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disc appears as a puffed-up component extending to a larger heighteast some of — the thick disc is composed of stars originating
above a sharper thin disc (e.g. Burstdi®79 van der Kruit & from the inner Galaxy, where the chemical enrichment happened
Searle1981 Yoachim & Dalcantor2006. Although it is usually faster. In terms of kinematics, thin disc stars are cooler (i.e. with
possible to t the vertical density/luminosity pro le of late-type  smaller vertical velocity with respect to the Galactic plane) and
galaxies as a double-exponential pro le, its interpretation is still a have higher Galactic rotational velocity compared to thick disc
matter of debate. In particular, it is unclear if the thin and thick stars then referred to as kinematically hot. Low rotational velocities
disc in the Milky Way are real, separated structural entities or not (due to larger asymmetric drift) imply higher velocity dispersion for
(e.g. Norris1987 Nemec & Nemecl991 Schbnrich & Binney thick disc stars, which then point to older ages, either born hot or
2009h Bovy, Rix & Hogg2012. These different interpretations on  heated up. In fact, the age—velocity dispersion relation has long been
disc’s decomposition underpin much of the theoretical framework known to indicate the existence of a vertical age gradient (e.g. von
for understanding its origin and evolution. Models in which the thick Hoernerl96Q Mayor1974 Wielen1977 Holmberg, Nordstim &
disc is formed at some point during the history of the Galaxy via an Anderser2007): its direct measurement is the subject of the present
external mechanism (in particular accretion and/or mergers) best t study.
the picture in which the thin and the thick disc are real separated The dissection of disc components based only on chemistry and
entities (e.g. Chiappini, Matteucci & Grattd®97 Abadi et al. kinematic is far from trivial (e.g. Sd@nrich & Binney20090. In this
2003 Brook et al 2004 Kazantzidis et aR008 Villalobos & Helmi context, stellar ages are expected to provide an additional powerful *
2008 Scannapieco et @&009. This scenario acquired momentum  criterion. Also, age cohorts are easier to compare with numerical
in the framework of cold dark matter models, where structures (and simulations than chemistry-based investigations, bypassing uncer-
galaxies) in the Universe form hierarchically (e.g. Searle & Zinn tainties related to the implementation of the chemistry in the models.
1978 White & Rees1978. Thus, the growth of a spiral galaxy =~ From the observational point of view however, even when accurate
over cosmic time would be responsible for puf ng up the disc, also astrometric distances are available to allow comparison of stars with
‘heating’ the kinematics of its stars. In contrast, internal dynamical isochrones, the derived ages are still highly uncertain, and statisti-
evolution (primarily in the form of radial mixing; e.g. S@hrich cal techniques are required to avoid biases (e.g. Pont & Fy@4
& Binney 2009ab; Loebman et al2011) favours the scenario in  Jgrgensen & LindegreR005 Serenelli et al2013. Furthermore,
which the thick disc is the evolutionary end point of an initially isochrone dating is meaningful only for stars in the turn-off and
pure thin disc, without requiring a heating mechanism. Internal subgiant phase, where stars of different ages are clearly separate
sources of dynamical disc-heating, e.g. from giant molecular clouds on the H-R diagram. This is in contrast, for example, to stars on the
or clump-induced stellar scattering, may also contribute to thick disc red giant branch, where isochrones with vastly different ages can <
formation (e.g. Finninen & Flynn2002 Bournaud, Elmegreen & t observational data such as effective temperatures, metallicities =
Martig 2009. Although merger events can happen at early times, and surface gravities equally well within their errors. As a result,
in this picture the formation of the Galaxy is mostly quiescent. so far the derivation of stellar ages has been essentially limited to U
As is often the case, the real — yet unsolved — picture of galaxy main-sequence F- and G-type stars witipparcosparallaxes, i.e. '
formation is more complicated than the simplistic sketches drawn around 100 pc from the Sun (e.g. Feltzing, Holmberg & Hurley
above. The latest numerical simulations indicate that hierarchical 2001; Bensby, Feltzing & Lundstrm 2003 Nordstdm et al.2004
accretion occurring at early times can imprint a signature of hot Haywood2008 Casagrande et a2011). All these studies agree
kinematic and roundish structures. Other processes then factor intoon the fact that the thick disc is older than the thin disc. Yet, only
the following more quiescent phases, characterized by the formationa minor fraction of stars in the solar neighbourhood belong to the
of younger disc stars in a more attened, rotationally supported thick disc.
con guration (e.g. Genzel et @006 Bournaud et aR009 Aumer It is now possible to break this impasse thanks to asteroseismol-
et al.201Q House et al2011; Forbes, Krumholz & Burker2012 ogy. In particular, the latest spaceborne missions sudBicd&oT
Bird et al. 2013 Stinson et al2013. Importantly, high-redshift (Baglin & Fridlund 2006 and KeplerK2 (Gilliland et al. 201Q
observations suggest that, for galaxies in the Milky Way mass range, Howell et al.2014) allow us to robustly measure global oscillation
this might not happen in an inside-out fashion (van Dokkum et al. frequencies in several thousands of stars, in particular red giants
2013. which in turn make it possible to determine fundamental physical
Historically, the study of chemical and kinematic properties of quantities, including radii, distances and masses. Most importantly,
stars in the (rather local) disc has been used to shed light on theseonce a star has evolved to the red giant phase, its age is determined_;
different formation scenarios. Thin disc stars are observed to be to good approximation by the time spentin the core-hydrogen burn- £
on average more metal-rich and less alpha-enhanced than thicking phase, and this is predominantly a function of the stellar mass. &
disc stars (e.g. Edvardsson et 8893 Chen et al.2000 Reddy Although mass-loss can partly clutter this relationship, as we will
et al.2003 Fuhrmanr2008 Bensby, Feltzing & OeR014). Due to discuss later in the paper, to rst approximation the mass ofared &
stellar evolutionary time-scales, the enrichment in alpha elementsgiant is a proxy for its age. In addition, because of the intrinsic
happens relatively quickly (e.g. Tinsl&®79 Matteucci & Greggio luminosity of red giants, they can easily be used to probe distances
1986. Thus, for the bulk of local disc stars, it is customary to up to a few kpc (e.g. Miglio et aR013h.
interpret this chemical distinction into an age difference [but see  This has profound impact for Milky Way studies, and in fact syn-
Chiappini et al. 2015 and Martig et al. 2015 for the possible ergy with asteroseismology is now sought by all major surveys in
existence of local outliers]. In this picture, the thick disc would be stellar and Galactic archaeology (e.g. Pinsonneault 044 De
the result of some event in the history of the early Galaxy and thus Silva, Freeman & Blad-HowthorB015. With similar motivation,
metal-poor and alpha-enhanced. This interpretation however haswe have started the $tmgren survey for Asteroseismology and
been recently challenged by the observational evidence that alpha-Galactic Archaeology (SAGA; Casagrande et2014 hereafter
enhanced thick disc stars may also extend to super-solar metallicitiesPaper ) which so far has derived classic and asteroseismic stellar
(e.g. Feltzing & Benshy2008 Casagrande et a011 Trevisan parameters for nearly 1000 red giants with measured seismic oscil-
et al. 2011, Bensby et al.2014. This can be explained if — at  lations in theKepler eld. In this paper, we derive stellar ages for
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Age stratigraphy of the Milky Way disc 989

the entire SAGA asteroseismic sample, and use them to study thestars which have oscillations measureddapler, dubbed the aster-
vertical age structure of the Milky Way disc. Our novel approach oseismic catalogue. Note that the stars for wh{eipler measured
uses the power of seismology to address thorny issues in Galacticoscillations were selected in a non-trivial way. By comparing the
evolution, such as the age—metallicity relation, and to providé&u properties of the asteroseismic and full photometric catalogues, wes
measurements of stellar ages at different heights above the Galactican assess th€eplerselection function (Section 3).

plane, at the transition between the thin and the thick disc. The Before addressing th&eplerselection function, we brie y recall
study of the vertical metallicity structure of the disc with SAGA the salient features of the full photometric and asteroseismic cata- %
will be presented in a companion paper by Schlesinger et al. (in logue. For the asteroseismic catalogue, we also derive stellar agess’
preparation). and discuss their precision.

The paper is organized as follows: in Section 2 we review the
SAGA survey, and present the derivation of stellar ages for the seis-
mic sample. In Section 3 we investigate the selection function of
theKeplersatellite, and identify the colour and magnitude intervals
within which the asteroseismic sample is representative of the un- The full photometric catalogue providesby photometry for sev-
derlying stellar population in the eld. This allows usto de ne clear eral thousands of stellar sources down to a magnitude completenesg
selection criteria, which are then used in Section 4 to derive vertical limitof y  16. The asteroseismic catalogue is a subset of the targets®
mass and age gradients. We provide raw gradients, i.e. obtained byin the full photometric catalogue, and thus the data reduction and §
simply tting all stars that pass the selection criteria in Section 4.2. analysis is identical for all stars in SAGA. In this work, for both the
The biases introduced by our target selection criteria are also as-asteroseismic and the full photometric sample (or any subsample ex-3
sessed, and gradients corrected for these effects are presented itrtacted from them), we use only stars with reliable photometry in all
Section 4.3. The implications of the age—metallicity relation and of uvbybands (P g= 0 ag, seealso g. 4 inPaper). This requirement
the age distribution of red giants to constrain the evolution of the excludes stars whose errors are larger than the ridge-lines de ned
Galactic disc are discussed in Section 5. In Section 6 we suggest usby the bulk of photometric errors, as customarily done in photo-
ing secondary clump stars as age candles for Galactic archaeologymetric analysis, and does not introduce any bias for our purposes.
Finally, we conclude in Section 7. Furthermore, we have veri ed that the fraction of stars excluded
as a function of increasing mag is nearly identical for both the
asteroseismic and the full photometric sample. This is true for the
two samples as a whole, or when restricting them only to giants.
The purpose of the SAGA is to uniformly and homogeneously A ag also identi es stars with reliable [FeH], i.e. those objects
observe stars in the $imgrenuvby system across thigepler eld, for which the Stoémgren metallicity calibration is used within its
in order to transform it into a new benchmark for Galactic studies, range of applicability (M g= 0). This ag automatically excludes
similar to the solar neighbourhood. Details on survey rationale, stars with [FéH] > 0.5, where such high values could be the re-
strategy, observations and data reduction are providéthper | sult of extrapolations in the metallicity calibration and/or stem from
and here we brie y summarize the information relevant for the photometric and reddening errors. Again, this limit is not expected
present work. So far, observations of a stripe centred at Galacticto introduce any bias given the paucity (or even the non-existence;
longitudel 74 and covering latitude 8< b < 20 have been see e.g. TayloR00§ of star more metal-rich than 0.5 dex in nature
reduced and analysed. This geometry is particularly well suited to (i.e. those present in our catalogue are likely awed). Later in the
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study vertical gradients in the Galactic disc. paper, we will use only stars with both P g and M g equal to zero
The Stdmgrenuvby system (Sttmgren1963 was designed for to constrain thé&kepler selection function and to study the vertical
the determination of basic stellar parameters (seefempdottir, stellar mass and age structure in the Galactic disc.

Feltzing & Lundstdm 201Q and references therein). fgsmagni-
tudes are de ned to be essentially the same as the Johhéew.
BesselR005, and in this work we will refer to the two interchange-
ably.

SAGA observations are conducted with the Wide Field Camera The SAGA asteroseismic catalogue consists of 989 stars identi ed
on the 2.5 m Isaac Newton Telescope (INT), which in virtue of by cross-matching our Stmgren observations with the dwarf sam-
its large eld of view and pixel size is ideal for wide- eld optical  ple of Chaplin et al.2014 and the 15000 giants from thKepler
imaging surveys. The purpose of our survey is to obtain good pho- Asteroseismic Science Consortium (KASC; Stello epall3 Hu-
tometry forall stars in the magnitude range X0y < 14, where ber et al.2014). Within SAGA, a novel approach is developed to

2.2 Asteroseismic sample
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most targets were selected to measure oscillations Keégpler. couple classic and asteroseismic stellar parameters: for each targ
This requirement can be easily achieved with short exposures on aget, the photometric effective temperature and metallicity, together &
2.5 m telescope; indeed, all stars for whi¢dplermeasured oscil- with the asteroseismic mass, radius, surface gravity, mean densitya

lations are essentially detected in our survey (with a completenessand distance, are computed (Casagrande €04lQ Paper § Silva

295 per cent; sePaper ). SAGA is magnitude complete to about  Aguirre et al.2011, 2019). A detailed assessment of the uncertain-
y 16 mag, thus providing an unbiased, magnitude-limited cen- ties in these parameters is givenRaper | For a large fraction of
sus of stars in the Galactic stripe observed. Stars are still detectedobjects, evolutionary phase classi cation identi es whether a star is
at fainter magnitudesy(< 18), although with increasingly larger  a dwarf (labelled as ‘Dwarf’, 23 such stars in our sample), is evolv-
photometric errors and incompleteness, totalling some 29 000 ob-ing along the red giant branch (‘RGB’) or is already in the clump
jects in the stripe observed so far. Thus, we can build two samplesphase (‘RC’). It was possible to robustly distinguish between the
from our observations. First, a magnitude-complete and unbiasedlast two evolutionary phases for 427 stars, whereas for the remain-
photometric sample down ¥ 16 mag, which we refer to as the  ing giants no classi cation is available (‘NO’). In this paper, we
full photometric catalogue. Secondly, we extract a subset of 989 refer to all stars classi ed as ‘RGB’, ‘RC’ or ‘NO’ as red giants.
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990 L. Casagrande etal.

2.3 Asteroseismic ages an age using the actual stellar mass, the value derived will depend
on the past history of the star, whether or not signi cant mass-loss
has occurred during its evolution.

There are very few observational constraints on mass-loss. Open
clusters in th&kepler eld suggest a value of between 0.1 and 0.3
(Miglio et al. 2012 for solar-metallicity stars of massesl.2—
1.5M ; observations of globular clusters reveal that mass-loss
seems to be episodic and increasingly important when ascending
the red giant branch (see e.g. Origlia et24114), with recent stud-

With the information available for each asteroseismic target, it is
rather straightforward to compute stellar properties. As described in
Paper ) we apply a Bayesian scheme to sets of BaSTI isochiones
(Pietrinferni et al.2004 2006. Flat priors are assumed for ages

and metallicities over the entire grid of BaSTI models, meaning
that at all ages, all metallicities are equally possible. A Salpeter
(1955 initial mass function (IMF, = S 2.35) is also used (see

details in Silva Aguirre et al2019. The adopted asteroseismic . . . ; - ;
. ! - ies suggesting a very inef cient mass-loss during this phase (Heyl
stellar parameters are derived using non-canonical BaSTI models I .
et al.2015. For the asteroseismic sample, we also derive ages us-

with no mass-loss, but we explore the effect of varying some of the .

- h g ing BaSTI isochrones with = 0.4. This value corresponds to an
BaST]I prescriptions as described further below. As input parameters_~ . L
. L ef cient mass-loss process, and it is often used e.g. to reproduce the
we consider the two global asteroseismic parameterand

and the atmospheric observables and [Fé H]. The information gfsanaﬁgfﬁrz ?r:igc::é?nr:i:obriacgﬁejg rrselins i;;iigg %lozl::gr C;l::(;
on the evolutionary phase (‘RGB’, ‘RC’) is included as a prior ’ 9 P 9 Y .

when available, otherwise the probability that a star belongs to a poorly c_onstramed, parameters_(g.g. Cateﬂﬂ_ﬁg Gratt(_)n et al.
. . i . 3 201Q Milone et al.2014). By deriving ages with both = 0 and
given evolutionary status is determined by the input observables, . .
. : . 0.4, we can compare two extreme cases and derive a conservative
the adopted IMF and the evolutionary time-scales. The median andestimate of the age uncertainty introduced by mass-loss
68 per cent con dence levels of the probability distribution function g y Y '

: : . The comparison of ages derived with and without mass-loss is
determine the central value and (asymmetric) uncertainty of ages, A .
: . . done in Fig.1. Ages of dwarf stars are obviously unaffected by
which following the terminology oPaper Iwe refer to as formal

uncertainties mass-loss, and the same conclusion holds for stars with ‘RGB’ clas-
S . - si cation. It must be noticed that the distinction between ‘RGB’
Overshooting in the main-sequence phase can signi cantly

change the turn-off age of a star and is therefore important for our and 'RC" is based on the average spacing between mixed dipole &

i %)
purposes. In order to assess its impact, in the present analysis Wemodes, and this measurement largely depends on the frequency;

explore the effect of using BaSTI isochrones computed from stel- resolution Whlc.h sm_ootk_les ov?r the, spacing (e.g. Bed(_:ilng et al.
. . . 2011). A clear identi cation of ‘RGB’ stars is thus possible for
lar models not accounting for core convective overshoot during the : .
) . . logg = 2.6, i.e. on the lower part of the giant branch, where mass-
central H-burning stage (dubbed canonical) as well as isochrones . . . ) ,
. . X ; loss turns out to be of little or no importance in the Reimers’ for-
based on models including this effect (dubbed non-canonical, and - . . ; \
. mulation. This explains the weak dependence of ‘RGB’ ages on
adopted as reference). We note that all sets of BaSTI isochrones . :
. ; . : ) . ““mass-loss. The effect of mass-loss increases when moving to lower 9
take into account semiconvection during the core helium burning :
phase. The BaSTI theoretical framework for mass-loss implements

the recipe of Reimersl@79:
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gravities, and it is most dramatic for stars in the clump phase.
Isochrones including mass-loss return younger ages than those
without mass-loss; this can be easily understood since a given mass —
am L [M seismically inferred — will correspond to a higher initial mass in case
{ ] of mass-loss, and thus evolve faster to its presently observed value.

— = 4x10 — |—
dt gR | yr
where is a (free) ef ciency parameter that needs to be constrained _From equation (1), it can be seen that the rate of mass-loss has an

by observations (see e.g. the recent analyses by Heyl 2O inverse dependence on mass. This implies a decreasing importance.
McDonald & Zijlstra 2015. As we discuss further below, mass- of mass-loss for increasing stellar mass. Thi.s is. evident inlkeg,

loss ef ciency can have a considerable impact on the parameters\é)vhere onIIy ma_?ﬁei betl_ow E;Zc.)#t L7 Mareh5|gn| _caE_tIy affected
relevant for the present analysis. Sets of BaSTI stellar models have y mass-loss. The fractional differences shown in Eigeserve an

been computed for different values afwe explore its effects by obvious _tﬁ/et |mp:)hrtar:t—wor(|1 of C?/U.tt'ﬁ.n' :/k\]l.e de nte tTe refferetpce |
using the no mass-loss isochrones=( 0) as our reference set and ages as those without mass-loss. VWithin this context, a fractiona

compare to the stellar properties derived with the 0.4 set. ﬁlf:;arerr]l ce of e%g. t50 per cent rlneansSLhatlsgtﬁ estlmate(!js_,ﬁdecreasi by
As we did for the other seismic parameters, we pay particular alf when we factor in mass-loss. Shou € same difierence be

attention to derive realistic uncertainties for our age estimates. The computgd using = 0.4 as re_feren_ce, ages from mass-loss S.hou'fj
computation of ages for red giant stars heavily relies on the knowl- then be increased by twice, implying a 100 per cent change in this
edge of their masses. Here, the mass of a star is essentially ttedexample...

(with a grid-based Bayesian scheme) using scaling relations based In addition to mas_s-loss, we have also_ tested the_effect of canon-
on the observed and . and thus the mass is rather inde- ical and non-canonical models (for a giveh The difference is

pendent of the models adoptdthper Idemonstrated that for most negligible above 3 Gyr, .With differences of a few per cent or less,
stellar parameters, assuming a very ef cient mass-loss (0.4) while at younger ages (i.e. for masses aboue4 M. ) t_he effecF

or neglecting core overshooting during the H-core burning phase can amount to a few hundred Myr, thus translating in age differ-
affects the results signi cantly less than the formal uncertainty of ences O.f few tgns (.)f per cent for the ypunggst stars. The reason
the property under consideration. The same, however, does not holdfOIr this 'S that in this mass range, the_ |n_cIuS|on of _overshootlng
for ages. Although the mass of a red giant is a useful proxy for age, In the main-sequence phase plays a signi cant role in the turn-off

itis important to distinguish between the initial mass, which sets the age. A.lthC.)UQh part O.f this difference is compensated by.a quicker
evolutionary lifetime of a star, and the present-day (i.e. actual) stel- evolution in the subgiant phase for stars with smaller helium cores

lar mass, which is derived from seismology. Thus, when inferring (1.e. with no overshooting; see Maedd74), the effect remains in
more advanced stages.

To determine our nal and global uncertainties on ages, we adopt
http://www.oa-teramo.inaf.it/BASTI the same procedure used for other seismic parameters, but also
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account for the uncertainties related to mass-loss and the use ofarise from Chaplin et al2014 assuming a constant[Ad] = S 0.2 8
(non)-canonical models (sé&@per Ifor details on the GARSTEC  for all targets, but also our agged stars might have less reliable g
grid and Monte Carlo approach discussed below). Brie y, we add metallicities. s
guadratically to the formal asymmetric uncertainties obtained from At the oldest ages, formal uncertainties decrease because of th%
our = 0non-canonical BaSTI reference models half the difference cut imposed at 15 Gyr (this is true for the upper uncertainty on
between these results and the ones obtained with (i) the GARSTECages, but obviously also the average is affected; see FigR). o
grid, (ii) the Monte Carlo approach, (iiij) implementing mass-loss Notice that our global uncertainties (which include the effect of E
with = 0.4 and (iv) using BaSTI canonical models. In most cases, different models and mass-loss assumptions) partly blur this limit. £
the uncertainties listed in (i)—(iv) dominate over the asymmetric We also remark that the accuracy of asteroseismic masses (and thus-
formal uncertainty. For plotting purposes, we use de ned as ages) obtained from scaling relations is still largely unexplored, 2
the average of the (absolute) value of the upper and lower ageespecially in giants (see e.g. Miglio et 20133. There are also g
uncertainty. Fig2 shows both the absolute and relative age uncer- indications that in the metal-poor regime ([F§ < S1) scaling &
tainty of each star in our sample, along with their dependence on relations might overestimate stellar masses by 15—-20 per cent (Ep-(‘g
logg, [Fe/ H] and mass. stein et al.2014), thus returning ages systematically younger by P
For most of the stars, the age uncertainty is between 10 and more than 60 per cent (see e.g. Jendreieck &(l?. In the ab- £
30 per cent. When restricting to gravities higher thangog 2.6, sence of a more de nitive assessment on the limits of the scaling &
uncertainties of the order of 20 per cent are common. The lower relations, this source of uncertainty has not been included in our
part of the red giant branch is where the effect of mass-loss is weakerror budget. Our metal-poor stars are highlighted in Bjgand §-

for stars ascending it and where seismic classi cation is able to they cover the entire age range (i.e. we do also have metal-poor olds
separate ‘RGB’ from ‘RC’ stars. There is only a handful of ‘RGB’ stars) with formal uncertainties between 20 and 30 per cent (should &
stars with uncertainties larger than about 30 per cent: those arescaling relations for metal-poor stars be trusted).
located at the base of the red giant branch and havéut not
measurements, explaining their larger errors. For dwarfs, our age
uncertainties are also consistent with the results of Chaplin et al.
(2014, who found a median age uncertainty of 25 per cent when As for the other seismic parametersiaper ) the solar-metallicity
having good constraints oh  and [FéH]. For the 20 dwarfs we  open cluster NGC 6819 offers an important benchmark to check
have in common with that work, which span an interval of about our results. In Fig3, we show the age distribution of its cluster
10 Gyr, the mean age difference is 1 Gyr with a scatter of 3 Gyr. The members, from using all seismic members (Stello e2@l1) to
largest differences occur for the most metal-poor stars, and the starsonly a subset of them with the best &trgren photometry and
having P g and M g different from zero. These discrepancies likely  seismic evolutionary phase classi cation. We recall that for each

2.3.1 Asteroseismic ages: reality check
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imposing the mean cluster [Rd] for all its members. Requiring
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our Bayesian scheme ts a number of observables, the main factor
in determining ages is the stellar mass, which is mostly constrained
by the asteroseismic observables. More crucial in improving the
age precision is to select ‘RGB’ stars only, from which we derive
a mean (and median) age of 200.2 Gyr for this cluster. Essen-
tially, the same age, but with larger uncertainty, is obtained using
other samples, as shown in F&y Although somewhat on the young
side, our age for NGC 6819 is in good agreement with a number
of other age determinations based on colour—-magnitude diagram
tting (e.g. Rosvick & Vandenberd 998 Kalirai et al.2001, Yang
etal.2013, seismic masses (Basu et2011), white dwarf cooling
sequence (Bedin et &015 and eclipsing binaries (Jeffries et al.
2013 Sandquist et aR013. Values in the literature range from 2.0

to 2.7 Gyr. Part of these differences depends on the models used in
each study, as well as on the reddening and metallicity adopted for
the cluster. We remark the nearly perfect agreement with the age of
2.25+ 0.20 Gyr from the white dwarf cooling sequence and
2.25+ 0.3 Gyr from the main-sequence turn-off match when using

the same BaSTI models (Bedin et 2015.

Moving to the entire asteroseismic sample, Bighows the age
distribution of all stars, which peaks between 2 and 4 Gyr. While
this distribution is not a proof of the reliability of the ages in itself,
the ability to single out a population of ‘known’ ages is. Such a
population is provided by secondary clump stars, which are bound
to be young £2 Gyr; see e.g. Girardi999 and also Section 6 for
the use of secondary clump stars as standard age candles).

The distribution in Fig.4 varies quite considerably when split
according to seismic classi cation, shown in the right-hand pan-
els. While the ‘RGB’ sample clusters at young ages, ‘RC’ stars
peak around 2 Gyr with a tail at older ages. The age distribution of
stars without seismic classi cation (which includes clump, upper
good M g and P g does not seem to reduce the scatter, and thus and lower red giant branch, and asymptotic giant branch stars) is a
improve the quality of the ages. This is partly expected: although mix of the two previous distributions characterized by a somewhat
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(Batalha et al2010. Even so, deriving the selection function for

Dwarf |

Z: | exoplanetary studies is far from trivial (Petigura, Howard & Marcy
1 ﬂ I ﬂﬁ 1 0] 2013 Christiansen et aR014). For the sake of asteroseismic stud- 5
8o 2ol o ] ies, entries in the KASC sample of giants (cf. with Section 2.2) are S
s )\JJI ] based on a number of heterogeneous criteria (Huber &0an =
6ol 1 st . 1 Pinsonneault et aR014. Fortunately, the full Sttmgren catalog 2
ol - offers a way of assessing whether seismic giants with particular &
g 20 stellar properties are more likely (or not) to be observed by the 3
i 1 10 Keplersatellite. 3
g Z
2 251 RC 3
“r )l 1:’ 3.1 Constraining theKepler selection function )
[ QO
. L sl — ] Stellar oscillations cover a large range of time-scales; for solar-like &
° oz 4 e & 0 1= o 15 1 oscillations — as we are interested here — these range from a fevv_g
st ﬂf% o minutes in dwarfs (cf. e.g. with 5 min in the Sun; Leighton, Noyes 2

D24 s 8 1012w & Simon 19632 to several days or more for the most luminous red

giants (e.g. De Ridder et &2009 Dupret et al2009. TheKepler
satellite has two observing modes: short-cadence (1 min), for dwarfs
and subgiants (a little over 500 objects with measured oscillations
in theKepler eld; see Chaplin et al2011, 2014, and long-cadence
(30 min) well suited for detecting oscillations in red giants.

With the exception of a few hundreds of dwarfs, most of the stars
for whichKeplermeasured oscillations are giants. In order to assess
how well these stars represent the underlying stellar population of
thicker tail at old ages. The lowest right panel in Fgshows ages  gjants, we use the full photometric catalogue to build an unbiased <
for ‘RC’ stars, sorted into the primary or secondary clump phase. sample of giants with well-de ned magnitude and colour cuts. This
It is important to stress that the distinction between primary and task is facilitated both by the relatively bright magnitude limit we
secondary clump stars is done here with a (rather arbitrary) cut at are probing, meaning that within a colour range most late-type stars
logg= 2.5. Thus, there is a certain level of contamination between gre indeed giants, and by the fact thato&tgren colours offer a
the two phases, which surely broads the age distribution of plausi- very powerful way to discriminate between cool dwarfs and giants.
bly secondary clump stars. In addition, there is also contamination We use the lf S y) versusc plane, which due to its sensitivity
from members of NGC 6819 which peaks around 2 Gyr Once the toT and |0w (|n the relevant regions) can be regarded as the
seismic members of the cluster are excluded, the typical age of pphservational counterpart of an H-R diagram (e.g. Crawd®T5
secondary clump stars shifts to younger values, in accordance withQ|sen1984 Schuster et al2004. Working in the b S ) versus
expectations (e.g. Girardi999, providing further condence on ¢ plane also avoids any metallicity selection on our sample. In
our asteroseismic ages. Should the same gure be produced usingact, as we discuss below, we build our unbiased sample using cuts
ages derived with mass-loss, the overall distributions would remain inb é y colour, whereas me’[a|||c|ty acts primar”y in a direction
quite similar, butthe tail at older ages would be reduced, in particular perpendicular to this index, by broadening the distribution of stars
for ‘RC’ stars. alongc .

The above Comparisons tell us that despite the various uncertain- F|g 5 shows the [Q é y) versusc p|ane for the full pho’[ome’[_
ties associated with age determinations, our results are meaningric SAGA sample when restricted o 14 mag, approximately
ful. On an absolute scale, the age we derive for the open clusterthe magnitude limit of the asteroseismic sample (a more precise
NGC 6819 is in agreement with the values reported in the literature magnitude limit will be derived in the next section). This diagram
using a number of different methods. This holds at the metallicity s uncorrected for reddening, which is relatively low in the SAGA
of this cluster, which nevertheless is representative of the typical Galactic stripe studied heren particular, in the following we fo-
metallicity of most stars in thepler eld. On a differential scale,  cus on giants, all located across the same stripe and having similarg,
once ‘RC’ stars are identi ed as primary or secondary, they show colours and magnitudes, meaning that reddening affects both theC
different age distributions. Despite that our rough dogriterion asteroseismic and the photometric sample in the same way.
might partly blur this difference, the ability to recover the presence  |n the left-hand panel of Fig, grey dots nicely map the sequence
of young secondary clump stars gives us further trust on our ages. of hot and turn-off stars fds S y < 0.5, whereas the giant sequence

starts at redder colours, then upturning into the M supergiants ate
3 STATISTICAL PROPERTIES b S y > 1.0. At the beginning of the giant sequence, there is also
OF THE ASTEROSEISMIC SAMPLE an underdensity of stars, consequence of the quick time-scales |ng
this phase and mass regime (Hertzsprung gap). Below the giants isy
In order to use our sample for investigating age and metallicity the dwarf sequence, here poorly populated because of our bright=
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gradients in the Galactic disc, we need to know how stars with magnitude limit. To exclude late-type dwarfs from the full photo-
different properties are preferentially, or not, observed byeger metric catalogue, we start from the Olsei®84 ducial (dotted N
satellite. In other words, we need to know tKepler selection red line), which is representative of solar-metallicity dwarfs. Since Q
function. i

The selection criteria of the satellite were designed to optimize
the scienti c yield of the mission with regard to the detection of
Earth-size planets in the habitable zone of cool main-sequence stars 1970
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metallicity spreads the dwarf sequence, we shift Olsen’s ducial from dwarfs. We remark again that at the bright magnitudes studied ‘F_i
by increasing itsc by +0.06 mag, as shown in Fig (contin- here, contamination from dwarfs is expected to be minimal, most ~
uous red line). For this shifted ducial, the linear shapeba® stars with late-type colours being in fact giants. 2
y 0.55is more appropriate to exclude metal-rich dwarfs (cf. with  To derive the appropriate magnitude and colour cuts, we rst ex- g
Arnadbttir et al. 2010, and it ts well the upper locus of dwarfs  plore how the asteroseismic sample of giants compares with the &
in the Geneva—Copenhagen Survey (GCS; shown in the right-handunbiased sample of giants built with the same magnitude limit §
panel, dark-grey dots). ForS y> 0.5, our shifted ducial extracts (y = 14.4) and colour range (0.52 b Sy  0.97) comprising P
687 of the 704 dwarfs in the GCS, thus proving successful to single the asteroseismic one. Should the latter be representative of theg
out dwarfs from giantsX 97 per cent). Also shown for comparison  underlying population of giants within the same colour and mag- 2
is an empirical sequence for metal-poor giants (green dashed line;nitude limits, we would expect the relative contribution of giants ;—)u'

from Anthony-Twarog & Twarodl994. Indeed, almost all of the at each colour and magnitude be the same for both the asteroseis-2
targets withb S y > 0.5, including the asteroseismic giants, lie on mic and the unbiased sample. This comparison is performed in the 5

the right-hand side of this metal-poor sequence (as expected, giverntwo upper panels of Fig, for the unbiased photometric sample of §
the typical metallicites encountered in the disc) trlus indicating that giants (black line, with grey dashed area representingdisson o
an unbiased selection of giants is possible inlitfe y versusc errors) and the asteroseismic giants (red line, with orange contour >,
plane. lines representing 1 Poisson errors). Since the total number of ‘é

To summarize, any unbiased, magnitude-complete sample of gi- stars is different in the two samples, all curves are normalized to %

ants used in this investigation will be built by selecting giants from equal area. Itis clear from both panels that the asteroseismic and the=
the full photometric catalogue in tHeS y versusc plane, with unbiased sample of giants have different properties: in fact the as- §
the colour and magnitude cuts we will derive further below. Aside teroseismic sample has considerably fewer stars towards the bluest—
from being shown for comparison purposes, the giant metal-poor se- (hottest) and reddest (coolest) colours (effective temperatures). In
quence discussed above is not used in our selection, while the shiftedaddition, the asteroseismic sample begins to lose stars at the faintest
Olsen’s ducial derived above is employed to avoid contamination magnitudes.
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4 . ‘ ‘ ‘ ‘ ‘ 30-60 per cent when bootstrapping either of the two samples and
" - " o8r / 20-40 per cent when bootstrapping both. Since for all these tests
‘5 3 / ] ‘g’ osl // ] signi cance levels below 5 per cent are generally used to discrim-

A / E / inate whether two samples originate from different populations, go
Té 75 o4 1 we thus concl_ude that thg asterqseismic sample _is representativeog
S 1f E B 1 of the underlying population of giants to a very high condence <
level. e
O 0.0k 1‘1' . Our photometry is signi cantly affected by binarity only in the
by y mag case of near equal-luminosity companions (or equal mass, dealingi
10 ‘ ‘ ‘ ‘ ‘ ‘ ‘ with giants at the same evolutionary stage). These binaries imprint =
Yl / i Lor 1 an easily recognizable signature in the seismic frequency spectrumZ.
E / % 08f 1 and are very rare (ve such cases in the full SAGA asteroseismic §
© 6f 1 % osf ] catalogue; see discussionRaper ). When restricting to the un- &
é Al y, 2 ] S oal // 1 biased asteroseismic catalogue three_ su_ch cases survive, implyin;@
£ g an occurrence of near equal-mass binaries oft0.G.4 per cent. Q
= ef / 1 = o2f / ] We exclude these binaries from the analysis. Although we cannot?
[ Ei ‘ ‘ 000 e ‘ ‘ exclude such binaries from the photometric sample, we expect the 5
060 08 DT 075 080 P e B same fraction as in the asteroseismic catalogue. All of the above 5

statistical tests remain unchanged whether the asteroseismic samg
ple with (411) or without binaries (408 targets) is benchmarked
against the unbiased photometric catalogue of giants, suggestin
that indeed they have a negligible effect on our results.

From the above comparisons, we have already concluded that the;
asteroseismic sample of giants is representative of the underlyingE
populations of giants in both colour and magnitude distribution. We
expect this to be true for all other properties we are interested in
as well. Whilst this is impossible to verify for masses and ages,

Although the selection of seismic targets Kgpler was het- Stromgren photometry offers a convenient way of checking this in
erogeneous, and not intended for studying stellar populations in the metallicity space.
Galaxy, the observed selection effects are understandable: stars with Before deriving photometric metallicities, we must also correct ;
bluer colours (hottel ) are at the base of the red giant branch, for reddening the unbiased photometric sample (in fact, metallici-
where stars oscillate with intrinsically smaller amplitudes, and the ties for the asteroseismic sample were derived after correcting for
Kepler long-cadence mode (30 min) also becomes insuf cient to reddening). Interstellar extinction is rather low and well constrained
sample the shorter oscillation periods of these stars. Conversely, onin the magnitude range of our targets; we t tBB S V) values
the red side, moving along the red giant branch towards cdnler of the asteroseismic sample as an exponential function of Galactic
and brighter intrinsic luminosities, the time-scale of oscillations in- latitude; this functional form re ects the exponential disc used to
creases, until the characteristic frequency separation can no longemodel the spatial distribution of dust in the reddening map adopted
be resolved robustly with the length of d€eplerobservations (up for the asteroseismic sample (deaper Ifor a discussion). The t
to Quarter 15, i.e. typically well over 3 years). has a scatter = 0.015 mag, which is well within the uncertainties

In order to have an unbiased asteroseismic sample, we must avoicat which we are able to estimate reddening. More importantly, de-
the incompleteness towards the bluest and reddest colours as welspite that this t is based upon the asteroseismic sample (the one
as at the faintest magnitudes. We explore different cuts $hy we want to estimate biases upon), it also reproduces (within the
andy, ndingthatfor0.6 bSy 0.8andy 13.5,the aster- above scatter) the values B{B S V) obtained from 2MASS, us-
oseismic sample is representative of the underlying population of ing an independent sample of several thousand stars (see details i
giants in the same colour and magnitude range. To this purpose, wePaper ). Such a t obviously misses any three-dimensional infor-
use the Kolmogorov—Smirnov statistic on the colour and magnitude mation on the distribution of dust, but the purpose here is to derive
distributions: the signi cance levels between the asteroseismic and a good description of reddening for the population as a whole, in
the unbiased photometric sampletirs y andy pass from 10 the range of magnitudes, colours and Galactic coordinates covere
and 10 toabout 67 and 98 per cent, respectively, when we use in the present study.
the cuts listed above. This implies that the null assumption that the  After correcting for reddening, we apply the same giant metal-
two samples are drawn from the same population cannot be rejectedicity calibration used for the asteroseismic sampager ) to
to a very high signi cance. Equally high levels of signi cance are the photometric unbiased sample of giants, and compare the two
obtained for the other Simgren indicesn (73 per cent) and (Fig. 7). In both cases, we only use stars with good photometric
(99 per cent), as well as when the two samples are compared as and metallicity ags (i.e. when the calibration is applied within its
function of Galactic latitudé (94 per cent). For all the above pa- range of validity). We run the same statistical tests discussed above
rameters, signi cance levels of 20—80 per cent are also obtained also for the distributions in metallicity, and signi cance levels vary
using different statistical indicators such as the Wilcoxon rank-sum between 15 and 50 per cent depending on the test and/or WhetheP’
test and thd--statistic. We remark however that the unbiased pho- bootstrap resampling is implemented or not. Based on the aboveO
tometric sample (641 targets) also includes all the seismic targetstests, we can thus conclude that for 13.5and 0.6 bSy R
(408) within the same magnitude and colour limits. To relax this 0.8, the [FéH] distribution of the asteroseismic sample represents
condition, we bootstrap resample the data sets 10000 times andhat of the giants in the eld within the same colour and magnitude
nd that signi cance levels for all of the above tests vary between ranges.

17/9|5‘?1J2/S

/.86

- 1Yo 4 BOsI0NdIg eIBojodisd SIO AQ 8LES

Eusm/\

ﬁpms 16op

oJe|\ GZ uo Jasn eaoped |

MNRAS 455,987-1007 (2016)



996 L. Casagrande etal.
T2 o e e I L
1.0+ -
L e ]
£ 081 a
© L ]
-
n F 4
= L ]
5 O.Sj 7
O g = ]
2 04f ]
0.2* = ‘ —
I 5 ]
0.0 .1 \l—"—l_': R T 1 “1 ]
-2.0 -1.5 -1.0 -0.5 0.0 0.5
[Fe/H]
4(‘3)‘” 19F(b) ]
2 gb /,
5 o
st p E
g — g 4 e
z 2F //
-
0.60 0.65 0.70 0.75
1K
A 1.0
-1 g 0t (c) -
5 os 4
] Eoa ,//
Z 02 ’/
00L  ——
7 8 9 10 11
Ks
o orz (d) e
E 0.10 =
5_ 0.08 //
| E o008 e
© 0.04 -
= 0.02 /
8 10 12 14 16 18 20
b
6

Although we have already constrained Keplerselection func-
tion using our Sidmgren photometry, we also explore whether
2MASS photometry offers an alternative approach of assessing it,
for the sake of other data set whered®tigren is not available (e.g.
such as APOKASC; Pinsonneault et 2014. In Fig. 8(a), dark-
grey dots show th versus] S K colour-magnitude diagram for

stars approximately in the same stripe of the asteroseismic samplebe corrected for target selection effects (stemming from the colour

(734 | 744and 76 b
features are obvious: the overdensity of stars ardfiK

19.8). In this plot, three main
0.35,

atJS K  0.85and faint magnitudek{ > 13), mostly comprising
cool dwarfs. Again, at bright magnitudes most late-type stars are
giants. Overplotted with circles is the entire asteroseismic sample,
including both dwarfs and giants independently of their M g and
P g ags. The K magnitude limit ofKepleris clearly a function of
spectral type 0d S K colour. Using seismic giants only, we derive
the following relation between Stmgren and 2MASS magnitudes:

K =0.99yS 3.280S K ) S 0.35, with ascatter = 0.09 mag.
The inclined black dashed line in Fig(a) corresponds to a constant

y = 14.4, which, as we previously saw, is roughly the limit of the
faintest stars selected to measure oscillationkepler. At bright
magnitudes, we introduce a similar cut, corresponding t09.5
(upper red dashed line) which is approximately the saturation limit
of the INT. This bright cut removes only a handful of stars and
it is of limited importance. If we now compare the asteroseismic
sample of giants (i.e. all giant stars with good M g and P g ags)
with the entire 2MASS sample within the same magnitude limit
(9.5 14.4) and colour range (0.494 J S

K 0.951), the hypothesis that two samples are drawn from the
same population is rejected. The same is still the case if we use
a constant magnitude cut 6 K 12 (such as to encompass
our sample; see Figa) instead of the colour-dependent one done
above.

From the Stbmgren analysis, we already know the magnitude
and colour range where the asteroseismic targets are expected, o
average, to unbiasedly sample the underlying population of giants.
Thus, we can see how these limits convert in the 2MASS system.
Using all seismic targets, we derive the following relatidrs
K = 0.977p S y) with = 0.04, which converts 0.6 b S
y 0.8into 0.586 JS K 0.782. We also apply a colour-
dependenK magnitude cut correspondingto 9.5/ 13.5(lled
red circles and red dashed lines in Rg). In this case, the seis-
mic and 2MASS samples are drawn from the same population to
statistically signi cant levels in colour, magnitude and Galactic lat-
itude distribution, as qualitatively shown in the right-hand panels of
Fig. 8.

4 VERTICAL MASS AND AGE GRADIENTS
IN THE MILKY WAY DISC
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The Kepler eld encompasses stars located in the direction of the
Orion arm, edging towards the Perseus and rising above the Galactic
plane. The stripe observed so far by SAGA has Galactic longitude
| 74 and covers latitude 85 b < 20 . Its location in the Galactic
context is shown in Fig9; it can be immediately appreciated from
panels (a) and (b) that the geometry of the SAGA survey allows us
to probe distances of several kpc from the Sun at nearly the same
Galactocentric radius, thus minimizing radial variations and greatly
simplifying studies of the vertical structure of the Milky Way disc.
At the same time, SAGA spans a vertical distadcgaltitude or
height, hereafter) of about 1.5 kpc, probing the transition between
the thin and the thick disc, which have scaleheights 6f3 and

1 kpc, respectively (e.g. Jaret al.2008. In Fig. 10, we show the
raw dependence of stellar ages and masses with Galactic height, a
well as the raw age—metallicity relation. For the purpose of Galactic
studies, these plots cannot be taken at face value, and must rst
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and magnitude cuts derived in the previous section), as well as to
account for the fact that in the most general case, the ages of red

which corresponds to main-sequence and turn-off stars, the over-giants might not be representative of those of an underlying stellar

density a) S K 0.65 comprising primarily giants, and the blob

MNRAS 455,987-1007 (2016)

population. These steps are described further below.
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4.1 Sample selection

To estimate gradients, we limit our sample to 0.6 Sy 0.8
andy 13.5 such that it re ects the distribution of the underlying
sample of giants (Section 3). We remove stars labelled as binaries
andthose agged as having poor photometry and/or metallicity esti-
mates (see Section 2). The latter requirement automatically excludes
stars with [FéH] > 0.5, but we also limit the metallicity range to
[Fe/H] > $1.0, to remove any halo object, which would contami-
nate our study of disc gradieni®y excluding metal-poor stars, we
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also avoid problems related to the potential inaccuracy of seismic &
scaling relations in this regime (Epstein et2014). Because we are &
interested in studying properties of the Galactic disc via eld stars, §

we also exclude members of the open cluster NGC 6819, basedg
on their seismic membership. Furthermore, we remove all targets >
classi ed as ‘Dwarf’, obtaining a nal sample of 373 giants (i.e.
with seismic evolutionary classi cation ‘RGB’, ‘RC’ or ‘NO’; see
Section 2.2). They cover heights fron0.1 to 1.5 kpc (Fig® and

10). From the above sample of giants, we also extract a subsample
of 48 seismically classi ed ‘RGB’ stars with age uncertainties less
than 30 per cent. As discussed in Section 2.3, mass-loss can severely
affect age estimates of unclassi ed and clump stars, whereas ‘RGB’
stars are essentially immune to such uncertainty. These stars provide
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more robust ages, though at the price of a greatly reduced samplein Schlesinger et al. (in preparation). By sorting the stars by height
size. We also refer tBaper Ifor the uncertainties associated with  above the plane, we calculate the median age (mass) and aEitfide
masses and distances, which are of the order of 6 and 4 per centafraction of the sample at the lowest height. We then step through the
respectively. In the following, we will determine vertical gradients sample in altitude, as we want to quantify the age (mass) variation
using both samples whenever possible: the 373 ‘Giants’ and the 48with height above the plane. Each bin contains the same number
best pedigreed ‘RGB’ stars. The bulk of gravities for the ‘Giants’ of stars and overlaps by a small fraction with the previous bin. For
sample covers the range %0logg < 3.5, while for ‘RGB’ stars the ‘Giants’ sample, we explore the range between 18 and 30 stars
covers 2.6< logg < 3.35: we will use these values when modelling per bin with overlaps ranging from 8 to 15. The ‘RGB’ sample
target selection in Section 4.3. is much smaller and we explore the range between 8 and 10 stars
per bin with overlaps ranging from 2 to 4 stars. The bin sizes and
overlaps explored contain enough targets so that the overall trend
is not dominated by outliers, and the median points well re ect
We adopt two methodologies to estimate the vertical gradient of age the overall behaviour of the underlying sample. We then perform
and mass. First, (i) we use a boxcar-smoothing technique describeda least-squares t on these median points; the change in slope (i.e.
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4.2 Methodology and raw vertical gradients
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gradient) due to different choices of bin size and overlap is typically 4.3 Correcting for target selection
below half the uncertainty of the t parameter itself. We perform a In Section 3, we have studied thepler selection function to de-

Monte Carlp to explorg the sensitivity of the boxcar smoothmg ON termine the colour and magnitude ranges in which the SAGA aster- g
the uncertainty of the input ages (masses), and add this uncertainty

. . . . . (@]

in quadrature to those estimated above. We obtain the following oselsmic s_ample re ects the_propertles of an unde_rlylng unb|as¢d 5

- P .. photometric sample of red giants. However, to derive the Galactic 5

raw age and mass gradients for the ‘Giants’: 8.9.1 Gyrkpc : . D

& e . \ age gradient, we must assess how target selection systematicallyg-

S0.39+ 0.10M kpc . Similarly, for the ‘RGB’ stars, we have . . : : LR

= = affects our gradient estimates (i.e. once a clear selection function is—;

S0.1+ 3.3Gyrkpc ,S0.09+ 0.35M kpc . . 3

. . . . . de ned, we must assess its effect). To avoid that our results depends

Our second estimate of the gradient (ii) consists of a simple . . -

o .~ too much on the assumptions of a given model, we use various =

least-squares t to all of the stars that meet our criteria. Again . L =

o . : approaches to understand how our selection criteria and surveyg

our uncertainties include those from the tting coef cients and S =

. . o~ , geometry will bias our sample, and to what extent the ages of a pop-

from a Monte Carlo. In this case, we obtain for the ‘Giants’ 4.1 ulation of red giants are representative of the ages of a full stellar ©

0.9 Gyrkpc , S0.43+ 0.08 M kpc and for the ‘RGB’ stars 9 P 9

0+ 1.7 Gyrkpc , 003+ 0.20M  kpc population.

With both methods, the gradients for the ‘RGB’ stars have con-
siderably larger uncertainties, which make them consistent with no 4.3.1 Target selection modelling
slope and limit their usability to derive meaningful conclusions. This ] B ) ]
is due to the small sample size and scatter of the points. Because ofVé TSt want to examine the probability that a star with speci ¢
this, the  of the ‘RGB’ ts have the same statistical signi cance stellar parameters will be observed given our target selection crite-
whether we let the slope and intercept be free or we x the latter M- e generate a data cube in age, metallicity and distance wherez
on the ‘Giants' sample (roughly 3 Gyr ancsM  on the plane). each point in the age and metallluty plane is populated according =
With this caveat in mind (i.e. xing the intercept), and includingin {0 & Salpeter IMF over the BaSTI isochrones. For each of these%
the error budget the uncertainty in the intercept derived from the POPUlations, we then assign apparent magnitudes by running overg,

oe/

eJuw/woo dno-olwap

‘Giants’, the raw ‘RGB’ slopes become 316 1.7 Gyrkpc  and the distance dimension in the cube. Thus, for each combination =
30.431’ 0.17M kpc for method (i), and 1.4 1.2 Gyrkpc of age, metallicity and distance, we can de ne the probability of §
and$0.39 0.14M kpc for method (ii). a star being observed by SAGA as the ratio between how many g

Techniques (i) and (i) have different strengths; as the sam- stars populate_ that_given point in the cu_be and how many pass ourg;
ple size is small, the least-squares t takes full advantage sample selectlop (i.e. our colour, magnitude and gravity cuts; see »
of every star available. However, the boxcar-smoothing tech- Section 4.1_)._Th|s approach_naturally accounts for the gﬁects of ;3_1ge~2r
nique avoids being skewed by any outliers. Additionally, we and metgllluty on the location of a star on the H-R diagram. Via
can see how the uncertainties vary with respect to height the IMF it also accou_nts for Fhe fact that stars of dn’f_erent masses
above the plane by examining the variation in each median have dlffer(_ent evolutionary tlme-_scales, and_thus d!ﬁerent Ilkell-_
point. hood of being age tracers of a given _populatlon. This approach is

We stress that both methods still need to be corrected for targetthe 1ast model dependent, and provides an elegant way to gauges
selection effects, i.e. the gradients above should not be quoted adh€ Selection function. = _ &
the values obtained for the Galactic disc. Also, the use of stellar F19- 11 shows the probability of each star being observed given S
masses as a proxy for stellar ages is applicable only to red giants.'ts helg'ht, metallicity and age. Our sample is b|_a§¢d against stars ato
Thus, while it is meaningful to derive a Galactic age gradient by large distances (and thus altltudeg), |0YV metaI.I_|C|t|es apd ol_d ages.
assessing how well our sample of red giants (with known selection _ WWe can then apply methodologies (i) and (ii) described in Sec-
function) will convey the age structure of the larger underlying 10N 4.2, where in the boxcar-smoothing/ tting procedure we assign
stellar population (done in the next section), the stellar mass gradient!® €ach star a weight proportional to the inverse of its probability.
will re ect the mass structure of the underlying population of red Stars with low probability will be given larger weight to compen-
giants only. For red giants, the relation between mass and age isS&t€ for the fact that target selection is biased against theml Fig.
Age M , with 2.5. Thus, we expect that the age gradient indicates that probabilities are non-Im_ear.functlons of the |r_1p_ut pa-
traced by red giants translates into a variety of masses at the youngegi@meters; for some targets the combination of age, metallicity and &
ages, whereas low-mass (i.e. old) stars will be preferentially found distance rgsults ina probability .of zero, which then. translates mto
at higher altitudes. Indeed, this picture is consistent with E@y. an unphysical weight. Observational errors are mainly responsible
which shows an L-shaped distribution of red giants, with low-mass for scatterlng st{?\rs into regions not al_lowed in th_e probability space.
stars extending from low to large heights and more massive stars 1© €Ope with this effect without setting an arbitrary threshold on
being preferentially close to the Galactic plane. Because of the the probability level, for each target we compute the probability
aforementioned power-law relationship between age and mass, onéPtained by sampling the range of values allowed by its age, metal-
might wonder whether a linear t is appropriate for quantifying licity and distance uncertainties with .e}.Monte Carlo. Whllfe this
the mass gradient shown by red giants. In fact, a change of Sayprocedure bar_ely changes the probabilities of targets very likely to -
0.2M translates to a few 100 Myr in a 2 Mstar, but corresponds P& observed, it removes all null values. Depending on the method 5
to several Gyr at solar mass. Here, our goal is not to provide a and §amplg (Section 4.2), factoring thfese probabilities in the linear &
value for the mass gradient — which given the above discussion t typically increases the raw age gradient (Tafile
would be of limited utility — but simply to use the masses of our red
giants as a model-independent §ignature ofthe v_ertical age gradignt4_3.2 Population synthesis modelling
The above ts of the mass gradient suf ce for this purpose, and in
the following discussion we will focus only on the vertical age Our second method to explore target selection effects also relies on
gradient. population synthesis. However, rather than generating a probability
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data cube, we produce a synthetic population with a certain star sion of 2.5 Gyr, centred at zero on the Galactic plane, and with a
formation history, metallicity distribution function, IMF and stellar  vertical gradient of 4.5 Gyrkpc. For thick disc stars, we adopt a
density pro le. This gives us the exibility of varying each of the  Gaussian distribution centred at 10 Gyr with a dispersion of 2 Gyr.
input parameters at the time, to explore theirimpact on a population. The metallicity distribution function of thin disc stars is modelled

We assume a vertical stellar density pro le described by two by a Gaussian centred at solar metallicity on the plane, with a dis-
exponential functions with scaleheights of 0.3 and 1.2 kpc, to mimic persion of 0.2 dex and a vertical gradient$0.2 dex kpc . For
the thin and the thick disc, respectively. For our tests, we de ne three the thick disc, we assume a Gaussian metallicity distribution cen-
models; in our rst one (A), we adopt a constant star formation tred at [FéH] = S 0.5 with dispersion of 0.25 dex. While model C
history over cosmic time, meaning that each age has a probability provides a phenomenological description of some of the features
of occurring ¥ , Where is the maximum age covered by the  we observe in the Milky Way disc, it is far from being a complete
isochrones. We also assume a at metallicity distribution function representation of it, which is not our goal anyway. A more complete
over the entire range of the BaSTI isochrones and a Salpeter IMF. Milky Way model is explored in the next section using Galaxia
Shallower and steeper slopes for the IMF are also exploredX). (Sharma et a0117).

Our second model (B) is very similar to the previous one, the  Here, we simply want to explore selection effects, in particular on
only difference being a burst of star formation centred at 12 Gyr stellar ages. Figl2shows how the age distribution input in different
(50 per cent of the stars), followed by a at age distribution until models (traced by unevolved low-mass stars, panel a) is altered
the present day. Note that in both models A and B ages are assignedvhen selecting evolved stars (de ned as having.lbgg < 3.5,
independently of their thin or thick disc membership, and no vertical panel b) or applying the SAGA ‘Giants’ target selection discussed in
age gradient is present. Section 4.1 (panel ¢). Itis clear that even in the simplest case (model

In our last model (C), we describe the ages of thin disc stars A), the age distribution of ‘Giants’ is strongly biased towards young
with a standard gamma distribution (with= 2) having a disper- stars (panel d), in agreement with what we already deduced from
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Fig. 11 This is driven by the combined effect of evolutionary time-  altitudeZ after correcting for target selection. In reality, the position
scales and the slope of the IMF (compare continuous and dottedof each of our targets is well determined (within its observational
line for model A). uncertainties): the change we introduce here is simply meant to
We rst compute the gradient input in each model using its un- counteract the bias introduced into the distribution by target selec- =
evolved stars,de ned here as all stars with masses below 0.7 M tion. This is to say that if our sample were not affected by target &
Because of the large dispersion of ages at each height (also presergelection, we would preferentially observe additional stars at higher <
in Galaxia, see the next section), we nd that tting heights as a Z. Once we adjust the height of each of our objects as described,%
function of ages — i.e. to derive a slope in kpc Gy¥ provides a we then perform a least-squares t on the shifted points in terms of =
better description of the data. From the population synthesis vol- Gyrkpc . We apply a similar technique to our boxcar-smoothing %
ume, we extract a pencil beam with Galactic latitudes & < 20, analysis except here, rather than shifting every star, we shift each®
apply the target selection of ‘Giants’ and ‘RGB’ stars and compute median point and re-t them with a least-squares in Gyrkpc
the kpc Gyi  slopes of these subsamples. The change in slope be-Thus, although we apply the same target selection correction, its c
tween the unevolved stars and the target-selected ones de nes theeffect will be different. Because there is a much wider range of 2
correction that must be applied to the raw data. Thus, we use thevalues star by star than in the median points, the gradient from the S
correction in slope determined above to modify the observed SAGA least-squares analysis changes more than for the boxcar smoothing
values, by adjusting the height of each star depending on its age.Also in this case, correcting for target selection typically increases =
This adjustment increasingly affects older stars, which are lifted in the raw SAGA gradients by a few Gyr kpc(Tablel). 8
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4.3.3 Galaxy modelling

2010 By applying our target selection criteria to a model of the Galaxy,
we can determine how well the resulting sample re ects the disc
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behaviour assumed by the model. For this purpose, we simulate thewherei is the index running over the stellar sample/ dZ and

SAGA stripe using Galaxia (Sharma et2011). d / dD are the free t parameters measuring the correlation between
Galaxia is based on the Besancon analytical model of the Milky age , altitudeZ and distancd, and is the intercept of the t.

Way (Robin et al.2003; the disc is composed of six different When we apply this technique to SAGA, the signi cance of the

populations with a range of ages from 0 to 10 Gyr. The thick disc and derived slopes is usually above 8or the ‘Giants’ sample, whereas

halo are modelled as single-burst, metal-poor populations of 11 andit is below 1 for ‘RGB’ stars due to the smaller sample size and

14 Gyr, respectively. For our analysis, we limit ourselves to the six range of distances. Thus, we apply this method only to ‘Giants’.

thin disc populations in Galaxia; this age range is representative of ~ Accounting for the distance dependence returns a least-squares

the bulk of the SAGA sample with a more continuous distributionin gradient of 6.3t 1.6 Gyrkpc . The increase with respect to the

age and chemistry than if we used also the single-burst populations.value of 4.1+ 0.9 Gyrkpc obtained with a simple linear t

Although the origin of the thick disc is still unclear, itis unlikely to  (Section 4.2) tells us that the survey geometry is indeed biased =

consist of stars having a single age and it might also span a largeagainst old stars, and thus any t of the raw data underestimates the

metallicity range (see discussion in the introduction). Galaxia itself true age gradient.

is a sophisticated — yet simpli ed — representation of the Galaxy,

which assumes a certain age and metallicity distribution for each

Galactic component. Among other things the metallicity scale, the 4.4 The vertical age gradient

stellar radii, gravities, synthetic colours, mode! along the red

giant branch and mass-loss prescription will also depend on the

isochrones implemented in the model, which are from Padova in

the case of Galaxia (Bertelli et @994 Marigo et al.2008. We Althouah thev returmn a ran ¢ val for th rrection. th I
do not attempt to vary any of the Galaxia ingredients, and we have ough they returm a range ot values for the correction, they a
consistently show that any raw measurement of the vertical age

already explored the effect of changing some of those assumptionsgradient using red giants underestimates the real underlying value
using the population synthesis approach described in the previous : - ; . . :
g pop y P P We summarize the raw gradients obtained using different samples

section. . ; . )
Here, we want to further assess how a known input population and methods in Tablg, along with the target selection corrections
from a realistic Galactic model will appear once ltered through our c_i|scu§sed In Sections 4.3.1-4.3.3. Fpr each metho_d and Sa“?p' ;
dlsted inthe table, we compute the median target selection correction &

target selection algorithm. We adopt the same technique describe and standard deviation as a measure of its uncertainty. This is added =
in Section 4.3.2. We calculate the input gradient using unevolved | Y. et

stars, implement the ‘Giants' and ‘RGB’ target selection on the in quadrature to the uncertainty derived for each t, after whichthe =
Gala;<ia simulated stars to derive corrections in kpc Gyand weighted average of all gradi_ents Is computed, obtaining a value ©
apply those to the data before re- tting the gradient in Gyr kpc Of. 43+ 16 Gyr kpc N If we |n§tead rgplace the 'RGB slopgs
The age distribution input in Galaxia is rather different from that W'th those obtained without forcing the intercept, then we obtain a
traced by our simplistic population synthesis models, and it does not weighted average c_)f 3825 (_Byr kpe . I-_Ienc_e,_the gradient does
extend beyond 10 Gyr because of the thick disc exclusion {2g. not change dramatically, but its uncertainty is increased.

The Galaxia model shows a wide range of ages at each height While all the above values clearly indicate that the age of the
above the Galactic plane; however, the proportion of young stars Gala_cttlc disc mcreads_(:fs Whten molvmg avtvr?ydfromdtthe pltanel, t?e a
diminishes as the height increases, resulting in typically older ages consistency among difierent samp es, methods and target selectiong

. . . . Q
far away from the Galactic plane. The SAGA cuts in colour and CEI’I‘ECtIOI’]S varies. It. should falso be kept in mlrt]1d that masg-losfs a
magnitude remove many of the older stars at large heights: this g A@gfsgzrrﬁr?eaer?tgfngf;'r;:si_ﬁ)esr:;ooaf)oiﬁ; ;\?Vgizggr']\::d ors
boosts the fraction of young stars and skews the sample to Iower]c the ‘Giants’ 9 | dd b '1 3 Gvri (Sg th
heights in accordance to what we already derived in Sections 4.3.1 orthe ts1ants sample wou ecr?ase ’y -© Lyrepeince e
and 4.3.2. Target selection corrections are similar to what we derived effect of mass-loss for the SAGA 'RGB' stars is negligible, their

. o gradient decreases by only 0.2 Gyr kpc
previously, and of the order of few Gyrkpc Based on the above discussion, we conclude that in the region

of the Galactic disc probed by our sample, the vertical age gradient
is of the order of 4.0t 2. Gyrkpc , which also encompasses
the uncertainty stemming from mass-loss. In particular, it should
In a pencil-beam sample such as SAGA, the average altitude P€ stressed that at any given height there is a wide range of ages.=
Z = Dsin (o) will, by the geometry, rise almost linearly with dis- ~ Fig- 13shows such overdensities in the vertical age, mass and age— =
tanceD; hence, the two quantities are strongly correlated. Thus, Metallicity relation when including observational uncertainties and
any correlation, for example of age with distance, will bias the gra- correcting for target selection.
dient derived as a function & This effect can be accounted for To our knowledge, the present study is the rst of this kind,
by introducing the dependence on distance in the least-squares tduantifying thein situ vertical age gradient of the Milky Way disc.
when deriving the gradients (e.g. Stitich, Asplund & Casagrande While the origin of this age gradient is beyond the scope of this 3
2014. This technique provides a model-independent check (mod- Paper, its existence has long been known by indirect evidence such &
ulo the degree at which giants trace the ages of an underlying stellarS €.9. the age—velocity dispersion relation (e.g. von Hodi9&Q =
population). Assuming that a (multi)-linear dependence provides a Mayor 1974 Wielen1977 Holmberg et al2007), the chemistry in g
N
o
N

0l] papeojumoq

sdpy w

In Section 4.2, we have used two different methods and samples
to measure the raw vertical age gradient with SAGA. We have
then assessed target selection effects using different approaches

6/186/1/SS/21o1le/5R1UW/Wo2 dno"dIWapeoe)/
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4.3.4 Correlation with distances
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reasonable description of the underlying structure of the data (which réd giants (Masseron & Gilmor2019 and the change in fraction
over the range of distances studied here is appropriate for ages), on®f active M dwarfs of similar spectral type at increasing Galactic

can expand the tinto latitudes (e.g. West et a2011, and references therein). However,
d q none of these studies is able to provide a direct measurement as we
=7+ —D + , 2 do here.
dz dD @
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5 THE AGE-METALLICITY RELATION in Fig. 10 for the entire data set, as well as when restricting only &
OF DISC RED GIANTS AND THEIR to ‘Giants’. The SAGA target selection intrinsically favours metal- 5
AGE DISTRIBUTION rich, young stars, thus attening the overall age—metallicity relation. %
+ o . of
An important constraint for Galactic models is provided by the time I we adopt the age (4 ~ 2 Gyr kpc ) and metalhcny g(adlents 9
. . S (S 0.2+ 0.1 dex kpc ; Schlesinger et al., in preparation) mea-
evolution of the metal enrichment, the so-called age—metallicity re- . . - N
. i i . _sured over the SAGA stripe, we obtain a shallow slopg 0f05+ o
lation. The strength or even the existence of this relation among disc ) o ! . ) ) . . =
- . >~ = ~0.06 dex Gyi . This is consistent with what is obtained instead if ©
stars has been largely debated in the literature because of the intrin- ; L S 3
o L5 . . we were tting the age—metallicity relation in Fid0, and correct- 5
sic dif culty of deriving reliable ages for eld stars, as well as issues ing for target selection afterwards. Seismoloay thus con rms the
with sample selection biases (e.g. McClure & Tinsl&y 6 Twarog g 9 ) 9y N

rather mild slope and large spread at all ages in the age—metallicity =
relation of disc stars, as already derived from turn-off and subgiant
stars in the solar neighbourhood (e.g. Nordistret al.2004 Hay-

wood 2008 Casagrande et a2011 Bergemann et aR014 and

198Q Edvardsson et al993 Ng & Bertelli 1998 Rocha-Pinto et al.
200Q Feltzing et al.200]). We can now take a fresh look at this
issue, with the rst age—metallicity relation from seismology shown
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12 &a) i 1.2 7205 kpe ysis. Future larger data sets with improved age precision will be
1o E able to look for the existence of signatures of this kind. With our
current SAGA sample, we can rule out the presence of any major
overdensity at ages younger than about 10 Gyr, implying that the
Milky Way disc had a relatively quiescent evolution since a redshift
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E 0.0 of about 2 (see also Ruchti et 2019. Increasingly sophisticated
£ 00 12 cosmological simulations are now able to predict gross morpholog-
= E(c) 7<0.5 kpc ] . . .

oal 1.0 ical properties on galactic scales (Torrey et2dl12 Vogelsberger

‘ oer ] et al.2014), yet the survival of discs seems to critically depend on

0.6 |

raction

the absence of violent events (Scannapieco &0f19; our results
support such a scenario.
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6 SECONDARY CLUMP STARS: STANDARD
AGE CANDLES FOR GALACTIC
ARCHAEOLOGY

The secondary clump is populated by stars which ignite helium in
also in agreement with the study of Galactic open clusters (e.qg. Friel (partly) non-degenerate conditions, and it is a phase relatively well
1995 Carraro, Ng & Portinari998 see also Leaman, VandenBerg de ned in time (e.g. Girardl1999. Although the precise mass and
& Mendel 2013 for the age—metallicity relation of disc globular  hence age, at which this happens, depend on the models themselvesg:
clusters). It should also be noted that a typical age uncertainty of secondary clump stars de ne a nearly pure population of young
the order of 20 per cent implies a much larger absolute number (<2 Gyr) stars. At the youngest ages, the intrinsic luminosity of
at older ages than at younger ones (i.e.£1@ Gyr versus 1+ clump stars is non-constant, thus making them unsuitable distance =
0.2 Gyr). Thus, despite that old and metal-rich stars do exist, when calibrators (Chen et al., in preparation); nevertheless, as we show %
convolving their uncertainties in the age—metallicity relation their below, secondary clump stars can be used as standard age candle%
contribution is much reduced (compare Fi§.with Fig. 13). Also, to estimate (i) the intrinsic metallicity spread at young ages and (ii)
our sample selection limits us to [Rd] > S1, preventing us from to trace the ageing of the Galactic disc.
tracing the early enrichment expected in the age—metallicity relation (i) We have already shown that thanks to our precise seismic
(compare e.g. the steep rise in metallicity at about 13 Gyr in g. 16 logg determinations we can discriminate between primary and sec-
of Casagrande et é2017). ondary clump stars in a eld population (see aRaper | g. 17).

Fig. 14 shows the age distribution for the ‘Giants’ sample. Over- Here, we use only stars with secure ‘RC’ classi cation and adopt a
all, this is similar to what we have already discussed in Section 2.3, xed log g = 2.5 to discriminate between the two phases. This cutis
apart from the fact that we are now applying completeness cuts. A rather arbitrary, although we have veri ed that our results still hold
signi cant overdensity seems to appear at the oldest ages, abovefor reasonable variations of this threshold. After discarding mem-

10 Gyr, which persist also when adopting ages computed with bers of the open cluster NGC 6819 and considering only stars with
mass-loss. We know that our target selection is biased against oldgood photometric and metallicity ags, we derive for the secondary
stars (Section 4.3), and it would thus be intriguing to interpret this clump stars a metallicity scatter = 0.28+ 0.04 dex. The re-
overdensity as the signature of a population formed/accreted earlyported uncertainty is twice as large as the variation stemming from
in the history of the Galaxy. As we have discussed in Section 4.3.2, a change of 0.05 dex in gravity cut and from the adoption or not of
a constant star formation rate produces an age distribution of redthe completeness cuts (0.60Sy 0.8andy 13.5asderivedin
giants which peaks at young values, and with a long tail. A strong Section 3). After unfolding the typical uncertainty of our photomet-
burst in star formation at a given age manifests instead as a localizedric metallicities (derived by comparing with independent/[Rg
peak at that epoch (see FIR). measurement®aper ), we nd that the intrinsic metallicity spread

We only select stars with [Fél] > S1, implying that this over- of secondary clump stars is 0.340.04 dex (this procedure holds
density is associated with disc stars, rather than the halo, and it couldtrue under the assumption that errors are reasonably Gaussian, an
be the signature e.g. associated with the formation of the thick disc there is no systematic bias). This number is essentially unchanged g
or enhanced star formation in the early Galaxy (cf. Haywood et al. when correcting for the vertical metallicity gradient measured in
2013 Robin et al.2014 Snaith et al2014). Because of the ver-  SAGA (Schlesinger et al., in preparation). The intrinsic scatter de-
tical age gradient and the survey geometry, we must rst verify rived here is similar to that obtained using stars in the same age
whether this overdensity could simply stem from stars at the high- range from the GCS (Casagrande ef8ll 1), which, after account-
estZ. Correcting the histogram for the vertical age gradient is not ing for the uncertainty in those metallicity measurements, is about
straightforward since we have a mixture of young and old stars atall 0.13+ 0.02 dex.
heights, and this would unphysically shift part of the age histogram  (ii) Since primary and secondary clump stars occupy very similar
at negative values. We therefore split the age distribution below and position on the H-R diagram, it is reasonable to assume that they
aboveZ = 0.5 kpc in Figsl4(b) and (c). A moderate overdensity  have nearly equal probability of being observedd®pler. There-
at the oldest ages is still present in both panels. However, when wefore, the ratio of secondary to primary clump stars is independent of
fold age uncertainties in the histogram, the overdensity at old agesthe selection function. Most importantly, this ratio is sensitive to the
disappears, consistently with the lower panel in Eig). mixture between a young population (including secondary clumps)

We thus conclude that the detection of a peak at old ages isand an old one (including primary only), thus meaning that it can
not signi cant and emphasize the importance of taking proper age be used to trace the relative age of a population. Also, although
uncertainties into consideration when conducting this kind of anal- ages in the clump phase are affected by mass-loss (especially at the
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low masses typical of primary clump stars), their number ratio is the Galactic plane for red giants. Galactic longitudes are centred at™
unaffected by this uncertainty, until linked to an age scale. | 74 implying nearly constant Galactocentric distances and thus E
Thisis explored in Figl5(left-hand panel), which shows theratio  minimizing radial variations. 2
of secondary to primary clump stars as a function of height fromthe  For the asteroseismic sample, we have complemented the stel-
Galactic planez. Again, members of the cluster NGC 6819 have lar masses, metallicities and distances already derivéRhper |
been excluded since we are interested in studying properties of eld with stellar ages. For a large fraction of our stars, we have seismic
disc stars. Adopting our completeness cits (13.5and 0.6 b$S classi cation available to distinguish between red giants burning &
y 0.8)isirrelevant here, with little effect aside from changing the hydrogen in a shell and clump stars that have already ignited he-§
limit in heights at which we have targets. The ratio of secondary to lium in their core, thus greatly improving on the accuracy of age A
primary clump stars will vary when adopting different cuts ingpg  determinations. For clump stars, as well as for stars on the upperc
(2.45,2.50 and 2.55 dex). However, once these ratios are normalizedpart of the red giant branch, the largest source of uncertainty in age 5’
to the value at the maximum height, they all remarkably overlap. determination stems from mass-loss. We have therefore included—o
Itis clear that at lower altitudes secondary clump stars outnumber this uncertainty by deriving stellar ages under two very different 3
primary ones, indicating that the fraction of young stars decreasesassumptions for mass-loss.
when moving away from the plane, in qualitative agreement with  The Stdmgren photometry of SAGA is magnitude complete to
the vertical age gradient measured in Section 4.4. y 16, i.e. nearly 2 mag fainter than the giants selected to measure
stellar oscillations with th&epler satellite. This, and the capabil-
ity of Stromgren photometry to disentangle dwarfs from giants,
7 CONCLUSIONS has allowed us to build an unbiased population of giants, which
In this paper, we have used the powerful combination of asteroseis-we have used to benchmark against the asteroseismic sample. W
mic and classic stellar parameters of the SAGA ensemble to inves-have been able to constrain the thus-far unknown selection func-
tigate the vertical age structure of the Galactic disc as traced by redtion of seismic targets for thi&epler satellite (see also Sharma
giants in theKepler eld. This goal is facilitated by the pencil-beam et al., in preparation), by identifying a colour and magnitude range
survey geometry analysed here, which covers latitudes from aboutwhere giants with oscillations measured Kgpler are representa-
8 to 20 translating into bulk vertical distances up td kpc above tive of the underlying population in the eld. This holds true for

1s1aAun' - 1|

0 J18sSh BAO

2oz ®uep gz u

MNRAS 455,987-1007 (2016)



1006 L. Casagrande etal.

V=y 135and0.6 bSy 0.8 modulo reddening, which 0.14 dex. We remark that studies of local early-type stars and gas
is anyway well constrained for our sample. This has been veri ed phase in diffuse interstellar medium reveal indeed a high degree of
to correspond t&K 135 3.280 S K ) and 0.586 JS K homogeneity in the present-day cosmic abundances (So a & Meyer
0.782 for the 2MASS system. These cuts, together with the use of 2001 Nieva & Przybilla2012. Thus, despite a spread of ages at all
stars with best quality ags in SAGA, as well as the exclusion of heights, and a spread of metallicity at all ages, there are well-de ned
members of the open cluster NGC 6819 and a handful of the mostand smooth vertical age and metallicity gradients, indicating that
metal-poor stars ([F¢d] S 1, for which seismic scaling relation  the disc is generally composed of well-mixed populations that have
might be inaccurate) reduce the initial SAGA sample by almost one undergone a largely quiescent evolution. This validates scenarios in
third, to 373 stars. which the evolution of the disc is largely driven by internal dynam-
Although we have been able to identify the colour and magnitude ical processes, and it provides a rst constraint on the disc spatial
range where our sample is representative of giants in the eld, when growth over cosmic time.
measuring the vertical age structure of the Galactic disc we must
still correct the raw measurements for the colour and magnitude
cuts reported above, i.e. for target selection. To control for these ACKNOWLEDGEMENTS
biases, we separately estimated the effects of the selection functionye thank an anonymous referee for his/her insightful comments
from Galaxy models, and from a more simple and straightforward
approach with direct population synthesis. _ _ prove the presentation of the results. We also thank P. E. Nissen and
We see a clear increase of the average stellar age at increasingy potter for useful discussions. We thank the nature of who knew
Galactic heights, thus indicating the ageing of the Milky Way disC e\ erything upfront for giving a good laugh. Funding for the Stellar
as one moves away from the Galactic plane. This is also traced by aagirophysics Centre is provided by the Danish National Research
stellar mass gradient, since the mass of a red giant is a proxy for itS gy ,ndation (grant agreement no. DNRF106). The research is sup-
age. We have used linear ts to describe these trends; although thisported by the ASTERISK project (ASTERoseismic Investigations
allows us to quantify their strength, we are aware that they might | i+, SONG and Kepler), funded by the European Research Coun-
not capture the full complexity of the age and mass structure in the ;, (grant agreement no. 267864). VSA acknowledges support from
Galactic disc. The bulk stellar age increases with increasing altitude, v/ _um FONDEN (research grant 10118). AMS is partially sup-
but there is a large spread of ages at all heights. This translates i”toported by grants ESP2014-56003-R (MINECO), EPS2013-41268-
a decreasing stellar mass with increasing altitude; stellar masses are, (MINECO) and 2014SGR-1458 (Generalitat de Catalunya). We
not linearly mapped into ages, and the overall trend of the stellar 4cxnowledge the generous hospitality of the Kavli Institute for The-
mass with Galactic heights is rather L-shaped. oretical Physics where part of this work was carried out. This re-

We have quanti ed these trends using giants independently of goarch was supported in part by the National Science Foundation
their seismic classi cation (373 stars), as well as ‘RGB’ stars only ,nder Grant No. NSF PHY11-25915.

(48 object), for which the impact of mass-loss on age estimates is
negligible. All the above estimators and samples agree in showing
increasing stellar ages (and decreasing stellar masses) at increasinEFERENCES
Galactic heights, albeit the degree of consistency among different
methods and samples varies. We have argued that our current best
estimate for the vertical age gradient ist42 Gyrkpc . Part of

the scatter might stem from uncertainties related to sample size and
target selection corrections, although it should also be kept in mind
that part of it is real, and the age gradient we measure is just the
highest overdensity of a wide distribution. We have also used the
number ratio of secondary clump stars to primary clump stars as an
independent proxy of the ageing of the stellar disc, con rming the
presence of preferentially old stars at increasing Galactic heights.

Stellar ages show a smooth distribution over the last 10 Gyr,
whereas a small overdensity appears at older values, which could
be a signature associated with the early phases of the Milky Way.
Once age uncertainties are taken into account, this does not appear
to be statistically signi cant. Nevertheless, the smooth distribution
of ages over the last 10 Gyr is consistent with a rather constant
star formation history and suggests that the Galactic disc has had
a rather quiescent evolution since a redshift of about 2. This is in
agreement with scenarios where stellar discs in galaxies form at
relatively early times, and their survival critically depends on the
absence of major mergers.

Finally, we derive the rst seismic age—metallicity relation for the
Galactic disc. We con rm results from other methods (such as age
dating of turn-off and subgiant stars, as well as Galactic open clus-
ters) that a metallicity spread exists at all ages, and the overall slope
of the age—metallicity relation is small. Because of their young ages,
secondary clump stars can also be used to assess the intrinsic meta'-
licity spread at almost the present time, which we estimate to be
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