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Abstract Using a sample of over 70000 red clump (RC) stars with 5%—-18% d
tance accuracy selected from the LAMOST Spectroscopiceyuof the Galactic
Anti-center (LSS-GAC), we study the radial and verticaldieats of the Galactic
disk(s) mainly in the anti-center direction, covering andfigant volume of the disk
in the range of projected Galactocentric radius Rec < 14 kpc and height from
the Galactic midplan® < |Z| < 3 kpc. Our analysis shows that both the radial
and vertical metallicity gradients are negative acrosshmaiche volume of the disk
that is probed, and they exhibit significant spatial vaoias. Near the solar circle
(7 < Rge < 11.5 kpe), the radial gradient has a moderately steep, negdope s
of —0.08 dex kpc ! near the midplang/Z| < 0.1 kpc), and the slope flattens with
increasingZ|. In the outer disk{1.5 < Rac < 14 kpc), the radial gradients have an
essentially constant, much less steep slope®61 dex kpc! at all heights above the
plane, suggesting that the outer disk may have experiemcexbdutionary path differ-
ent from that of the inner disk. The vertical gradients armnfibto flatten largely with
increasingRcc. However, the vertical gradient of the lower digk€ |Z| < 1 kpc)

is found to flatten withRgc quicker than that of the upper disk & |Z] < 3 kpc).
Our results should provide strong constraints on the thebdysk formation and evo-
lution, as well as the underlying physical processes thepeslthe disk (e.g. gas flows,
radial migration, and internal and external perturbafjons
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1 INTRODUCTION

The distribution of metals in the disk of a galaxy is a consaupe of a variety of complicated
processes, including star formation and evolution, gassfiamd stellar migration, non-axisymmetric
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perturbations (e.g. by the central bar and spiral arms),igtedactions and accretions. The stellar
metallicity distribution in a disk galaxy, including our omulilky Way, typically exhibits a (negative)
gradient in both the radial and vertical directions. Meagugnts of (radial and vertical) metallicity
gradients are therefore of great importance for constigitiie formation and evolution of galaxies,
especially for the Milky Way.

The radial metallicity gradient of the Milky Way disk(s) Hasen measured using various tracers,
including classical Cepheids (e.g. Andrievsky et al. 2002a2004; Luck et al. 2003, 2006, 2011;
Kovtyukh et al. 2005; Yong et al. 2006; Lemasle et al. 200D& ®edicelli et al. 2009, 2010; Luck
& Lambert 2011; Genovali et al. 2013, 2014; Martin et al. 201biI regions (e.g. Deharveng et al.
2000; Quireza et al. 2006; Rudolph et al. 2006; Balser et@l1®, O/B-type stars (e.g. Smartt &
Rolleston 1997; Gummersbach et al. 1998; Rolleston et &02Daflon & Cunha 2004; Daflon
et al. 2009), open clusters (OCs; Friel et al. 2002, 2010nGHeal. 2003; Yong et al. 2005, 2012;
Carraro et al. 2007; Jacobson et al. 2008, 2009, 2011a,briMag al. 2009, 2010; Carrera &
Pancino 2011; Frinchaboy et al. 2013) and planetary nelfBlde; Henry et al. 2004, 2010; Maciel
et al. 2005; Stanghellini et al. 2006; Perinotto & Morbid2006; Stanghellini & Haywood 2010).
The above tracers are mainly close to the midplane and theleasizes are generally limited to
a few hundred targets. Recently, with the advent of largiessg@ectroscopic surveys of the Milky
Way, radial gradients at different heightg)(from the midplane and vertical gradients at different
projected Galactocentric radiR(; ) have been measured with large numbersgns of thousands)
of field main-sequence/giant stars, such as main-sequenu#ftstars used by Cheng et al. (2012)
from the SDSS/SEGUE (York et al. 2000; Yanny et al. 2009)hliwarf and giant stars used by
Boeche et al. (2013, 2014) from the RAVE survey (Steinmet.e2006), and red giants used by
Hayden et al. (2014) from the SDSS-III/APOGEE (Allende Rriet al. 2008; Ahn et al. 2014).
Those tracers retain the chemical composition of the itekas medium at the time of their birth.
Hence, tracers of different ages probe metallicity gramienthe disk at different epoches. Near the
solar circle { < Rgc < 10 kpc), the measured radial gradients of the disk derived different
tracers range from-0.01 to —0.09 dex kpc ! (e.g. Cheng et al. 2012; Lemasle et al. 2013) and the
vertical gradients range from0.07 to —0.30 dex kpc! (e.g. Katz et al. 2011; Chen et al. 2011;
Kordopatis et al. 2011; Schlesinger et al. 2012, 2014). Téwative radial gradients are generally
explained with the so-callehside-out chemical evolution model (e.g, Larson 1976; Matteucci &
Francois 1989; Chiappini et al. 1997, 2001; Hou et al. 200an®os & Boissier 2000; Molla &
Diaz 2005; Fu et al. 2009) in which the inner region of th&déschemically enriched faster than
the outer region.

However, there has been evidence that even close to the digltame, a simple linear relation
may not be sufficient to describe the full variations of metiy over the full range ofRgc. Using
classical Cepheids, several studies (e.g. Andrievsky. &08i2b; Pedicelli et al. 2009, 2010; Luck
& Lambert 2011; Genovali et al. 2013) have discovered thatréidial gradient in the inner disk
(4 < Rac < 7kpe) is steeper than that near the solar circle. On the othed ha flat, nearly zero
radial gradient in the inner disk’zc < 6kpc) has been found recently by Hayden et al. (2014)
using APOGEE red giants. In the outer digk{c > 10—12kpc), most studies based on OCs find
that the radial gradients tend to be close to zero, and aterfldian those near the solar circle.
Similar flat gradients in the outskirts of the disk are alsporged by studies using other tracers,
including H 1l regions (Vilchez & Esteban 1996), PNe (Costa et al. 2004)dassical Cepheids
(Andrievsky et al. 2002c, 2004; Luck et al. 2003; Lemasle.e2@08). However, it is still not clear
that those observed flat gradients are real or simply duestadhrse sampling since almost all the
aforementioned studies are based on samples containiggadalv dozens of targets in the outer
disk. More recently, more classical Cepheids have beerdfoutie outer disk. The newly calculated
radial gradient seems to have a value comparable to thatheeswlar circle, lending further evidence
that the previously reported flat gradients in the outer disly indeed be artifacts caused by the
effects of poor sampling (e.g. Luck et al. 2011; Luck & Lanti2811). From a theoretical point of
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view, a flat radial gradient in the outer disk can be explalmethe natural outcome of disk formation
and evolution (e.g. Carraro et al. 2007), the mixing effelcis to the presence of non-axisymmetric
structures (e.g. central bar, long-lived spiral arm; e.gdéevsky et al. 2004; Scarano & Lépine
2013), or by a merger event (e.g. Yong et al. 2005).

Out of the midplane, the radial gradients are found to flatteeven reverse to a positive slope
as the height from the midplane increases (Allende Prietal.e2006; Juric et al. 2008; Carrell
et al. 2012; Cheng et al. 2012; Hayden et al. 2014). The fiatjest the radial gradient is possibly
linked to the distributions of different stellar populat®in the Galactic disk(s) and may possibly be
explained by the different levels of mixture of thin- andcttidisk stars as height varies (e.g. Juri¢
et al. 2008). The vertical gradients have also been founddw Spatial variations in the sense that
the gradients flatten with increasitity;¢ (e.g. Hayden et al. 2014).

The evolution of radial gradient is of utter importance foraderstanding of the formation and
evolution of the Galactic disk(s). However, the resultsxistng studies on temporal variations of
the radial gradient of the disk are far from being unequildmath observationally and theoretically.
Most studies based on OCs have found a flattening radial gmadiith cosmic time by dividing
the OCs into different age bins. The results from PNe aredkess: the flattening, steepening and
unchangingness are all reported in the literature (e.g.iéllat al. 2005; Stanghellini & Haywood
2010; Henry et al. 2010). It should be emphasized that altréaers (OCs/PNe) used in the above
analyses are younger than about 5—7 Gyr (see Maciel et ab)20be situation of possible radial
gradient evolution at the early epochs of disk formationilsunclear. Theoretically, different chem-
ical evolution models predict different evolutions of tle@ial gradient: flattening with cosmic time
(e.g. Molla et al. 1997; Portinari & Chiosi 1999; Hou et al(®) or steepening with cosmic time
(e.g. Tosi 1988; Chiappini et al. 1997, 2001). More recemtigial migration has been suggested
to be an important process in regulating the evolution ofrtttgal gradient and thus has to be in-
cluded in chemical evolution models (e.g. Schonrich & Bn2009; Loebman et al. 2011; Kubryk
et al. 2013; Minchev et al. 2013). Generally, the radial grats of old populations will be strongly
affected and flattened by the migration.

Compared to measurements of the exact slope of the metalliadient, studies of the spa-
tial and temporal variations of the gradients are more fomefgtal for understanding the formation
and evolution of the Galactic disk(s) since the variatiomstain information about the underlying
physical processes that regulate the disk formation antli&goo at different times, and in differ-
ent regions of the disk. However, as described above, thermly available measurements of the
spatial and temporal variations of the gradients are stiteqcontroversial and in doubt. This is pos-
sibly because most of the previous studies have not corsldbe temporal variations of gradients
when deriving the spatial variations of gradients, or thatigp variations of gradients when deduc-
ing the temporal variations of gradients, given the follegvconsiderations. Firstly, the metallicity
gradients in different regions of the disk may vary signifitg due to, for example, the effects of
non-axisymmetric perturbations or merger events. Segpagdldiscussed earlier, different tracers
probe metallicity gradients at different evolutionary eps of the Galaxy. Finally, the potential bi-
ases caused hy target selection effects are not alwayssfgpipred in many of the existing studies.
This last effect is, at least partly, responsible for théedifg results yielded by different studies.
A large-scale spectroscopic survey that targets large pusntf stars over the full age range of
the Galaxy and covers a sufficiently large volume of the Gredatisk(s) with sufficient sampling
number density, for all stellar populations concernedhisstrequired to address the above prob-
lems properly and eventually draw a clear picture about lavGalactic disk(s) forms and evolves
chemo-dynamically.

The Large Sky Area Multi-Object Fiber Spectroscopic Tetgst (LAMOST, also named the
Guo Shou Jing Telescope) Spectroscopic Survey of the Gakaati-center (LSS-GAC; Liu et al.

1 LAMOST is a 4 meter quasi-meridian reflecting Schmidt tetgscequipped with 4000 fibers, each having an angular
diameter of 3.3 arcsec projected on the sky, distributedcincallar field of view of 5 in diameter (Cui et al. 2012).
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2014), as a major component of the ongoing LAMOST Experini@n&alactic Understanding and
Exploration (LEGUE; Deng et al. 2012; Liu et al. 2015). Thisject aims to collect low resolution
(R ~ 1800), optical A\ 3800—9000) spectra under dark and grey lunar conditiore $tatistically
complete sample of over 3 million stars with magnitudés$) <» < 17.8 mag (down tol8.5 mag
for limited fields), in a contiguous sky area 6f3400 square degrees, centered on the Galactic
Anticenter (GAC), covering Galactic longitudés0 <! < 210° and latitudegb| < 30°. Over 1.5
million spectra of very bright star9 & » < 14.0 mag) will also be obtained under bright lunar con-
ditions. The survey will deliver spectral classificationslues of stellar radial velocitl;, and stellar
atmospheric parameters (effective temperaiuge surface gravityog g, metallicity [Fe/H], /Fe]
and [C/Fe]) from the collected spectra. As designed, theesuwill provide a large number of stars,
of the order of a few million, with a contiguous sky coverada darge area of the Galactic disk(s)
with a relatively high sampling density (hundreds of stagsgmjuare degree) yet using a simple but
nonetheless nontrivial target selection algorithm (randelection in the color—-magnitude diagram,
i.e.rversug — r andr versus — 7). The survey will thus enable simultaneous measuremertitgeof
radial and vertical metallicity gradients across a largeme of the Galactic disk(s). The LSS-GAC
regular survey was initiated in September 2012. It is exqbt last for five years.

Based on the large stellar spectroscopic samples obtanéaeb. SS-GAC, we have started
a series of investigations to systematically study theiapbahd temporal variations of metallicity
gradients in the Galactic disk(s). Xiang et al. (2015c, aftez Paper|) examine the spatial and
temporal variations (in both radial and vertical direcipaf metallicity gradients fof.5 < Rgc <
13.5kpc and|Z| < 2.5kpc using a sample of nearly 0.3 million main-sequence tfi@H4STO)
stars with ages ranging from 2 to over 11 Gyr, selected fraen tBS-GAC Data Release 2 (DR2)
(Xiang et al. 2015d, in preparation) The current study, #eoad one of this series, also selects over
70000 red clump (RC) giants with intermediate- to old-agemfthe LSS-GAC DR2. The bright
intrinsic luminosities of RC stars allow us to investigate {radial and vertical) gradients over a
slightly larger volume of the disk, covering0 < Rgc < 14.0kpc and|Z| < 3.0 kpc, than possible
with the MSTO star sample used by Paper|. The current sampheis particularly suitable for the
study of the outer disk and provides a unique opportunityddress the question of whether the
radial gradient of the outer disk is flatter than that neaisthlar circle as described above.

The paper is organized as follows. We describe in detail ghecgon of the RC sample in
Section 2. We present our results in Section 3, followed bgulsions in Section 4. Conclusions are
given in Section 5.

2 DATA AND SAMPLE SELECTION
2.1 Data

The data used in the current study are mainly collected duha pilot (Sep.2011—Jun. 2012) and
first-two-year (Sept. 2012 —Jun. 2014) regular surveys &4GAC. The stellar radial velocity;
and stellar atmospheric parametersg(, log g, [Fe/H]) are determined with the LAMOST Stellar
Parameter Pipeline at Peking University (LSP3; Xiang e2@15a,b), and have an overall accuracy
of 5-10 km s'!, 150K, 0.25 dex and 0.15 dex, respectively, for a spectraiatito-noise ratio
(S/N) per pixel ¢ 1.07,&) at 46504 (S/N (46505\)) >10. Stellar parameters, together with values
of interstellar extinction and stellar distance estimatgth a variety of techniques for over 0.7
million stars observed in the pilot and first-year regulawvsys are now publicly available as the
first data release of the value-added catalog of LSS-GAC {G8E DR1; Yuan et al. 2015). The
data of another 0.7 million stars with S/N (46&1)2 10 from the second-year regular survey will
soon be publicly available as the second release of the-galded catalog of LSS-GAC (Xiang et al.
2015d, in preparation). In addition to the LSS-GAC data,dheent study has also included about
80000 stars from the spheroid paris (> 20°) of LEGUE and 50000 stars from the LAMOST-
Kepler Field Survey (De Cat et al. 2014). The latter are particylaseful for the RC selections (see
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Sect. 2.2). The additional spectra from the latter two syg\ae also processed in the same way as
for the LSS-GAC sources with the LSP3.

2.2 TheRC Sample
2.2.1 Anoverview of RC stars

The helium burning RC statsare an easily recognizable feature in the color-magnituagram
(CMD) of intermediate- to old-age stellar populations thigg low-mass but metal-rich. RC stars are
considered to be standard candles since their absolutedsities are fairly independent of their
stellar chemical composition and age (e.g. Cannon 197&yfaki & Stanek 1998). With an ac-
curate calibration of absolute magnitudes from severatirethlocal RC stars using thipparcos
(ESA (1997)) parallaxes that have become available, RG &t@re become popular distance indi-
cators and have been widely used to obtain precise distandbs Galactic Center (Paczyhski &
Stanek 1998) and the Local Group of galaxies (e.g. LMC by yaal. 2012; M31 by Stanek &
Garnavich 1998). The key to this method is a notable ovesitiefeature easily identifiable in the
CMD of stars in those distant objects due to the presenceavfia humber of RC stars at nearly the
same distance.

However, identifying individual RC stars among the numearéiald stars is not an easy task.
Field RC stars are spread over a wide range of distances aneligno apparent over-density in
the CMD of field stars that can be used to single out the RC mesnBertunately, high-resolution
spectroscopic analysis of nearby RC stars shows that tleayistributed in a relatively “small box”
in the T,gz—log ¢ diagram (i.e. HR diagram) of800 < T.¢ < 5200K and2.0 < logg < 3.0 (e.g.
Puzeras et al. 2010). This is simply becailisg is an excellent proxy of stellar color wherdag g
is sensitive to the stellar absolute luminosity. Recentith values ofT,.¢ andlog g available from
large-scale spectroscopic surveys that include large ewsrds field stars, it has become feasible to
select a large number of field RC candidates. RC candidaiss#iected have been widely used to
study the metallicity gradients and stellar kinematicef Galactic disk(s) (e.g. Siebert et al. 2011;
Bilir etal. 2012; Williams et al. 2013; Bienaymeé et al. 2Q1H4owever, stars falling inside that “small
box” are not purely RC stars and have significants0%; Williams et al. 2013) contamination from
the red giant branch (RGB). The differences in absolute ritadgs between RC and RGB stars
can be larger than 1 mag and this can lead to large systemiatis @ distances for the selected RC
sample stars. More recently, a new method has been propp&a/ et al. (2014, hereafter B14) to
select a clean RC sample from large-scale spectroscogicia method first separates the RC-like
and RGB stars using cuts on a metallicity-dependépt-log g diagram, assisted by using stellar
isochrones and calibrated with high quali<gpler asteroseismitog g (e.g. Creevey et al. 2013) as
well as high precision stellar atmospheric parameters tt@APOGEE survey (Pinsonneault et al.
2014). Second, secondary RC stars (i.e. high mass heliuningustars ignited non-degenerately)
are then removed from the RC-like stars via cuts on a meitgl{&) —color (J — K)o diagram.
The expected purity of the final RC sampleX®$3 % and the typical distance errors are within 5—
10%. The key point of this new method in selecting a clean Rfipéais accurate values of surface
gravity log g. Unfortunately, it is difficult to apply this method to thercent LSS-GAC data given
the relatively large systematic plus random erre¢r<)(2 — 0.4 dex) oflog g estimates delivered by
the LSP3, as shown by a recent comparison of LSP3 and asgmiség ¢ values for common
objects in the LAMOSTKepler fields (Ren et al. 2015, in preparation). As we shall showr late
(Section 2.2.2) there are also significant deviations betiieg—log g values yielded by the LSP3
and those predicted by the PARSEC stellar isochrones (@nestsal. 2012) of LSS-GAC DR2 red

2 RC stars of interest here refer to those in which the heliumihg is ignited following a helium flash that breaks the
degeneracy of the helium core.
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giant stars for a typical metallicity [Fe/H]=0.3. Therefore, for selecting a clean RC sample from
the LSS-GAC data set, it is necessary to improve the accufdcgP3log g estimates.

2.2.2 Re-determinations of LSP3 log g estimates with the KPCA algorithm

Asteroseismology is very powerful for determining stekarface gravitylog g, and is capable of
yielding values much more accurate than possible with twtional spectroscopic method. Thanks
to theKepler mission (Borucki et al. 2010), asteroseismic valuekgf; for tens of thousands stars
are now available, with a typical error 6f0.02 dex (Huber et al. 2014). This number of stars is
however still orders of magnitude smaller than those thaet ledready been targeted by large-scale
spectroscopic surveys, including LSS-GAC. It will be thesywuseful to calibrate and improve the
accuracy of spectroscopic estimatesl@f g using the much more accurate asteroseismic values.
Very recently, Liu et al. (2015) improved the accuracy (byetdr of two) oflog g estimates pro-
duced by the LAMOST Stellar Parameter Pipeline (LASP; Wu.e2@11; Luo et al. 2015) using a
support vector regression model trained by asteroseis@ic measurements of thousands of giants
from the LAMOST-Kepler fields. Here, a similar effort is presented for the LSP3g estimates.
We re-determine and improve the accuracy of LSP3 estimdtieg g based on a Kernel Principal
Component Analysis (KPCA,; Scholkopf et al. 1998) methadhied with thousands of giants in the
LAMOST—Kepler fields with accurate asteroseisniig ¢ measurements.

Principal Component Analysis (PCA) is a classical statgdtmethod that can convert observa-
tions (e.g. spectra) into a set of linearly uncorrelatetiaybnal variables or principal components
(PCs). The method has widely been used to estimate staitmsaheric parameters (e.g. Singh et al.
1998; Rees et al. 2000; Re Fiorentin et al. 2007). KPCA kelpxtncept of PCA but it can be
extended to nonlinear feature extraction using kernelriggles. Considering the nonlinear depen-
dence of spectral features sy g, KPCA is more suitable than the standard PCA method for the
case oflog g estimation.

To apply the KPCA method to thleg g determinations for a whole spectroscopic sample, it is
necessary to construct a tight relation between the LAMQ®Esa (at the present, only the blue-
arm spectraibetween 3936 \ < 5500A are used) and the corresponding asteroseismic values of
log g with training data. To build up a training sample, we havessrmatched our sub-sample of
about 50 000 stars in the LAMOSKepler fields with the currently available largest asteroseismic
log g (hereaftellog gasT) Sample & 16 000 stars) from Huber et al. (2014). In total 3562 common
sources with spectral S/N (4680 > 10 are identified. For self-consistency, we have used the LSP3
estimates of . and the observed frequencies with maximum powgr.{) from Huber et al. (2014)
to re-estimate values dfg g for the 3562 common sources, using the asteroseismic gaeliation
Vmax X gTe_HO'S (Brown et al. 1991; Belkacem et al. 2011). We then trim thimgle of common
sources by requiring that LSRGz g < 3.8, 3500 < Teg < 6000K and [Fe/H]> —1.0, for the fol-
lowing three reasons: (1) The current study is mainly irgte@in the estimation dbg ¢ for red giant
stars including RGB and RC stars; (2) Currently only a smathber of dwarfs have asteroseismic
determinations adlog g; and finally, (3) The surface gravity of metal-poor stardmie/H]< —1.0is
currently poorly determined by the astroseismic scalitatien (Epstein et al. 2014). The trimming
leaves 3267 sources. The 3267 sources are then furtheediiritb two groups: a training sample
and a control sample. For the training sample, we select $&65 with spectral S/N (465b >50
to minimize the effects of spectral noises and of errors iRR Stellar atmospheric parametétg

3 In principle, red-arm spectra should also be included gthai the stars of concern here are mainly red giants that are
bright in the red and thus generally have high spectral SRsever, considering that the sky subtraction of the cdrren
LAMOST 2D pipeline (Luo et al. 2015) still suffers from someplems in the red and the fact that most stars typically have
few spectral features in red, we have opted to consider treednim spectra in the current study. In the future, with oapd
sky subtraction, we expect that including the red-arm spexn help improve the results.
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and [Fe/H] in the training process. The remaining 1912 starsstitute the control sample, which
will be used to test the accuracylof g determined with the KPCA algorithm.

To extract information on stellar surface gravity from theNIOST spectra, we assume a KPCA
model (with a Gaussian kernel) that has 25 P&s¢ = 25, when constructing the relation between
log gasT and the LAMOST blue-arm spectra with the training samplec = 25 is chosen in
the KPCA model to achieve a tradeoff between reducing theitn@gresidual and retaining a rela-
tively high accuracy in the estimate lofz g for LAMOST spectra at low values of spectral S/N (see
Appendix A). In the training proces$,g and [Fe/H] are fixed to the value yielded by the LSP3. The
model fits the data well, generating residuals of on@.1 dex, as shown in Figure 1. In addition, the
figure shows that the residuals exhibit no obvious systentatind as the LSPB.¢ and [Fe/H] vary.
However, we caution that the residuals show a weak trendeaastteroseismiog g varies from 2.5
to 3.5. The reason is unclear but the trend does not affeceteetion of RC stars (see Fig. 5). To
test the accuracy of KPChg g values, we use the relation generated by the training saappléed
to the control sample. The results are shown in Figure 2. Tifereinces between KPCA and aster-
oseismidog g are less than 0.15 dex for spectral S/N (4@5(} 18 and less than 0.10 dex for S/N
(4650A) > 30. Thus the accuracy of KPClg g estimates are about a factor of two better than the
LSP3 values. The test shows that there are no obvious syttsroger the whole parameter space
(atmospheric parameters as well as S/N ratios) spannecttpotitrol sample.

We now apply the above model to the LAMOST blue-arm spectdarasdeterminéog g values
for all LSS-GAC DR2 red gianfausing the relation constructed from the training samplés Jields
newly derived KPCAog g values for over 0.35 million LSS-GAC DR2 red giahtsith spectral S/N
(4650A) > 10. As another test of the accuracy of the newly derived KRG#y estimates, we plot
the differences of KPCAog g values yielded by- 6500 pairs of duplicate observations with similar
S/IN (4650&) as a function of S/N in Figure 3. The results are quite samib those found for the
control sample. Again, this indicates that our newly dedi¥é®CA log g values are about a factor
of two more accurate than those of LSP3. We also find that thelidam constructed using the
LSP3T.g4 and the newly derived KPChog ¢ for our sample stars is in excellent agreement with the
prediction of the PARSEC stellar evolution model, as shawRigure 4. As mentioned before, the
position of the RC clump in the original HR diagram constegctvith LSP37 . and log g deviates
significantly from that predicted by the PARSEC model.

2.2.3 Selection of RC stars

As described above, the newly derived KPG4 g values, with much improved accuracy (both in
random and systematic errors), have greatly reduced tfexeliices between the observed and pre-
dicted position and morphology of the RC clump on the HR diagrthus enabling us to select a
clean RC sample following the method proposed by B14. Rogibtain a set of cuts that distinguish
RC from RGB stars on th&.g — log g diagram, we cross-identify red giants from the LAMOST-
Kepler fields with those from Stello et al. (2013), in which the evmnary stages of stars have been
classified based on the frequencies and spacings of theygravde measured from théepler light
curves. This leads to 600 stars in common with LAMOST spé&iitd (46505\) > 40 (hereafter the
LAMOST-EVOLUTION sample or LE sample for short). The S/N ésito ensure that the stellar
atmospheric parameters are accurate enough, especal{PtGAlog g values (better than 0.1 dex
under this cut). The LE sample stars are mostly classifiedtejoSet al. (2013) as either ‘RC’ or
‘RGB,’ with only a few classified as ‘UNKNOWN'. Unlike B14, whuse cuts defined with the
asteroseismic and spectroscopic estimatee®f values, we opt to define the cuts using the LE

4 Red giants are selected from the whole LSS-GAC DR2 samphg tise same set of stellar atmospheric parameter cuts
as for the training sample, i.bbg g < 3.8, 3500 < T <6000 K and [Fe/H]> —1.0.

5 This includes targets from the LSS-GAC as well as stars ftwrspheroid part of the LEGUE and the LAMO%Epler
fields.
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Fig.1 Distributions of values of residualkyg gkrca — log gast, of the training sample as a func-
tion of LSP3T.s and [Fe/H] panels a and b, respectively) and of asteroseisnmig; g (panel c).
Panel (d) shows a histogram distribution of the residubllack line). Also overplotted in red is a
Gaussian fit to the distribution. The mean= 0.00 dex and dispersioa = 0.10 dex of the fit, as
well as the number of stars used,= 1355, are marked. For the current KPCA analy$ig;,c = 25

is assumed. See the text for details.
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Fig.2 Differences in the KPCAog g estimates and asteroseismic values for the control sample,
plotted as a function of spectral S/N (4650 The blue dashed lines indicate differenc®$og g =

+0.1 dex. The means and standard deviations of the differendég imdividual S/N (465(5\) bins
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Fig.3 Differences of KPCAlog g estimates produced by duplicate observations with sinsi/af
(4650A) plotted as a function of S/N (4658). The blue dashed lines indicate differencesog g =
+0.1 dex. The means and standard deviations of the differendi iimdividual S/N (465@) bin
(binsize= 8) are oveplotted as red dots and error bars, respectivgbinANpc = 25.
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Fig.4 Pseudo-color HR diagrams of red giant stars from the LSS-GR@. Only stars with LSP3
metallicity [Fe/H] between-0.4 and—0.2 (where the metallicity distribution of our red giant sample
peaks) are included. Effective temperatures are thosen diyethe LSP3. In the left panelpg g
values are from the LSP3, whereas those in the right panaeksavly derived with the KPCA method.
Also overplotted are the PARSEC stellar isochrones forHlFe/ —0.3. Different colors represent
different stellar ages (1-2 Gygreen crosses; 2—6 Gyr,blue crosses; 6—10 Gyr,red crosses).

sample, relying directly otog g values determined with the KPCA method, together With and
[Fe/H] yielded by the LSP3. With this change, there is neithe need to introduce an additional
cut that corrects for the systematic difference betweeasteroseismic and spectroscopic estimates
of log g (e.g. the additional cut given by eq. (9) in B14), nor the naedccount for the possible
systematic differences between the PARSEC and spectrios@pes of the other atmospheric pa-
rametersT.¢ and [Fe/H]). The cuts defined here are therefore more stfaigiard and appropriate
for real observed data.

Figure 5 compares the distribution on thgr — log ¢ HR diagram of the LE sample stars with
that predicted by the PARSEC stellar isochrones for two Higtgt bins. The predicated distribu-
tion is generated assuming, similar to B14, a lognormal @kaf2001) for an initial mass function
(IMF), a constant star formation history (SFH) with ageslédsan 10 Gyr and a metallicity dis-
tribution function (MDF) that matches that of the LE sampigrs in the two metallicity bins. As
Figure 5 shows, the distribution of RC-like stars, wlith g values roughly between 2.5 and 2.9, and
that of RGB stars, as classified by Stello et al. (2013), ighbuin agreement with the predicted
distribution from the PARSEC stellar evolution model exidep some small systematic differences
between the LSP3 and PARSEC values/pf, and is well separated from that of RGBs as well.
Finally, ignoring those stars classified as an ‘UNKNOWN'’ iemnary stage, we derive the follow-
ing cuts as given by the following two equations that maxertize product of completenegs,mp
(= NE&/NRE ~ 96 %) and purity fourity (= 1 — NR&g /NS ~ 95%),

1.8 <logg < 0.0009 dex K~ {Tog — TR ([Fe/H])} 4 2.5, (1)

where
TR ([Fe/H]) = —876.8 K dex ' [Fe/H] + 4431 K. (2)
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Table 1 Values of purity and completeness in selection of RC-likesstinder different uncertainties
in errors oflog g measurements for the cuts given by Egs. (1) and (2).

Tlog ¢ (dEX) 0.1 0.15 0.20 0.25 0.30
S/N* > 40 20 18 15 10

Spurity 94 + 1% 89 + 1% 83 + 2% 78 £ 2% 74 £ 2%
feomp 96 £+ 1% 90 £+ 2% 83 + 2% 78 £ 2% 74 £ 3%

Notes:*S/N ratios required by the KPCA method to achieve the comeding uncertainties itbg g mea-
surements listed in the first row of the table.

N4 represents the total number of real RC stars, Aggl and NS¢l the numbers of RC and RGB
stars that pass the cuts of Equations (1) and (2), respbctiVd’] is the sum of N3¢l and N385,
which represents the total number of stars passing the cuts.

Figure 5 shows that the cuts developed by B14 (green lindseifigure) are not fully suitable
for our data because their cuts reject some real RC starg ilower temperature range but include
some RGB stars as RC stars in the higher temperature randeaWealso plotted Figure 5 using the
asteroseismic values tfg g from Huber et al. (2014) for the LE sample stars but did not &ng
significant difference from what is shown here. This indésahe difference between our current cuts
and those of B14 cannot be caused by the usage of KBgA This difference in cuts is possibly
caused by the systematic differences in valueg gfas yielded by the LSP3 and given by PARSEC,
as mentioned earlier.

To examine the performance of our cuts for different errarbg ¢ measurements, we use a
Monte Carlo method to simulate the selection process uniffereht errors inlog g and derive
the corresponding values ¢fomp and fpuity. Here we assume that the uncertainties in the LE
sample stars have a minimum value of 0.1 dex (almost the bestacy achievable using the KPCA
method), based on the test results presented in Sectichukihg the control sample and duplicate
observations. Values of.omp and fuity for larger errors are then derived by randomly assigning
larger errors tdog g values of the LE stars and repeating the selection with Egus(1) and (2)
10000 times. The results are presented in Table 1. In Table have also listed the spectral S/N
(4650A) ratios required by the KPCA method in order to achieve thd uncertainties dbg g
measurements. With the cuts developed in the current welamnount of contamination from RGB
stars is half that of the selection using a “small box” suchvaat was adopted by Williams et al.
(2013). Even withlog g having measurement uncertainties as large as 0.3 dex, asgoodacy is
achievable with the KPCA method for a spectral S/N (4@50atio as low as 10.

As shown in Figure 5, the region where RC-like stars fall shiomwo distinct features: a clump
of stars with almost constahig g = 2.5 and4600 < T, < 4850K (i.e. the main RC stars) and a
skewed tail of stars with.5 < log g < 2.9 and4800 < T.¢ < 5000K (i.e. the secondary RC stars
with fainter luminosities). The secondary RC stars are tertdard candles and their luminosities
are a function of mass (age). We need to remove them from otiikiRGtar sample to ensure that
the distances provided by the sample stars can be determieeidely and simply.

To remove secondary RC stars and low surface gravity RGB,st& adopt the colofJ —
K)o—metallicity Z® cuts as developed by B14 using the PARSEC stellar evolutiodetn The
cuts try to select stars that have a nearly constant absolagaitude with & dispersion< 0.1 mag
and eliminate those non-standard candles, including skeecgrRC, RGB and AGB stars. For a
more detailed description, please refer to section 2.2 of. Kince the cuts are purely based on
the stellar evolution model, empirical examination is riegd to eliminate potential discrepancies,
if any, between the model and observations. To test the wdsagain use the LE sample. For
consistency, we first apply the cuts of B14 on g — log g diagram to the LE sample to select

6 Z is converted from [Fe/H] using the equation given by Bertlial. (1994), assuming = 0.017.
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Fig.5 Distribution of stars on thé&.« —log g HR diagram predicted by the PARSEC stellar evolution
model with assumptions as described in the text (grey scade)pared to those of the LE sample
stars €olored points), for two metallicity bins as marked. Values @ts and [Fe/H] for the LE
sample stars are from LSP3 and thosd®fg from the KPCA method. Red, magenta and blue
points represent stars in the RC, RGB and unknown evolutystages, as classified by Stello et al.
(2013), respectively. The blue dashed lines representttseticat separate RC stars from the less
luminous RGB stars as given in Eqgs. (1) and (2). The greenediléies give the cuts adopted by

B14.
QOB T T T TT T T T T T L LA L B B B Y
[ ® Main RC
[ ® Secondary RC
[ ®RGB
0.05F
0.04F
~ 0.03F
0.02f,
0.01F
0.00E.==
0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80
(J-Ku)o

Fig.6 Distribution of RC-like stars in the colofJ — K;)o—Z plane, using 2MASS photometric
measurements and LSP3 metallicities. Dots in red, blue esehgepresent the main RC, secondary
RC and RGB stars, respectively. The red dashed lines aréopexdeby B14 to eliminate the con-
tamination of secondary RC stars. The blue dashed line isewised cut developed in the current
study as a replacement for the lower red dashed line.
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RC-like stars using the asteroseisrhig g values. After correcting for the interstellar extinction a
estimated with the ‘star pair’ method (see Yuan et al. 20th&)distribution of selected RC-like stars
inthe (J — K)o —Z plane is shown in Figure 6. The photometric magnitudes oftaes are taken
from 2MASS (Skrutskie et al. 2006) and their metallicitiesi the LSP3. By definition, secondary
RC stars have masses 2 M, and main RC stars have masses2 M. Again with masses also
estimated by Stello et al. (2013), we divide the RC-likesstato two groups: main and secondary
RC stars. As Figure 6 shows, the contamination of RGB starexpected, is negligible but that of
secondary RC stars is significant. Luckily, compared to riRdirstars, secondary RC stars belong to
a young and metal-rich population with large masses. As aemqurence, they occupy the bluer and
more metal-rich part of the color—metallicity diagram. Maind secondary RC stars can be well
separated using a cut given by the following equation asqueg by B14 (the upper red dashed line
in Fig. 6),

Z < 2.58(J — K)o — 0.400]® + 0.0034 . (3)

However, Figure 6 also shows that the lower cut of B14 (thestowd dashed line in Fig. 6), de-
signed to reject RGB stars with high surface gravity, seenadso eliminate a considerable fraction
of real main RC stars. This is possibly caused by discreparm@tween model and observations. To
correct for this, we adjust the lower cut of B14 to (the blustdad line in Fig. 6),

Z > 1.21[(J — K)o — 0.085)° + 0.0011 . (4)

2.2.4 The RC sample

With T and [Fe/H] estimated with the LSPIBg g derived with the KPCA method and — K)o
calculated from 2MASS photometrafter being corrected for extinction as estimated with giar'
pair’ method (Yuan et al. 2015), we apply the cuts defined hyafgns (1)—(4) to the LSS-GAC DR2
red giant sample and obtain a clean RC sample of about 0.libmstars with S/N (465@) > 10.
The distances of these RC stars are derived using the regération, M, = —1.61mag, for a
nearby RC sample (Laney et al. 204.5ince the intrinsic scatter in absolute magnitudes of REst
is estimated to be within 0.1 mag, the distances derived>greated to have uncertainties no more
than 5—10 %, given a typical photometric error00.05 mag in thé<{;-band and an extinction error
of ~0.04mag inE(B—V) (see Yuan et al. 2015). Proper motions of the sample stataler from
the UCAC4 (Zacharias et al. 2013) and PPMXL (Roeser et alOp€4dtalogs. Given the high preci-
sion in distance and large spatial coverage (Fig. 7) of theeatiRC star sample, it is not only useful
to address the problem of metallicity gradients in the Galatisk of concern here, but can also be
used to tackle a variety of problems with regard to Galadtiectures and dynamics. The sample
will be made publicly available at the websitéttp://162.105.156.249/site/data/RC_Sample).

In order to obtain accurate metallicity gradients of theagtt disk(s) of concern here, we
restrict the current analysis to a subset of the RC sampig with S/N (465) > 15, to ensure a
sufficiently high accuracy of [Fe/H] determinations, ancaklisminate possible contaminations from
halo stars with [Fe/HK —1.0 dex (which is also the lowest range of [Fe/H] that the KPCA el
can be applied fotog g estimates). Finally, a total of 74280 unique RC stars arecgad. The
number density distributions of this adopted sample of RiEssih theX —Y and X —Z Galactic
planes are presented in Figure 7. Héfe Y and Z are coordinates of a right-handed Cartesian
coordinate system with its origin at the Galactic centee Xhaxis passes through the Sun and points
towards the Galactic Center, thgaxis is in the direction of Galactic rotation and tHeaxis points
towards the North Galactic Pole. The Sun is locatedatY(, Z) = (— Ry, 0, 0), whereR, = 8 kpc.

7 Only stars withph_qual flagged as ‘A’ in bothJ and K5 bands are included.

8 B14 assign absolute magnitudes to RC stars based on théiopssn the (J — K)o —Z plane. However, we find
that the absolute magnitudes of RC stars predicted by tHarstgolution model are almost constant except for thogesu
metal-rich casesq > 0.04, i.e. [Fe/H}> 0.4 — 0.5 dex; see fig. 3 of B14), which are very rare in our RC sample.
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Fig.8 Mean metallicity [Fe/H] as a function dtcc and|Z| deduced from our RC sample, binned
by 0.40x 0.25kpé in Rac and|Z|, respectively.
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As Figure 7 shows, our RC sample covers a volumetd < X < —6 kpc,—4 <Y < 5 kpc and
-3< Z < 3kpc.

We note that the current RC sample is largely a magnitudédarsample. Considering that the
absolute magnitudes of RC stars are quite insensitive torbetallicity and age, we believe that any
potential population effects that may be present in our $ai@ unlikely to significantly affect the
metallicity gradients derived from this sample. In additithe cuts that define the RC sample in the
current selection exclude stars with ages younger than Ji@ythose relatively massive and young
secondary RC stars) and halo stars with metallicities paben —1.0 dex. The current sample is
expected to be mainly composed of intermediate-age sténgypical ages between 1.0 and 4.0 Gyr
if one assumes a flat SFH and a solar-neighborhood MDF (Casdgtet al. 2011; see section 5 of
B14 for a more detailed discussion).

3 RESULTS
3.1 Spatial Distribution of Mean Metallicities

The spatial distribution of mean metallicities of the RC gdain 0.40x 0.25 kp@ bins, with at least

five stars in each bin, in terms of the projected Galactogeradius (R¢ ) and the distance from the
midplane (Z|), is presented in Figure 8. For each bin, the mean [Fe/H]iiwekk Figure 8 shows
several obvious features:

(1) A gradientin both the radial and vertical direction isdent, especially near the solar circle;

(2) By the midplane, the radial gradient near the solar eirglsteeper than that in the outer disk
(see Sect. 3.2);

(3) The radial gradient flattens as one moves away from thelame (see Sect. 3.2);

(4) The vertical gradient near the solar circle is steepen that at larg&icc (see Sect. 3.3).

To describe those features of the spatial metallicity ithistion in a quantitative manner, we
measure the radial and vertical gradients separately &diffierent regions of the disk in the fol-
lowing subsections.

3.2 Radial Metallicity Gradients

The radial and vertical gradient&[Fe/H]/ A Rgc andA[Fe/H]/ AZ, are generally correlated with
each other. Fortunately, with a large, contiguous disk masampled by a large number of stars
in hand as in the current case, it is now possible to deterthimeadial (vertical) gradient in a thin
vertical (radial) slice (annulus), and thus quantify théatéons in both directions independently.

To derive the radial gradient from our RC sample, we dividegtars into bins with constant
height,A|Z| = 0.2kpc, except for the innermost bin wittf| < 0.1 kpc and the two outermost
binswith1.9 < |Z| < 2.4kpcand2.4 < |Z| < 3.0, respectively. For each bin, a straight line is
adopted to fit the mean metallicities of the individual rddianuli as a function oRqc. The slope
of the straight line gives the radial gradient. To ensuredlzge a sufficient number of stars in all
radial annuli, the binsize in radial direction is allowedmsry. We require that the radial binsizes are
no thinner than 0.2 kpc and each radial annulus containsssdien 50 stars.

Motivated by the previous findings that the metallicity aions in the radial direction across
the entire range of the disk may not be captured by a singfeesloe, inspired by Magrini et al.
(2009), divide the whole disk into three parts: Region A vith< Rgc < 6kpc, Region B with
6 < Rgc < 11.5kpcand Region Cwithl.5 < Rge < 22kpc. Region A is not covered by our
RC sample, thus we only determine the radial gradients ofdRed3 and C for the aforementioned
individual height bins. The results are presented in Figur&he figure shows that, close to the
midplane (Z| < 1.0 kpc), the gradients of Region C are flatter than those of ReBioFor the
upper disk (Z| > 1.0 kpc), the radial gradients found for Regions B and C becomepeoable.
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Fig.9 Metallicity distribution as a function oR¢ ¢ in the individual disk height bins derived from

our RC sample. The red dashed lines divide the disk into twtspRegion B near the solar circle

and region C for the outer disk, as marked at the top of the tlunens of the plots. Red boxes are
the mean metallicities in the individual radial annuli. Tietallicity gradients of Regions B and C
are fitted separately, each by a straight line. The resudtsiaown by red solid lines. The gradients
and errors thus derived are also marked near the bottom bfpearel.

Figure 10 plots the radial gradients measured in RegionslEaas a function ofZ|. For Region
B, the radial gradient flattens with increasifi. It has a negative gradient ef0.08 kpc dex ! at
midplane and a marginally positive gradientidi2 kpc dex ! at~2.5 kpc away from the midplane.
For Region C, the gradient is essentially constant, withlaevaf —0.014 + 0.008 dex kpc .

3.3 Vertical Metallicity Gradients

To study the spatial variations of vertical gradients arsb @b minimize the effects of radial and
vertical gradients on the determination of the verticabiggat, we divide the RC sample into annuli
with width 1 kpc in theRgc direction, except for the most distant annulus ok1Bgc < 15kpc.
To derive the gradients, we calculate the mean metallécdfehe individual height bins. The binsize
in height|Z| is allowed to vary but set to be no less than 0.2 kpc and eacbduitains no less than
50 stars. Again, a simple straight line is used to fit the datd,the gradient is given by the slope of
the fit.

The results are presented in Figure 11. The derived vemgicaients as a function dRcc
are presented in Figure 12. It shows that the vertical gradi@tens with increasingcc. To better
understand the spatial variations of the vertical gradiesgecially if there is any difference between
the thin and thick disks, we further calculate the verticaldients for the lower|¢| < 1 kpc) and
upper disk { < |Z| < 3 kpc) separately. The separation is chosen to be 1 kpc, whereansition
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boxes the measurements by Boeche et al. (2014) using RAVERE s

zone is located between the thin and thick disks given tlgaiesheights (300 pc for the thin disk and
900 pc for the thick disk; Juri¢ et al. 2008). As Figure 12whpowe find that the vertical gradient
of the lower disk flattens more quickly than that of the upgek dAt Rqc > 10.5 kpc, the vertical
gradients of the lower disk diminish to zero and even becoosdipe, while those of the upper disk
remain negative and only change slowly witlc.

4 DISCUSSIONS

The LSS-GAC DR2 RC sample presented here allows us to igegstihe radial and vertical gradi-
ents over a large volume of the Galactic disk, especiallyuter region. In the following subsections,
we will compare our results to previous determinations aisduss their implications for Galactic
disk formation and evolution.

4.1 Radial Metallicity Gradients

The gradients near the solar circle (i.e. Region B) are wetkianined in the current study given the
large number of RC stars with accurate distances asseméledtear the midplangf| < 0.1 kpc),
the radial gradient measured from our RC sample has a valo@g&# + 0.003 dex kpc !, which
is in excellent agreement with the resultiof9 + 0.01 dex kpc ! obtained by B14, also using RC
stars near the midplangq| < 0.05kpc) with a similar coverage dRgc. Our results show that the
radial gradient flattens with increasing disk heighit. A similar trend has been found by a number
of recent studies (e.g. Cheng et al. 2012; Anders et al. ZBddche et al. 2014; Hayden et al. 2014).
In Figure 10 we have also overplotted the radial gradien@sueed at different height&| by
Anders et al. (2014) using APOGEE red giants and by Boechk @&@4) using RAVE RC stars.
Their measurements are generally in good agreement witresults. If one assumes that thin disk
stars are concentrated more closely near the midplane licdndisk stars, the trend in variations
of radial gradient withHZ| may suggest that the thin disk has a negative radial métalicadient
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Fig. 11 Distributions of metallicities, plotted as a function|¢f|, deduced for the individual annuli
of Rce from the RC sample. The red dashed lines divide the disk intoregimes: the lower
(|1Z] < 1kpc) and upper|¢| > 1kpc) disk. Red boxes show the mean metallicities in the idd&
vertical bins. The linear fits to the data from the lower angearpdisks are shown by green lines,
while those for the whole disk height are plotted in red. Thedgents yielded by the fits are also
marked in each plot, with the color indicating the fit.
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Fig.12 Vertical gradientsA[Fe/H]/AZ, plotted as a function aRcc, deduced for different ranges
of disk height|Z| (red: |Z| < 3kpc; blue:|Z| < 1kpc; and magentat < |Z| < 3Kkpc).
The lines connecting the data have been smoothed over ttji@eeat points. The gold triangles are
measurements from Carrell et al. (2012) using SEGUE F/G/Krtbwith1 < |Z| < 3kpc.

while the thick disk has no radial metallicity gradient. bidition, as Figure 9 shows, the data points
in RegionB are in general well described by a straight linthvai single slope, while the mean
metallicities at the inner radial annuk(@ kpc) show some deviations from this slope and tend to
exhibit a flatter slope even for height bins close to the nadpl Similar results have also been found
recently by Hayden et al. (2014) using APOGEE red giantsaaets. This flattening of the gradient
in the inner region is possibly caused by the existence ohaaar that mixes stars from different
populations, as suggested by Hayden et al. (2014).

For the outer disk (i.e. Region C), as described earlierptiegious studies are not conclusive
with regard to whether the gradient is flatter near the satatecowing to the poor sampling of the
available data. In the current study, with a large number@fsiars sampling the outer disk, we are
able to confirm that the metallicities in the outer Region €essentially constant, and the gradients
derived are indeed less steep than those found for the dotée.cThe different trends in radial
gradients as a function 9| between Region B and C, as shown in Figure 10, may suggest that
these two parts of the disk may have quite different evohaiy paths, resulting from, for example,
infalling gas enriched in the halo (e.g. Chiappini et al. 2QQhe presence of non-axisymmetric
structures (e.g. a central bar, long-lived spiral arms;®cgrano & Lépine 2013), or a merger event
in the outer disk (e.g. Yong et al. 2005).

4.2 Vertical Metallicity Gradients

The vertical gradients are poorly determined in previousliss. Most of those studies find a
steep gradient near the solar circle, for exampl6,23 dex kpc! by Bartasiute et al. (2003),
—0.30 dex kpc™! by Chen et al. (2003) and0.29 dex kpc! by Marsakov & Borkova (2006).
Those values are all slightly steeper than our result neasdkar circle. The discrepancies are pos-
sibly caused by the fact that the tracers used by those fesitlidies cover a wide range & and

the vertical gradients are deduced without binning the @atdrc. Thus the values derived may
be affected by the presence of a radial gradient that we havasbed in Section 3.2. The different
age distributions of tracers used in different studies@algo be responsible for the discrepancies.
For the samerc or | Z| range, our results are in excellent agreement with the pus\studies. As
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Figure 12 shows, the vertical gradients derived using iiffeRc ¢ for the upper disk from our RC
sample are comparable to the measurements by Carrell @0d12) using SEGUE F/G/K dwarfs
with heightsl < |Z] < 3kpc.

In the current study, we find for the first time that the veitg@dients of the lower disk)(<
|Z] < 1kpc) flatten with increasing?cc more quickly than those of the upper disk € |Z| <
3kpc). This result should provide important constraints loé formation scenarios of the thin and
thick disks.

5 CONCLUSIONS

With improvedlog ¢ measurements obtained with a KPCA method trained by accasieroseis-
mic data from the LAMOST Kepler fields, we have assembled hitherto the largest clean sarhple o
RC stars, selected from the LSS-GAC DR2. The sample contai®s70 000 objects of intermedi-
ate ages, with a typical distance uncertaintypefl0%. The sample stars cover a significant disk
volume of projected Galactocentric radik Rqc < 14 kpc and heights from the Galactic midplane

0 <|Z| <3kpc. With this RC sample, we have measured the radial anitabmetallicity gradients
and studied their spatial variations. The main conclusadriBe current study are as follows:

(1) Both the radial and vertical gradients are negativesscnauch of the disk probed. The gradients
also show significant spatial variations;

(2) Near the solar circle’(< Rac < 11.5kpc), the radial gradients flatten as one moves away from
the Galactic plane;

(3) Inthe outer disk{1.5 < Rac < 14 kpc), the radial metallicity gradients do not show cleaii-var
ations with| Z|, and have an essentially constant value-6f014 dex kpc! that is much shal-
lower than near the solar circle. This suggests that ther alist may have a very different
evolutionary path;

(4) The vertical gradients also show significant spatialatemns, flattening with increasingqc.
More interestingly, for the first time, we find the verticahdients of the lower disk)( < |Z] <
1 kpc) flatten withR more quickly than those of the upper disk € |Z] < 3kpc).

For the moment, the chemical or chemo-dynamical modelsatdnlty predict the spatial vari-
ations of metallicity gradients found in the current workur@esults suggest that processes such as
radial migration, non-axisymmetric perturbation, andagglmergers may have played a significant
role in shaping the Galactic disk(s). The LSS-GAC surveyni®agoing project and will last until
2017. With more observations becoming available, the sizespatial coverage of our sample will
continue to expand. In addition, more information, esgictae [a/Fe] ratios, will become avail-
able with a newer version of LSP3. As the survey progreshes, $S-GAC survey will no doubt
continue to provide further, stronger constraints on thengical enrichment history of the Galactic
disk(s), and shed light on the formation and evolution of@aaxy.
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Appendix A:

The number of PCs adopted in our current KPCA model,Ngs = 25, is a tradeoff between
the following two considerations. Firstly, a sufficient nlben of PCs is required to construct a tight
relation between asteroseisniig ¢ and LAMOST blue-arm spectral features.

As Figure A.1 shows, whelVp is small, the fit of the residuals shows large systematicetwh
Npc > 25, the fit of the residuals no longer shows an obvious trendeatiinospheric parameters
vary and the standard deviations of the fit residuals slowlgrelase with increasinypc. On the
other hand, a value aVp that is too large will lead to biased estimated@f g under low values
of S/N for the spectra.

As Figure A.2 shows, the systematics become quite signtffoamalues of spectral S/N smaller
than 20 if Npc > 30. Hence, in the current work we have adoptégs- = 25 for the KPCA model
in constructing the relation between asteroseidmyg and LAMOST blue-arm spectral features.
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Fig.A.1 Distributions of values of residualog gkpca — log gas, for the training sample, as a
function of LSP3T.s and [Fe/H] and of asteroseisniieg g for different Npc assumed. The last
panel in each subplot shows a histogram distribution of éseduals flack line). Also overplotted
in red is a Gaussian fit to the distribution. The mean and dsspe of the fit, as well as the number
of stars used, are marked.
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