradients steepen at a rate of about 00Rmte t Gyr—! from
the earliest epoch(12.5 Gyr) to 8 Gyr, and then flatten with a comparable speeatat épochs.

5.3.2 Comparison with previous results

In Figure 17, we also show some recent measurements of tlieatggradients, including those
of Chen et al. (2011) utilizing SEGUE red horizontal branRiHB) stars, Kordopatis et al. (2011)
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employing thick disk stars in the solar neighborhood, Ghateal. (2012) and Schlesinger et al.
(2014) applying SEGUE FGK stars, as well as Hayden et al.4p04ing APOGEE red giants. Note
that since in many of those studies the exact mean radidl@osi sample stars is not given, we have
inferred a rough value based on the published plots. The adsgn shows that the values of vertical
gradients derived from the current sample of MSTO stars waitlages are very consistent with
determinations by Hayden et al. (2014), who find values ofiab6.31, —0.17 and—0.11 dex kpc™*
atR = 8, 10 and 12 kpc, respectively. From a sample of RHB stars Mith< 3.0kpc, Chen et al.
(2011) find a vertical gradient of0.225 dexkpc ™!, comparable to that found by Schlesinger et al.
(2014) and consistent with our result found from stars witlages if one takes into account the
relatively large uncertainties in the measurement by Cheah. éote that after excluding the thin
disk and halo stars, Chen et al. find a vertical gradient@fl 2 dex kpc™! from the remaining thick
disk stars with).5 < |Z] < 3kpc. This result is corroborated by Schlesinger et al. baseasimilar
exercise. Similarly, Carrell et al. (2012) find a verticahdient of—0.113dex kpc ! from SEGUE
FGK dwarfs withl < |Z| < 3kpc, where the thick disk stars are expected to dominatee Fber
stars that have the oldest ages, we find a gradient®f2dexkpc!. All these results seem to
support our conclusion that the vertical gradients showi@ant temporal variations. They also
support our conjecture that those stars with the oldestiagrs sample are actually thick disk stars
(cf. Sect. 6).

6 DISCUSSION AND IMPLICATION

In this section, we discuss the uncertainties in our resafisvell as the implication of how our
findings related to metallicity gradients affect the natfrthe thick disk and how that may constrain
the formation and evolution history of the thin and thickkdis

6.1 Uncertainties in Measurements

There are two main error sources that introduce uncerégsindg our determinations of metallicity
gradients, the errors in stellar atmospheric parametetstenpotential selection effects hidden in a
magnitude limited sample.

Errors in the stellar atmospheric parameters lead to usiogHs in the estimated distances and
ages, and introduce contamination, say by dwarfs, into o8iT® star sample. The largest uncer-
tainties probably come from lagestimates. The LSP3 values of lpgdopted in the current work
suffer from boundary effects (Xiang et al. 2015b). Some matgesystematic errors are also found to
exist in the adopted logvia a comparison with the asteroseismic values (Ren et &4b,20 prepa-
ration). These systematic errors have not been correctéd foe current work. To account for the
potential systematics in distance estimates induced loyseim the stellar atmospheric parameters,
we have calibrated the distances derived using the Hippalistance measurements of stars that are
included in the MILES spectral template library. The saatworks well for MSTO stars, which
constitute the majority of MILES stars in the temperaturegeb400 < Te.g < 7500 K. However,
there are some contaminations in our MSTO star sample froarfdw subgiant stars as a result
of the boundary effects for lagdeterminations. For those contaminating stars, theindcsts are
either over- or underestimated, and their ages are alwagrestimated. Such effects mainly occur
near the low temperature cut, where stellar isochronedfefent ages are closely packed in thig
— logg diagram (Fig. 1). Near the low temperature efite( < 5500 K), there is also some weak
clumping of metal-rich stars in th&.¢ — [Fe/H] plane (e.g. fig. 42 of Yuan et al. 2015a), which is
possibly an artifact of the LSP3 parameters, caused by tis¢ering and holes in the distributions of
MILES template stars in the parameter space. The clumpintetdl-rich stars seenin the 8 — 11 Gyr
age hins of Figure 14 is in fact contributed by those starsomarison with the LAMOST DR1
parameters shows that those stars are also metal-rictH{[Ee/l dex) in LAMOST DR1, though
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their distribution is smoother in the space of LAMOST DR1graeters than in that of LSS-GAC
parameters.

To further investigate how our results may have been affielojedistance errors, we reassign
distances to the MSTO sample stars based on their distarars esing a Monte Carlo technique
and redo the analysis presented in Section 5. We have pexos00 simulations. In most cases, the
resultant gradients as well as the trends in their spatélt@mporal variations show no significant
changes compared with those presented in Section 5, suggtst our results are not significantly
affected by the distance errors. The only noticeable chatfgat some of the fine features seen
in the trends of radial gradients as a functigfj (Fig. 15) disappear in some of the simulations,
suggesting that those fine features are probably artifattsetl, at least in part, by uncertainties in
distance.

We have implemented several tests to examine the potefigateof contamination induced by
dwarfs and subgiants in our sample. First, we continuousliyk the range ofl..; for our MSTO
star sample to reduce the level of contamination, and theém ttee analysis. We find that even with
a very restricted range &f700 < Teg < 6500K, the data still yield results basically consistent
with those presented in the current work. This implies tloatamination from dwarfs and subgiants
probably does not have a big impact on our study. There, henveve some noticeable changes
in the results of radial gradients 8| < 0.4kpc deduced from stars older than 6 Gyr, as they
become flatter. Those changes are understandable. With eut of 5700 K, the sample becomes
significantly biased in the sense that old, metal-rich starge been systematically excluded from
the sample, leading to artificially flatter radial gradiemsvertheless, the changes do not affect our
main conclusion that the metallicity gradients show sigatifit spatial and temporal variations, and
that the radial metallicity gradients of the oldest staks egsentially zero at all heights. Our other
tests include repeating the current analysis using an MS@Osample selected from the official
LAMOST DR2, as well as using new LSP3 parameters estimatddankernel principal component
analysis (KPCA) method, which will be implemented in the netease of LSP3 parameters, to
be included in the value-added catalog of LSS-GAC DR2. We fitad measurements of stellar
atmospheric parameters yielded by different pipelines g#gults consistent with what we presented
in the current work. We thus believe that uncertainties éliat atmospheric parameters adopted in
the current work do not significantly affect our results. El@iccurate parameters will however be
very useful for characterizing the temporal variations etatlicity gradients, both in the radial and
vertical directions, in particular to pin down the exacting epoch when the evolution of gradients
changes from a mode of steepening with decreasing age to @ ofifldttening with decreasing age,
as well as the exact epochs when the thick disk formatiortestand ceased.

As discussed in Section 4, our sample is a magnitude limited Bhe sample is biased against
metal-poor stars near a farther distance limit correspantti a magnitude cut at the faint end and
biased in favor of more metal-poor stars near the neareartistend corresponding to the magnitude
cut at the bright end. The magnitudes of those effects vary fine sight line to another. The effects
may be responsible for some of the fine features seen in Hd&€l7. We expect that as the survey
progresses, and the sky coverage of the VB, B and M platesnc@stto improve, such effects will
be much less important.

6.2 Thin and Thick Disks — Two Different Phases of Disk Formaibn?

We show that sample stars with the oldest age& Gyr) have essentially zero radial metallicity
gradients at all heights, completely different from thedogbr of stars with younger ages. The latter
exhibit negative radial gradients that flatten with increg$ieight. In the direction perpendicular to
the disk, stars with the oldest ages show vertical gradibiatsare almost invariant witR, but stars
with younger ages have gradients that flatten significanitly imcreasingR. These results strongly
suggest that stars with the oldest ages have experiencetnatfon process very different from
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stars with younger ages. It seems that the oldest disk starsefl from gas that was well-mixed
in the radial direction, but younger stars formed from rlgimadequately mixed gas. It is widely
accepted that gas accretion and inflow play a key role in diogigas and determining the star
formation history of the Galactic disks. Gas inflow is exjgeldb transfer metals inwards, increasing
the radial (negative) metallicity gradients of the dislg(d.acey & Fall 1985; Schonrich & Binney
2009a). This suggests that gas accretion and inflow thatrdite the star formation and enrichment
history of the younger disk did not play a significant role lie formation of the old disk. Rather,
the old disk seems to have been formed via some violent, fasepses, such as gas collapse or
merging.

The existence of a thick disk (Gilmore & Reid 1983) in the MillWWay was first proposed
more than 30 years ago. Over the years, much has been leaitheckgard to the properties of
the thick disk and various criteria have been proposed toacherize thick disk stars, such as the
spatial position in the vertical directig®y|, the three-dimensional velocity with respect to the local
standard of rest (LSR) and the metallicity [Fe/H] ame@lement to iron abundance ratio/Fe]. To
distinguish thick disk stars from thin disk stars based @irtbpatial positions alone is difficult. At
low Galactic latitudes, the disk is dominated by thin disk'st Even at relatively high latitudes, the
contaminations of thin disk stars could be substantial. Kihematics of disk stars is affected by a
variety of processes (churning and blurring) related tarasgtric (sub)structures (the bar, spirals
and stellar streams). Samples of thick disk stars selecteglypbased on stellar kinematics are also
often biased in metallicity since there seems to be a cdivalaetween the velocity and metallicity
of a disk star due to secular evolution of the Galactic dis§.(eee et al. 2011). As for metallicity,
there seems to be no physical basis to give a clear cut thadistinguish between thin and thick
disk stars. In the current situation, we find that stars with ¢dldest ages are more metal-poor and
exhibit vertical gradients in excellent agreement withutessderived from thick disk stars in previous
studies. More importantly, it seems that stars with the stldges have radial metallicity gradients
comparable to those yielded by stars with all ages at largle likights, where the thick disk stars
are expected to dominate. In a parallel work, we show thantkan age of stars increases with
disk height, and stars with the oldest ages dominate thelatigos at large heights (Xiang et al. in
preparation). This suggests that disk stars with the olaigss are in fact thick disk stars. We thus
propose that age is a natural, clear criterion that camndgjsish thin and thick disk stars: stars with
the oldest ages belong to the thick disk while those with grumges are from the thin disk.

The above discussion suggests that the thick disk correspmearlier phase of disk formation
via processes that seem to be quite different from thosenssigle for the formation of the younger,
thin disk. This is in conflict with the recent suggestion ofvBet al. (2012), who suggest that the
thin and thick disks are probably not two distinct composagitthe disk in terms of origin based
on their finding that in the [Fe/H] —[/Fe] plane, stellar populations with the largest scale Hisig
have the smallest scale lengths. On the other hand, Haywadd(2013) have recently studied the
age — [Fe/H] and age «fFe] relations of 1111 FGK stars in the solar neighborhodeyTfind that
thick disk stars show a tight correlation ef/Fe] and [Fe/H] with age. They thus suggest that thick
disk stars have a different origin from the younger, thirkditars. Haywood et al. (2013) suggest
that the older, thick disk formed from the well-mixed intetir medium over a time scale of 4 —
5 Gyr, 8 Gyr ago, and thawner thin disk formed later, with the initial chemical condit®get by the
youngest thick disk. However, theiter thin disk is different, as it began to form 10 Gyr ago. Our
results suggest the idea that the gas was probably wellehnixine radial directior 1 Gyr ago, but
probably not so in the vertical direction. Stars with agetsvieen 8 and 11 Gyr begin to show some
radial gradients, and they are probably a mixture of thin ek disk stars. Given the relatively
large uncertainties in our age estimates, the exact epoeh e thick disk formation ceased and
the thin disk formation prevailed remains to be determifida: epoch should be sometime around
11 Gyr butin any case earlier than 8 Gyr. The transition masapid since we see an abrupt change
in the slopes of both radial and vertical metallicity gradgebetween stars with ages older than
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11 Gyr and those with ages between 8 and 11 Gyr. Thus, we dubpé¢the thick disk may have
formed slightly quicker than claimed by Haywood et al. Widgard to the thin disk, there is no
strong evidence to group them into those fromitiveer and those from theuter parts of the thin
disk in discussing their possible formation scenarios.

6.3 Constraining the Disk Formation Scenarios

With regard to formation of the thick disk, as discussed &bowur results prefer a violent, fast for-
mation process. One possibility is the scenario of a faghlipiturbulent gas-rich merger formation
as proposed by Brook et al. (2004, 2005). The scenario seeins preferred by a number of au-
thors in explaining their results of metallicity gradie¢sg. Cheng et al. 2012b; Schlesinger et al.
2012, 2014, Kordopatis et al. 2011; Boeche et al. 2013; Hayd@l. 2014). Nevertheless, we note
that based on their simulations, Brook et al. suggest thratdtion of the thick disk occurred so
fast~12 Gyr ago that there should be no metallicity gradientslahdioth the radial and vertical
directions. However, on the other hand, significant verticadients for thick disk stars have been
detected by many studies, including the current one. Thigimaly that the process of thick disk
formation from Brook et al. is probably too fast and violeint.fact, Gilmore et al. (1989) point
out that a slow, pressure-supported gas collapse follotiagormation of an extreme Population
Il system could form a thick disk. Based on the hydrodynamioadels of Larson (1976), a disk
formed in such a way shows weak radial metallicity gradiémtie solar neighborhood but strong
vertical gradients because the vertical flow dominates whermas settles down to the disk at that
epoch. Such a slow, pressure-supported collapse scerfdam@tion seems to be consistent with
our results, though better, quantitative models/simoitegtiare needed to demonstrate this.

It has also been proposed that the thick disk is produceddiigistadial migration (e.g. RoSkar
etal. 2008; Schonrich & Binney 2009b; Loebman et al. 2001y results show that | <1.0kpc,
the radial gradients of the old, thick disk stars, as welltesrttrend in variations withZ|, are
significantly different from those derived from stars in dojies 8—11 Gyr and 6—8 Gyr. In addition,
for a given|Z|, there is a turning in the temporal variations of radial ggath, at an epoch 68 Gyr,
after which the gradients become flatter as age decreasese Tesults are difficult to explain by
radial migration since radial migration is expected to i@lihe radial gradients (e.g. Loebman et al.
2011; Kubryk et al. 2013), and as such one expects contimatiusr than abrupt temporal variations.
Note that this does not imply there is no radial migration that the radial migration is probably not
the dominant mechanism that shapes the properties of in#yadiradients of concern. The observed
metallicity gradients are likely the results of both gasliliinflow, which steepens the gradients, and
stellar migration, which flattens the gradients. Based @ulte presented in the current work, it
seems to us that gas infall/inflow probably dominates in stggiine metallicity gradients of the disk
and their temporal variations. In fact, there are simutetisuggesting that stellar radial migration
does not change the trend of variations in radial metalligiadients (Curir et al. 2014).

For evolution of the thin disk, it has been suggested thdlasteadial migration has played
an important role considering that it successfully exddine age — metallicity distribution and
metallicity — velocity relations of stars in the solar ndigihhood (e.g. Schonrich & Binney 2009b;
Lee et al. 2011; Loebman et al. 2011). Our current analysas fmat the radial gradients deduced
from young, thin disk stars flatten with increasif®j. Similarly, the vertical gradients flatten &
increases. These trends are probably the consequencenardigtellar radial migration, since as
a star migrates outward, its altitude is expected to iners@mificantly (e.g. Minchev et al. 2012).
In addition, both metal-rich stars with very old ages (e-¢l BGyr), and metal-poor stars with very
young ages (e.g< 4 Gyr) are present in the solar neighborhood (Fig. 14). A diexamination
of the age — metallicity distribution shows similar resulgis is a clear signature of stellar radial
migration, which brings inner, metal-rich stars outwanad @uter, metal-poor stars inward. In the
panels of Figure 14 showing the results of stars with thestldges, there are very few old metal-rich
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stars compared to panels showing the results of stars inggrwage bins. This again suggests that
the thick disk does not result from radial migration of thiskdstars. It seems that 8 Gyr is a specific
epoch in the formation history of the thin disk, since it is@md this epoch that both the radial and
vertical metallicity gradients reach their maximum (néggtvalues. We suspect that around 8 Gyr,
the gas accretion/inflow rate in the solar neighborhoodeaddés maximum.

7 SUMMARY

In this work, we have defined a sample of 297 042 MSTO stars avithffective temperature range
of 5400 < Teg < 7500K from the LSS-GAC survey. Most of the sample objects are diaks with
metallicity [Fe/H] > —1.0 dex. The sample is used to study the metallicity gradientsealactic
disk in the anti-center direction. For any age between 2 &1@yt, our sample encompasses stars
spreading over almost the whole metallicity range of typitisk stars. We estimate distances and
ages of the sample stars by isochrone fitting, and achieveamacy of about 20% in distance and
30% in age. The sample covers a contiguous volume of spacef®@to 13.5 kpc in Galactocentric
radial distance? and from—2.5 to 2.5 kpc in disk heighf.

To correct for the sample selection effects, we first applyvEDGveight to the individual sample
stars, which leads us to a magnitude limited sample. We tharacterize the potential biases of
metallicity gradients deduced from a magnitude limited genutilizing mock data generated with
Monte Carlo simulations of the Galactic disk. We find that thdial metallicity gradients derived
from a sample of stars in a narrow range of ages reproducentherlying true values well. However,
if the sample includes stars over a wide range of ages, themattiial gradients derived will be
severely biased to larger values (i.e. less steep for negatdial gradients which is the case for the
real Galactic disk).

Both the radial and the vertical metallicity gradients avarfd to show significant spatial and
temporal variations. The radial gradients[Fe/HJ/AR, deduced from stars with the oldest ages
(> 11 Gyr) are essentiallyero at all heights above the Galactic disk plane, but those detlifrom
stars in younger age bins are always negative at all heihtsvertical gradients)[Fe/H)/A|Z|,
deduced from stars with the oldest ages are abdut dexkpc !, with some marginal variations
with R, but those deduced from stars in younger age bins show lamgtions withRR. Based on
these results, we infer that the formation of the Galactgk dhay have experienced at least two
distinct phases. In the earlier phasel(l Gyr ago), gas settled down mainly along the direction
perpendicular to the disk and produced stars with a negaéxtical gradient. The gas was well-
mixed in the radial direction such that the (thick disk) stdrat formed exhibit no radial gradients.
In the later phase, the disk was built up mainly by gas aamétiflow in the disk, yielding negative
radial gradients. Our metallicity gradients deduced frtemsswith the oldest ages are very consistent
with the previous determinations using samples of thick digrs selected via either spatial or
chemical criteria (e.g. Chen et al. 2011; Carrell et al. 2@i2eng et al. 2012b). We thus suggest
that the thick component of the Galactic disk correspondsnt@arlier phase of disk formation,
while the thin component corresponds a later phase of dighup We propose that stellar age
serves as a natural, physical quantity to distinguish tlre @hd thick disk stars. Given that the
thick disk shows negative vertical gradients, the gas-n@rger scenario of Brook et al. (2004,
2005) is not preferred, since in this scenario the thick fliskns so fast that it does not produce a
significant negative vertical gradient. On the other harglpa, pressure-supported collapse of gas
following the formation of the Population Il system, as fostlined by Gilmore et al. (1989), is more
consistent with current observations. There is an abrigmjficant change in both the radial and
vertical metallicity gradients from the thick to the thirsks, suggesting that stellar radial migration
(e.g. Schonrich & Binney 2009b; Loebman et al. 2011) mightt play an important role in the
formation of the thick disk.
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At the earliest epochs, the radial gradients steepen withedsing age, reaching their maxima
around 7 — 8 Gyr ago, after which the gradients flatten. Swtds in temporal variations are seen at
all disk heights below 1.5 kpc. Similar trends in variati@ns also observed in the vertical gradients.
It seems that 8 Gyr is a specific epoch in the buildup of the thék. It is possible that around
this epoch, the gas accretion/inflow rate in the solar naigiiod reaches a maximum. This does
not necessarily imply that the thin disk started to form a®l@yr ago. There is likely a transition
period, probably before 8 Gyr ago, during which the disk dwdl mode (in terms of gas infall,
accretion/inflow) changed from that of a thick disk to one dia disk. Due to the relatively large
uncertainties in our current age estimates, the exact gpatkhis transition occurred remains to be
determined. The fact that the radial metallicity gradieritihe thin disk steepen with decreasing age
implies that stellar radial migration is also unlikely toviegplayed a decisive role in the formation
and evolution of metallicity gradients of the thin disk.

A two-phase formation of the Galactic disk has been preWwosisggested by Haywood et al.
(2013). The observations presented here however provide daails for this picture. For example,
the presence of negative vertical metallicity gradientthatearliest epochs seems to suggest that
gas infall at those earliest epochs is mainly along the tor@erpendicular to the disk. The results
also point to a slow, pressure-supported collapse of ghmfislg the formation of the Population 1l
system (Gilmore et al. 1989) for the formation of the thickldiOur data also seem to suggest that
the formation of the thin disk started earlier than propdsgéiaywood et al., probably sometime
between 8 and 11 Gyr. Finally, Haywood et al. suggest thairther and outer disks may have
different origins, with the outer disk starting to form eerlthan the inner disk. They suggest that
stars in the inner (metal-rich) thin disk are all youngemntBasyr, but in the outer (metal-poor) thin
disk there are stars as old as 9 — 10 Gyr. However, our anakysias to suggest that dividing the thin
disk into inner and outer parts in terms of different forraatepochs is probably neither necessary
nor substantiated by the data.
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