
Galactic Archaeology 
with PLATO
Andrea Miglio



solar-like oscillating red giants: 
clocks and rulers for Galactic studies

asna header will be provided by the publisher 3

0.9 1 1.2 1.5 2 3
10

8

10
9

10
10

Mass (M
sun

)

A
g

e
 (

yr
)

Thin disk, RGB stars, ν
 max

 < 350 µHz

 

 

Age ∝ M
−3.2

[F
e

/H
]

−0.6

−0.4

−0.2

0

0.2

0.4

RR Lyrae

solar-like 
oscillators

NGC6811

NGC6819

NGC6791
M4

M67

Cepheids

Fig. 1 Age-mass-metallicity relation for red giants in a trile-
gal (Girardi et al. 2005) synthetic population representative of
thin-disk red-giant-branch (RGB) stars observed by Kepler. The
dashed line indicates the average power-law relation between age
and mass of RGB stars. Given their extended mass range and the
tight age-mass relations, solar-like oscillating giants (dots) probe
the full history of the Milky Way. The asteroseismic age scale is
currently being validated primarily thanks to the detection of oscil-
lations in giants belonging to open and globular clusters observed
by Kepler and K2 (Arentoft et al. 2017; Brogaard et al. 2016, 2012;
Handberg et al. 2017; Miglio et al. 2016; Molenda-Żakowicz et al.
2014; Sandquist et al. 2016; Stello et al. 2016). Classical pulsators
in similar evolutionary phases (Cepheids and RR Lyrae stars) are
also indicated in the diagram.

groups Report 4 on Galactic populations, Chemistry and
Dynamics (Turon et al. 2008). This working group was re-
quested by ESO and ESA to consider projects that would
complement the Gaia mission. On page 148 the authors
made the following recommendation to ESA: “Asteroseis-
mology: this is a major tool to complement Gaia with re-
spect to age determinations. ESA should encourage the
community to prepare for a next-generation mission, which
would sample the di↵erent populations of the Galaxy much
more widely than CNES-ESA’s CoRoT and NASA’s Ke-
pler”: PLATO is the mission that can deliver these long-
sought constraints.

Gaia and spectroscopic surveys will be able to tell us
the di↵erence between geometrically defined thick and thin
disks vs. chemically defined alpha-high and alpha-low disks
(for discussion regarding the various definitions of the thick
and thin disks see e.g. Kawata & Chiappini 2016). Age
information of turn-o↵ stars will be available in the Gaia
era. However, these stars are intrinsically faint preventing a
large volume coverage of the Galaxy. For giants the current
estimates are very uncertain (for instance those based on C
and N spectral features - e.g. Martig et al. 2016; Masseron
& Gilmore 2015) and more precise age estimates mainly
rely on relatively small asteroseismic data sets from Kepler
(Borucki et al. 2010), K2 (Howell et al. 2014) and CoRoT

(Baglin et al. 2006; CoRot Team 2016). What is needed is
more reliable and homogeneously derived age information
for a much larger number of stars, covering larger volumes
of the MW.

It has now been demonstrated that precise and more ac-
curate (although model dependent) ages can be inferred for
the solar-like pulsating red giants observed by the space-
borne telescopes CoRoT, Kepler, and K2 (see e.g. Anders
et al. 2017b; Casagrande et al. 2016; Miglio et al. 2013; Ro-
drigues et al. 2017).

Along with enabling exquisite tests of stellar mod-
els, pulsation frequencies may be used to place tight con-
straints on the fundamental stellar properties, including ra-
dius, mass, and evolutionary state (see, e.g., Chaplin et al.
2013, Christensen-Dalsgaard 2016, and references therein).
Stellar mass is a particularly valuable constraint in the case
of giants, since for these stars age is primarily a function of
mass. The age of low-mass, red-giant stars is largely deter-
mined by the time spent on the main sequence, hence by the
initial mass of the red giant’s progenitor (⌧MS / M/L(M) =
M�(��1), with � ⇠ 4, where L is the typical luminosity of
the star on the main sequence, see e.g. Kippenhahn et al.
2012 ). With asteroseismic constraints on the stellar mass,
it is now possible to infer the age of thousands of individual
stars, spanning the entire evolution of the MW (see e.g. Fig.
1).

The combination of chemical compositions from spec-
troscopic surveys with distances and motions from Gaia and
ages from asteroseismic data, on large samples of stars, will
allow us to comprehensively study chemodynamical distri-
butions and their time evolution in di↵erent directions of
the MW. A taste of this was recently shown by Anders et al.
(2017a) where around 400 stars from just two of the CoRoT
fields measurements with APOGEE spectra (and hence ve-
locity and chemical information) have been used to estimate
the evolution of the abundance gradients in the thin disk in
the last 6-8 Gyrs, a long sought constraint to chemodynam-
ical models of the MW.

In addition, it will finally be possible to map the thick
and thin disk components also in age, which can turn out
to be key as the overlap in metallicities and kinematics blur
our understanding of the two components. All of these cru-
cial constraints will allow us to quantify the importance of
stellar radial migration in the formation of the MW, oth-
erwise di�cult to quantify from first principles. This will
represent invaluable information not only for the formation
of the MW, but also for the formation of spiral galaxies in
general.

2.3 What can PLATO do for Galactic archaeology,
that previous missions could not?

While pioneering photometric space missions such as
CoRoT, Kepler, and K2 have shown the enormous poten-
tial of seismology for stellar populations studies, they all
have limitations relating to spatial and temporal coverage.
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Fig. 9 Lower panel: asteroseismic distance scale for solar-like
oscillating giants, presenting a comparison between seismic dis-
tances against benchmark distances of clusters, the latter obtained
via isochrone fitting and / or based on eclipsing binaries. Distances
are taken from Brogaard et al. (2016); Handberg et al. (2017);
Miglio et al. (2016); Molenda-Żakowicz et al. (2014); Sandquist
et al. (2016); Stello et al. (2016). Upper panel: Distribution of
distances for targets in various asteroseismic missions. The di↵er-
ent duration of the observations, coupled with the mission-specific
target selection function explain the di↵erent distributions. Longer
observations allow to measure oscillations in longer-period (hence,
in general, intrinsically brighter and more distant) stars. CoRoT, in
its so-called “exo-field”, targeted stars fainter than Kepler.

et al. 2016). Recently K2 targets at di↵erent locations are
becoming the key stars for cross-calibrating several surveys.

An excellent example of the impact of having seismic
surface gravities for several stars included in spectroscopic
surveys has recently shown in RAVE data (Valentini et al.
2017). The RAVE survey collected intermediate resolution
spectra around the Ca triplet. This wavelength interval, in
spite of being excellent for deriving radial velocities, con-
tains few spectral lines resulting into degeneracies of stel-
lar parameters: lines produced in stars with di↵erent sur-
face gravity and at the same temperature are hardly dis-
cernible, as illustrated in Fig. 10. K2 observed 87 RAVE red
giants during Campaign 1 and the seismically inferred sur-
face gravity provided a calibration for the log(g) for giants
(Valentini et al. 2017). Abundances have been recomputed
then using this newly calibrated gravity, and presented in the
RAVE-DR5-SC catalog (Kunder et al. 2017). The metallic-
ity computed with the calibrated log(g) is in agreement with

Fig. 10 Synthetic spectra of a solar-metallicity star with
Te↵ = 4800 K in the wavelength range and resolution of RAVE.
Each line represents a spectrum with di↵erent log g, from 0.5 to
3.0 in steps of 0.5 dex, showing how little spectral features change
with surface gravity. Spectra are synthesised using the iSpec pack-
age (Blanco-Cuaresma et al. 2014), considering the Turbospec-
trum (Plez 2012) radiative transfer code and MARCS (Gustafsson
et al. 2008) atmosphere models.

the metallicities derived using high-resolution spectra from
GALAH (Martell et al. 2017).

Additionally, beyond improving stellar parameters de-
rived from spectra, seismic information has become critical
in the era of high-precision chemical abundance determina-
tion analyses. As an example, we point to the APOGEE sur-
vey which has obtained moderate resolution spectra of ⇠105

stars in the H-band (1.5�1.7µm). In this wavelength regime
there is a lack of usable Fe II lines, which are widely used
to constrain the surface gravity spectroscopically. Hawkins
et al. (2016), building on the work of Pinsonneault et al.
(2014), was able to show that using the seismic informa-
tion can significantly improve the precision and accuracy of
stellar parameters and chemical abundances derived from
APOGEE spectra.

The seismic data for the APOGEE+Kepler sample has
also been used to identify the spectral regions that are most
sensitive to log(g) which can be used to find novel ways of
constraining this di�cult parameter beyond the standard Fe
II ionization balance technique (e.g. Masseron & Hawkins
2017).

The spectroscopic follow-up of PLATO’s targets by sev-
eral planned large-scale surveys (e.g. 4MOST, WEAVE,
SDSS, see also Fig. 2) will not only be beneficial to the
calibration of spectroscopic analyses procedures, but will
provide chemical abundances which are key to inferring
precise stellar properties (in particular age), to testing stel-
lar models, and, noticeably, to inform models of Galactic
chemical evolution and to help identify populations of stars
with a common origin (e.g. see Freeman & Bland-Hawthorn
2002).
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ABSTRACT

Context. The detection with CoRoT of solar-like oscillations in nearly 800 red giants in the first 150-days long observational run
paves the way for detailed studies of populations of galactic-disk red giants.
Aims. We investigate which information on the observed population can be recovered by the distribution of the observed seismic
constraints: the frequency of maximum oscillation power (νmax) and the large frequency separation (∆ν).
Methods. We propose to use the observed distribution of νmax and of ∆ν as a tool for investigating the properties of galactic red-giant
stars through comparison with simulated distributions based on synthetic stellar populations.
Results. We can clearly identify the bulk of the red giants observed by CoRoT as red-clump stars, i.e. post-flash core-He-burning
stars. The distribution of νmax and of ∆ν gives us access to the distribution of the stellar radius and mass, and thus represent a most
promising probe of the age and star formation rate of the disk, and of the mass-loss rate during the red-giant branch.
Conclusions. CoRoT observations are supplying seismic constraints for the most populated class of He-burning stars in the galactic
disk. This opens a new access gate to probing the properties of red-giant stars that, coupled with classical observations, promises to
extend our knowledge of these advanced phases of stellar evolution and to add relevant constraints to models of composite stellar
populations in the Galaxy.

Key words. stars: fundamental parameters – stars: horizontal-branch – stars: mass-loss – stars: oscillations – galaxy: disk –
galaxy: stellar content

1. Introduction

The CoRoT satellite (Baglin & Fridlund 2006) is providing high-
precision, long, and uninterrupted photometric monitoring of
thousands of stars in the fields primarily dedicated to the search
for exoplanetary systems (EXOField). These observations reveal
a wealth of information on the properties of solar-like oscilla-
tions in a large number of red giants (see De Ridder et al. 2009),
i.e. their oscillation frequency range, amplitudes, lifetimes, and
nature of the modes (radial as well as non-radial modes were
detected). The goldmine of information represented by this de-
tection is currently being exploited.

As described in detail by Hekker et al. (2009), about 800
solar-like pulsating red giants were identified in the field of the
first CoRoT 150-day long run in the direction of the galactic cen-
tre (LRc01). Hekker et al. (2009) searched for the signature of
a power excess due to solar-like oscillations in all stars brighter
than mV = 15 in a frequency domain up to 120 µHz. They find

⋆ The CoRoT space mission was developed and is operated by the
French space agency CNES, with the participation of ESA’s RSSD and
Science Programmes, Austria, Belgium, Brazil, Germany, and Spain.
⋆⋆ Postdoctoral Researcher, Fonds de la Recherche Scientifique –
FNRS, Belgium.

that the frequency corresponding to the maximum oscillation
power (νmax) and the large frequency separation of stellar pres-
sure modes (∆ν) are non-uniformly distributed. The distributions
of νmax and ∆ν shows single dominant peaks located at ∼30 µHz
and ∼4 µHz, respectively. The corresponding histograms are also
shown in the lower panels of Figs. 3 and 5. We note, however,
that the detection of solar-like pulsations as in the low-frequency
end (νmax <∼ 20 µHz) is compromised by the long-period trends,
the activity, and granulation signal. We should therefore regard
the observed distribution at the lowest frequencies as strongly
biased (see Hekker et al. 2009).

In this work we focus on the simplest and most robust seis-
mic constraints provided by the observations, νmax and ∆ν, and
on the information they supply on the stellar parameters. As
suggested by Brown et al. (1991), νmax is expected to scale as
the acoustic cutoff frequency of the star, which defines an upper
limit to the frequency of acoustic oscillation modes. Following
Kjeldsen & Bedding (1995) and rescaling to solar values, νmax
can be expressed as

νmax =
M/M⊙

(R/R⊙)2
√

Teff/5777 K
3050 µHz. (1)
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ABSTRACT
Our understanding of how the Galaxy was formed and evolves is severely hampered by the lack
of precise constraints on basic stellar properties such as distances, masses and ages. Here, we
show that solar-like pulsating red giants represent a well-populated class of accurate distance
indicators, spanning a large age range, which can be used to map and date the Galactic disc in
the regions probed by observations made by the CoRoT1 and Kepler space telescopes. When
combined with photometric constraints, the pulsation spectra of such evolved stars not only
reveal their radii, and hence distances, but also provide well-constrained estimates of their
masses, which are reliable proxies for the ages of the stars. As a first application, we consider
red giants observed by CoRoT in two different parts of the Milky Way, and determine precise
distances for ∼2000 stars spread across nearly 15 000 pc of the Galactic disc, exploring regions
which are a long way from the solar neighbourhood. We find significant differences in the mass
distributions of these two samples which, by comparison with predictions of synthetic models
of the Milky Way, we interpret as mainly due to the vertical gradient in the distribution of stellar
masses (hence ages) in the disc. In the future, the availability of spectroscopic constraints for
this sample of stars will not only improve the age determination, but also provide crucial
constraints on age–velocity and age–metallicity relations at different Galactocentric radii and
heights from the plane.

Key words: asteroseismology – stars: distances – Galaxy: disc.

1 IN T RO D U C T I O N

Accurate and precise distances to stars are a fundamental corner-
stone of astronomy. Such data play a key role in shaping theories of
the history and fate of our Galaxy. Another fundamental cornerstone

⋆ E-mail: a.miglio@bham.ac.uk
1 The CoRoT space mission, launched on 2006 December 27, has been de-
veloped and is operated by CNES, with the contribution of Austria, Belgium,
Brazil, ESA (RSSD and Science Programme), Germany and Spain.

is provided by stellar ages. Ages can be estimated only for a lim-
ited sample of individual field stars, and then only by using either
model-dependent techniques or empirical methods that still need
careful calibration (Soderblom 2010). These two cornerstones are
essential to Galactic Archaeology, the study of the chemical com-
positions and dynamic motions of stars of different ages, within
which is coded information on the origin and subsequent evolution
of the Milky Way (Freeman & Bland-Hawthorn 2002; Turon et al.
2008). There is a modern consensus among astronomers that a va-
riety of processes play a role in shaping our Galaxy, for example
gas accretion and in situ star formation, mergers and dynamical

C⃝ 2012 The Authors
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Figure 4. Radius and mass distributions of stars in LRa01 (blue) and
LRc01 (red) obtained using the method described in Sec. 1. Upper panels:

N3 sample, Lower panels: N2 sample

the interstellar dust) are smoothly distributed and quite uniform in their distributions of
ages/metallicities.

Simulations with both TRILEGAL and the Besançon Model (see Fig. 5 and 6) show
that, although a similar distribution of radius is expected in LRa01 and LRc01, the age
(hence mass) distribution of the two populations of giants is expected to di↵er. Stars in
LRc01 are expected to be older -on average- than those in LRa01.

To check whether in the synthetic populations the di↵erence between LRc01 and LRa01
is due to a di↵erent latitude, we simulated with TRILEGAL CoRoT fields at decreasing
latitudes, and fixing the longitude to that of LRa01 and LRc01 (see Fig. 7). The expected
distribution of mass and age are presented in Figure 8 to 9. In the magnitude range
observed by CoRoT, while a broad spectrum of age / mass is expected for giants in low-
latitude fields, only old stars are expected to populate high-latitude fields. In these models
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(lower panel) distribution of stars with most reliable seismic constraints.
Fields considered: LRc01 (573 targets), LRa01 (172 targets).
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Fig. 1. The [Fe/H] vs. RGal distribution close to the Galactic plane (|ZGal| < 0.3 kpc) for five bins in age (from left to right, as indicated in each
panel). Top row: Data compilation. The CoRoGEE sample is shown in blue: For each star, we have calculated the fraction of the age PDF which
is enclosed in each age bin – this fraction corresponds to the size of each dot and its transparency value. For comparison, we also show the open
cluster compilations of Genovali et al. (2014) and Magrini & Randich (2015) as green pentagons, the subgiant sample from Bergemann et al.
(2014, red symbols), and Galactic Cepheids (Genovali et al. 2014; black symbols). The Solar neighbourhood FGK dwarf sample of Bensby et al.
(2014) is plotted as orange symbols: The big orange triangles and their errorbars denote the median metallicities and the 68% quantiles, while
small triangles represent stars which do not fall within this range. Second row: Mock CoRoGEE sample from the chemodynamical simulation
of Minchev, Chiappini, & Martig (2013, 2014a, MCM), including typical observational errors in age, distance, and metallicity (Anders et al.
2016a,b). Third row: Full MCM simulation without errors, and the underlying chemical-evolution model of Chiappini (2009).

The answer to the fundamental question of how the Milky
Way’s abundance distribution evolved with cosmic time is en-
coded in the kinematics and chemical composition of long-lived
stars and can be disentangled most e�ciently if high-precision
age information is available. To date, the only results that claim
to trace the evolution of abundance gradients are based on plan-
etary nebulae (PNe; e.g., Maciel & Chiappini 1994; Maciel &
Quireza 1999; Stanghellini et al. 2006; Maciel & Costa 2009;
Stanghellini & Haywood 2010) and star clusters (e.g., Janes
1979; Twarog et al. 1997; Carraro et al. 1998; Friel et al. 2002;
Chen et al. 2003; Magrini et al. 2009; Yong et al. 2012; Frinch-
aboy et al. 2013; Cunha et al. 2016), but the former were based
on uncertain age and distance estimates and remain inconclu-
sive1, while the latter allow essentially only for two wide age
bins, and are a↵ected by low-number statistics and non-trivial
biases due to the rapid disruption of disc clusters.

In addition to the value of the abundance gradient itself, the
scatter of the RGal�[Fe/H] relation can in principle be used to
quantify the strength of radial mixing and migration over cosmic
time. In this paper, we use combined asteroseismic and spectro-
scopic observations of field red-giant stars to examine the evolu-
1 Also, García-Hernández et al. (2016) recently showed that the O
abundance in PNe (frequently used to study such metallicity gradients)
is not an optimal metallicity indicator due to intrinsic O production dur-
ing the previous asymptotic-giant-branch phase; especially for the more
abundant lower-mass-progenitor PNe.

tion of the Milky Way’s radial abundance gradient in a homoge-
neous analysis. Solar-like oscillating red giants are new valuable
tracers of GCE, because they are numerous, bright, and cover a
larger age range than classical tracers like open clusters (OCs)
or Cepheids. The combination of asteroseismology and spec-
troscopy further allows us to determine ages for these stars with
unprecedented precision. The paper is structured as follows: In
Sec. 2 we present the data used in this study, in Sec. 3 we de-
rive our main result: we present and model the observed [Fe/H]
vs. RGal distributions in six age bins and discuss these results in
detail in Sec. 4. Sec. 5 is dedicated to a comparison with the
literature, the following Sec. 6 revisits the peculiar finding that
old open clusters in the Solar Vicinity tend to have higher metal-
licities than their younger counterparts. In Sec. 7, we analyse
the [Mg/Fe] vs. RGal distributions, also as a function of age. Our
conclusions are presented in Sec. 8.

2. Observations

The CoRoT-APOGEE (CoRoGEE) sample (Anders et al. 2016a)
comprises 606 solar-like oscillating red-giant stars in two fields
of the Galactic disc that cover a wide range of Galactocen-
tric distance (4.5 kpc < RGal < 15 kpc). For these stars,
the CoRoT satellite obtained asteroseismic observations, while
the Apache Point Observatory Galactic Evolution Experiment
(SDSS-III/APOGEE; Eisenstein et al. 2011; Majewski et al.
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ABSTRACT

Using combined asteroseismic and spectroscopic observations of 418 red-giant stars close to the Galactic disc plane (6 kpc < RGal . 13
kpc, |ZGal| < 0.3 kpc), we measure the age dependence of the radial metallicity distribution in the Milky Way’s thin disc over cosmic
time. We show that the radial metallicity gradient is constantly negative at a value of . �0.07 dex/kpc for stellar populations younger
than ⇠ 4 Gyr, and flattens to reach a value of ⇠ �0.02 dex/kpc for stars with ages between 6 and 10 Gyr. After a long-lasting
observational debate, our data are able to rule out certain scenarios of chemical evolution, especially models in which the radial
abundance gradient flattens with time. Our results are in excellent agreement with a state-of-the-art chemo-dynamical Milky Way
model in which the evolution of the abundance gradient and its spread can be entirely explained by a non-varying negative metallicity
gradient in the interstellar medium together with stellar radial mixing and migration. We also o↵er an explanation for why old open
clusters in the Solar Neighbourhood can be more metal rich than young clusters: Already within 2 Gyr, radial migration can bring
metal-rich clusters from the innermost regions of the disc to Galactocentric radii of 5 to 8 kpc. In the near future asteroseismic data
from the K2 mission will allow for improved statistics and a better coverage of the inner-disc regions, thereby providing tighter
constraints on the evolution of the central parts of the Milky Way.
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1. Introduction

The time evolution of Galactic chemical-abundance distributions
is the missing key constraint to the chemical evolution of our
Milky Way (e.g. Matteucci 2003). Several observational ques-
tions related to the shape of the present-day abundance distri-
butions as functions of Galactocentric radius, azimuth, height
above the disc mid-plane, age, etc., have been tackled in the past
(e.g., Grenon 1972; Luck et al. 2003; Davies et al. 2009; Luck
et al. 2011; Boeche et al. 2013; Genovali et al. 2013, 2014; An-
ders et al. 2014; Hayden et al. 2015; Huang et al. 2015). Es-
pecially the radial metallicity gradient, @[Fe/H]/@RGal – the de-
pendence of the mean metallicity [Fe/H] of a tracer population
on Galactocentric distance RGal –, has been a subject of debate
for a long time.

Apart from the mathematical representation of the radial
metallicity distribution and its dependence on age, also the in-
terpretation of gradient data remains partly unsettled. Galac-
tic chemical-evolution (GCE) models that reproduce abundance

patterns in the Solar Neighbourhood and the present-day abun-
dance gradient can be degenerate in their evolutionary histo-
ries (e.g., Maciel & Quireza 1999; Portinari & Chiosi 2000;
Tosi 2000). One possibility is to start from a pre-enriched gas
disc (that has a metallicity floor; Chiappini et al. 1997, 2001)
which then evolves faster in the central parts, thus steepening
of the gradient with time. The other possibility is to start with a
primordial-composition disc with some metallicity in the central
parts (i.e., a steep gradient in the beginning), and to then grad-
uallly form stars also in the outer parts, thus flattening of the
gradient with time (Allen et al. 1998; Hou et al. 2000; Portinari
& Chiosi 2000). Additionally, radial heating and migration flat-
ten the observed abundance gradients of older stars (e.g. Schön-
rich & Binney 2009; Minchev et al. 2013, 2014a; Kubryk et al.
2015a,b; Grand et al. 2015). Therefore, the gradient of an old
population can be flat either because it was already flat when the
stars were formed, or because it started steep and was flattened
by dynamical processes.
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Fig. 1. The [Fe/H] vs. RGal distribution close to the Galactic plane (|ZGal| < 0.3 kpc) for five bins in age (from left to right, as indicated in each
panel). Top row: Data compilation. The CoRoGEE sample is shown in blue: For each star, we have calculated the fraction of the age PDF which
is enclosed in each age bin – this fraction corresponds to the size of each dot and its transparency value. For comparison, we also show the open
cluster compilations of Genovali et al. (2014) and Magrini & Randich (2015) as green pentagons, the subgiant sample from Bergemann et al.
(2014, red symbols), and Galactic Cepheids (Genovali et al. 2014; black symbols). The Solar neighbourhood FGK dwarf sample of Bensby et al.
(2014) is plotted as orange symbols: The big orange triangles and their errorbars denote the median metallicities and the 68% quantiles, while
small triangles represent stars which do not fall within this range. Second row: Mock CoRoGEE sample from the chemodynamical simulation
of Minchev, Chiappini, & Martig (2013, 2014a, MCM), including typical observational errors in age, distance, and metallicity (Anders et al.
2016a,b). Third row: Full MCM simulation without errors, and the underlying chemical-evolution model of Chiappini (2009).

The answer to the fundamental question of how the Milky
Way’s abundance distribution evolved with cosmic time is en-
coded in the kinematics and chemical composition of long-lived
stars and can be disentangled most e�ciently if high-precision
age information is available. To date, the only results that claim
to trace the evolution of abundance gradients are based on plan-
etary nebulae (PNe; e.g., Maciel & Chiappini 1994; Maciel &
Quireza 1999; Stanghellini et al. 2006; Maciel & Costa 2009;
Stanghellini & Haywood 2010) and star clusters (e.g., Janes
1979; Twarog et al. 1997; Carraro et al. 1998; Friel et al. 2002;
Chen et al. 2003; Magrini et al. 2009; Yong et al. 2012; Frinch-
aboy et al. 2013; Cunha et al. 2016), but the former were based
on uncertain age and distance estimates and remain inconclu-
sive1, while the latter allow essentially only for two wide age
bins, and are a↵ected by low-number statistics and non-trivial
biases due to the rapid disruption of disc clusters.

In addition to the value of the abundance gradient itself, the
scatter of the RGal�[Fe/H] relation can in principle be used to
quantify the strength of radial mixing and migration over cosmic
time. In this paper, we use combined asteroseismic and spectro-
scopic observations of field red-giant stars to examine the evolu-
1 Also, García-Hernández et al. (2016) recently showed that the O
abundance in PNe (frequently used to study such metallicity gradients)
is not an optimal metallicity indicator due to intrinsic O production dur-
ing the previous asymptotic-giant-branch phase; especially for the more
abundant lower-mass-progenitor PNe.

tion of the Milky Way’s radial abundance gradient in a homoge-
neous analysis. Solar-like oscillating red giants are new valuable
tracers of GCE, because they are numerous, bright, and cover a
larger age range than classical tracers like open clusters (OCs)
or Cepheids. The combination of asteroseismology and spec-
troscopy further allows us to determine ages for these stars with
unprecedented precision. The paper is structured as follows: In
Sec. 2 we present the data used in this study, in Sec. 3 we de-
rive our main result: we present and model the observed [Fe/H]
vs. RGal distributions in six age bins and discuss these results in
detail in Sec. 4. Sec. 5 is dedicated to a comparison with the
literature, the following Sec. 6 revisits the peculiar finding that
old open clusters in the Solar Vicinity tend to have higher metal-
licities than their younger counterparts. In Sec. 7, we analyse
the [Mg/Fe] vs. RGal distributions, also as a function of age. Our
conclusions are presented in Sec. 8.

2. Observations

The CoRoT-APOGEE (CoRoGEE) sample (Anders et al. 2016a)
comprises 606 solar-like oscillating red-giant stars in two fields
of the Galactic disc that cover a wide range of Galactocen-
tric distance (4.5 kpc < RGal < 15 kpc). For these stars,
the CoRoT satellite obtained asteroseismic observations, while
the Apache Point Observatory Galactic Evolution Experiment
(SDSS-III/APOGEE; Eisenstein et al. 2011; Majewski et al.
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ABSTRACT

With the advent of the space missions CoRoT and Kepler, it has recently become feasible to determine precise asteroseismic masses
and relative ages for large samples of red-giant stars.
In this paper, we present the CoRoGEE dataset – obtained from CoRoT lightcurves for 606 red giant stars in two fields of the
Galactic disc which have been co-observed for an ancillary project of the Apache Point Observatory Galactic Evolution Experiment
(APOGEE).
We have used the Bayesian parameter estimation code PARAM to calculate distances, extinctions, masses, and ages for these stars in
a homogeneous analysis, resulting in relative statistical uncertainties of . 2% in distance, ⇠ 4% in radius, ⇠ 9% in mass and ⇠ 25%
in age. We also assess systematic age uncertainties due to di↵erent input physics and mass loss.
We discuss the correlation between ages and chemical abundance patterns of field stars over a large radial range of the Milky Way’s
disc (5 kpc < RGal < 14 kpc), focussing on the [↵/Fe]-[Fe/H]-age plane in five radial bins of the Galactic disc. We find an overall
agreement with the expectations of pure chemical-evolution models computed before the present data were available, especially
for the outer regions. However, our data also indicate that a significant fraction of stars now observed near and beyond the Solar
Neighbourhood migrated from inner regions.
Mock CoRoGEE observations of a chemo-dynamical Milky Way disc model indicate that the number of high-metallicity stars in the
outer disc is too high to be accounted for even by the strong radial mixing present in the model. The mock observations also show
that the age distribution of the [↵/Fe]-enhanced sequence in the CoRoGEE inner-disc field is much broader than expected from a
combination of radial mixing and observational errors. We suggest that a thick disc/bulge component that formed stars for more than
3 Gyr may account for these discrepancies.
Our results are subject to future improvements due to a) the still low statistics, given that our sample has to be sliced in bins of
Galactocentric distances and ages, b) large uncertainties in proper motions (and therefore guiding radii), and c) corrections to the
asteroseismic mass-scaling relation. The situation will improve not only upon the upcoming Gaia data releases, but also with the
foreseen increase in the number of stars with both seismic and spectroscopic information.

Key words. Asteroseismology – Stars: fundamental parameters – Galaxy: abundances – Galaxy: disc – Galaxy: evolution

1. Introduction

To reconstruct the formation history of the Milky Way, one
would ideally like to obtain precise and unbiased ages for thou-
sands or millions of stars in all parts of our Galaxy. To date, this
goal is still far beyond reach, at least until astrometric parallaxes
from the Gaia satellite (Perryman et al. 2001) and asteroseismic
data from K2 (Howell et al. 2014) and PLATO 2.0 (Rauer et al.
2014) will appear.

A common work-around for this problem is to use relative
“chemical clocks” provided by element abundance ratios (Pagel
1997; Matteucci 2001): each star carries in its atmosphere the
enrichment history of the gas from which it was formed, only
minimally polluted by its own stellar evolution, and accessible
via spectroscopy. By combining this wealth of information with
kinematic properties of stellar populations in di↵erent Galactic

environments, we can systematically unravel the importance of
the various physical processes that led to the formation of the
Milky Way as we see it today (“Galactic Archaeology”; Freeman
& Bland-Hawthorn 2002; Turon et al. 2008).

Still, age determinations provide crucial constraints on sev-
eral astrophysical processes: For example, the ages of old halo
stars can be used as a lower limit for the age of the Universe (Hill
et al. 2002). The Galactic age-metallicity relation (e.g., Twarog
1980; Edvardsson et al. 1993; Ng & Bertelli 1998), the star-
formation history (Gilmore 1999) or the evolution of abundance
gradients (e.g., Carraro et al. 1998; Chen et al. 2003) are essen-
tial tools for understanding the evolution of our Milky Way.

Recently, sophisticated chemodynamical models of a Milky
Way-like galaxy, in acosmological context, have started to ap-
pear (see discussion in Minchev et al. 2013, 2014b, Sec. 1.2).
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PLATO: field of view

PLATO-UPD-SCI-TN-001 - "PLATO  preliminary field selection", Nascimbeni, Piotto, Granata, University of Padova
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- detectability of oscillations (GK giants, aka “ageing stars”)
- which properties of the spectrum can be measured, 

and their precision + accuracy.

precision on inferred stellar properties
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Fig. 3 Upper panel: HR diagram of the synthetic population simulated with trilegal in the PLATO field STEP08. Colour represents
the number of stars per Te↵-log L bin. Lower panel: In each row we show the HR diagram of stars with detectable oscillations and in
di↵erent magnitude bins, with NOSC indicating the approximate number of stars with detectable solar-like oscillations. Our predictions
are limited to stars with oscillation frequencies lower than ⇠ 800 µHz, hence primarily to stars in the red-giant phase of evolution; see
the main text for details. The distance distribution of such stars is presented in the right-most panel. Di↵erent rows illustrate the e↵ect of
increasing the duration of the observing run, ⌧ = 30 d, 150 d and 2 yr (first, second, and third row, respectively).

PLATO long-cadence data. We refer to Rauer et al. (2014)
for a discussion about the seismic performance expected for
solar-like pulsating main-sequence stars.

4.1 Simulating PLATO fields

The proposed PLATO fields spam 48.5-deg wide squares
on the sky. We simulate one of these fields, STEP08 cen-
tred at (l, b) = (315 deg,+30 deg) (see Figure 2), using the
trilegal tool (Girardi et al. 2012, 2005). The entire field
is initially split into small (0.8 deg2) subareas by means of
the healpix (Górski et al. 2005) method. For each subarea,
the mean extinction and its dispersion are computed from
Schlegel et al. (1998) extinction maps, and later distributed
along the line-of-sight as if the extinction were caused by
a di↵use exponential dust layer with a vertical scale height
of 110 pc. In this way, nearby dwarfs are little a↵ected by
extinction, while the distant giants in practice have the same

distribution of extinction values as provided by Schlegel
et al. (1998). The trilegal model contains stars in the thin
and thick disks, and halo, drawn from extended grids of
stellar evolutionary and atmosphere models. They follow
reasonable star formation histories and age-metallicity re-
lations, and density distributions with well-accepted func-
tional forms but with their total densities re-scaled so that
the star counts turn out to be compatible with the data from
major photometric surveys such as SDSS and 2MASS (see
Girardi et al. 2012, 2005, for details). As compared to ob-
served stellar catalogues, trilegal provides about the same
star counts as a function of coordinates, magnitudes and
colours, but also additional information such as the evolu-
tionary stage, mass, age, radius and distance. Stellar proper-
ties can be straightforwardly translated into reasonable pre-
dictions of average or global asteroseismic parameters (e.g.
see Chaplin & Miglio 2013): the average large frequency
separation (h�⌫i) and the frequency of maximum oscilla-

Copyright line will be provided by the publisher
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Fig. 4 Stars in the synthetic populations (upper panel of Fig. 3) are presented in a surface gravity versus apparent V-band magnitude
plot. The uppermost panel illustrates the location of stars in di↵erent evolutionary states, from pre-main-sequence (PMS) to asymptotic-
giant-branch (AGB) stars. The other three panels show the expected seismic yields as a function of the duration of the observations,
from top to bottom: yields for 30-d-, 150-d-, and 2-yr-long observations. Each star in the population is coloured according to the seismic
information that can be extracted: gray: no detections, blue: oscillations are detectable (hence h�⌫i and ⌫maxcan be measured), yellow:
evolutionary state, based on the detection of the gravity-mode period spacing, can also be inferred, and green: rotationally-split pulsation
modes can be measured, hence information on the internal rotational profile can be inferred too.

150 d, and 2 yr, respectively), and on the regions of the
HRD where oscillations can be detected (see Fig. 3).

Moreover, the duration of the observations sets an upper
limit on the radius/luminosity of stars with measurable os-
cillations parameters (stars of larger radii have pulsational
periods closer and eventually longer than the duration of
the observations themselves). This also has implications, for
a given apparent magnitude, on the distances that can be

probed by such stars. For instance, while the overall num-
ber of stars with detected oscillations doubles when compar-
ing yields from 150-d-long versus 30-d-long observations,
the number of stars at distances larger than 5 kpc is five
times higher (here we are considering a lower brightness
limit mV = 15).

The lower limit on the intrinsic luminosity of stars with
detectable oscillations becomes strongly dependent on the

Copyright line will be provided by the publisher
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Fig. 5 Power spectral density as a function of frequency ob-
tained by considering a 150-d- and 30-d-long time series of a
bright (mV = 9) giant observed by Kepler. The individual-mode
frequencies of radial (l=0) and quadrupolar modes (l=2) are indi-
cated in the upper panel by red circles and blue squares, respec-
tively. In the 30-d-long time series the robust identification of in-
dividual mode frequencies is hindered by the low frequency res-
olution, leading to a much reduced precision and accuracy on the
inferred properties of the individual modes.

duration of the observations especially for stars with appar-
ent magnitudes mV > 14 (as illustrated by Figs. 3 and 4),
where the detectability is hampered by the increasing noise
level (and by the intrinsically low pulsational amplitudes,
which decrease with decreasing luminosity see e.g. Huber
et al. 2010; Kjeldsen & Bedding 1995; Samadi et al. 2012).

Another fundamental detection limit is defined by the
Nyquist frequency of the time series, which in this case, as-
suming a cadence of 600 s, is set to 833 µHz, which is sig-
nificantly higher than Kepler’s 278 µHz. This opens up the
door to detecting oscillations in thousands of stars in their
subgiant / end-of-main-sequence phase (log g ' 3.5� 4, see
Fig. 4), which are key to constraining transport processes
of chemicals and the distribution (and evolution) of angular
momentum inside stars. Guy: An unwanted aside / stick to
the point? also on fig 4 remove rotational splitting?

As mentioned earlier, we have taken mV = 15 to be
the faint magnitude limit in the simulations, however, Fig.
4 suggests that, provided that contamination from nearby
sources is not severe, PLATO will be able to detect oscilla-
tions in fainter stars, at least for a duration of observations
longer than 30 days.

4.2.2 Seismic parameters that can be measured from
the spectra

A more detailed description of what can be extracted from
data of di↵erent durations can be inferred from Figure 4. We
notice that a measurement of gravity-mode period spacing
is most useful, for population studies at least, in stars where
a possible ambiguity in the evolutionary state is present
(log g ⇠ 2.5, see upper panel of Fig. 4). Our simulations
show that, for such stars, a precise measurement of the pe-

riod spacing is possible for observations of about 5 months
or longer.

Even longer datasets are required if one aims at measur-
ing rotationally-split frequencies in stars up to the core-He
burning phase, which enables one to recover information
about the internal rotational profile, or to infer the inclina-
tion of the star’s rotational axis with respect to the line of
sight (e.g. see Chaplin et al. 2013; Corsaro et al. 2017; Hu-
ber et al. 2013).

In our simulations we have used Kepler stars to cali-
brate the h�⌫i and ⌫max uncertainties (see Mosser 2017).
The length of the observations strongly influences both the
detection yields and the precision on the measurements of
the average seismic parameters, which then impacts on the
precision of the inferred stellar properties. The fits of the
uncertainties account for an irreducible limit in precision:
about h�⌫i/200 for h�⌫i (intrinsic variation in �⌫ as a func-
tion of mode frequency mainly due to acoustic glitches ,
e.g. see Mazumdar et al. 2012; Miglio et al. 2010; Vrard
et al. 2015), about h�⌫i/5 for ⌫max (primarily due to stochas-
tic excitation and damping leading to intrinsic variability of
the shape of the oscillation excess power). Estimating how
the uncertainties on the measured seismic properties map
onto the precision of the inferred stellar properties (primar-
ily mass, hence age) is discussed in the next Section. We
notice that the uncertainties resulting from the simulations
adopted here agree with the results from the approach pre-
sented in Davies & Miglio (2016), where the seismic param-
eters determined from varying the length of the time series
representing di↵erent space missions have been compared
in a case study based on a specific star.

Frequencies of individual pulsation modes

To assess the impact on the inferred stellar properties of be-
ing able to measure individual mode frequencies, we have
considered a typical red-giant star observed by Kepler, with
⌫max⇠ 110 µHz, and divided up its time series into segments
of di↵erent duration. Following the approach described in
Davies et al. (2016), we then determined individual-mode
frequencies and their uncertainties. We have considered a
star su�ciently bright so that the dominant source of back-
ground noise across the region occupied by the modes in
the frequency-power spectrum is of stellar origin. As shown
e.g. by comparing a spectrum resulting from a 30-d to 150-
d-long observations (see Fig. 5), when reducing the length
of the observations the challenge resides primarily in the
lower resolution of the power spectrum, making it harder
to identify radial modes among the complex (and degraded)
frequency spectrum.

We limited the analysis to radial-mode frequencies, and
find that, for all but the shortest time series (⌧ = 30 d) it
was possible to determine individual-mode frequencies al-
beit with complications related to disentangling radial mod-
els from the more complex pattern of dipolar and quadrupo-
lar modes (typically for ⌧ < 150 d). We have then focussed

Copyright line will be provided by the publisher
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Fig. 6 Distribution of the expected precision on radius (upper
panel) and mass (lower panel) for stars with detectable oscilla-
tions (see Fig. 5). The three lines in each panel show the e↵ect
of increasing the duration of the observations, from 30 d to 2 yr.
Masses and radii are determined by combining h�⌫i, ⌫max, and Te↵

and their uncertainties.

on the 150-d-long time series which led to uncertainties �⌫
in the range 0.04 � 0.09 µHz for the seven radial modes de-
tected, which thus have a typical relative precision of the
order of 10�4 – 10�3. Guy: cite LOS?

4.3 Mapping expected seismic constraints onto
precision on the inferred stellar properties

First, we assume that the available constraints are average
seismic parameters (h�⌫i and ⌫max), and Te↵ . Examples of
how the expected precision on radius and mass depends on
the duration of the observations are presented in Fig. 6. Age
cannot be inferred directly from seismic scaling relations,
although one could assume a simple mass-age relation as il-
lustrated in Fig. 1 and expect that the uncertainty on the age
would be indicatively a factor 3 larger than that on mass.
This means that 30-d-long observations would restrain our
ability to infer ages to ⇠ 40%, which is comparable to
what one would expect for nearby stars without seismic con-
straints. On the other hand, the 150-d-long time series would
lead to a two-fold improvement in the precision. For a more
in depth description on how the expected uncertainties on
stellar radius, mass, and age for red-giant stars depend on

the assumed constraints we refer to Rodrigues et al. (2017)
and Rendle et al. (2017).

The e↵ectiveness of individual-mode frequencies in de-
termining stellar properties for giant stars has yet to be fully
explored. However, when individual-mode frequencies are
available as additional constraints, expectations are that the
precision and accuracy on the inferred radii and masses
(hence age) of red giants are significantly improved (Hu-
ber et al. 2013; Pérez Hernández et al. 2016). To illustrate
the expected gain in precision when including radial-mode
frequencies, in Fig. 7 we show the posterior probability dis-
tribution functions for mass and age which we obtain by
including di↵erent sets of constraints in the inference pro-
cedure. The example is limited to the 150-d long case and
shows the expected precision on a typical low-luminosity
RGB star. We have assumed a length of the observations of
150 d, that would allow us to clearly identify modes, and
determine the evolutionary state, and we have thus taken
uncertainties on seismic parameters resulting from the sim-
ulations described above.

We have then run the modelling pipeline aims (Reese
2016; Rendle et al. 2017) that enables statistically robust
inference on stellar properties, crucially including as con-
straints individual mode frequencies, and compared the pos-
terior probability distribution functions of radius, mass,
and age assuming astrometric and spectroscopic constraints
only (Te↵ , [Fe/H], log g, and luminosity as expected from
Gaia for a nearby star), and then adding either average seis-
mic constraints (h�⌫i, ⌫max) or individual radial-mode fre-
quencies.

When compared to the case of spectroscopic and astro-
metric constraints only, one can expect a 2.5-fold improve-
ment in the precision on age when adding average seismic
constraints, and a dramatic 6-fold improvement when one is
able to make use of the much more precise individual radial-
mode frequencies (see e.g. Lebreton & Goupil 2014; Silva
Aguirre et al. 2015 for the case of main-sequence stars).
Data of such quality would thus enable to reach the de-
sired precision in age (. 10 %), while of course reaching
the more ambitious goal of a similar level of accuracy, one
would have to couple these data with stringent tests of mod-
els of stellar structure and evolution, which is one of the
core science aims of the PLATO mission.

4.3.1 Distances and interstellar reddening

Seismic constraints can be combined with e↵ective tem-
perature and apparent photometric magnitudes to determine
distances (see Fig. 9 and Mathur et al. 2016; Miglio et al.
2013; Rodrigues et al. 2014). Such distances typically reach
a precision of few percent (2 � 5 %, depending on the du-
ration of the observations, see e.g. Rodrigues et al. 2014).
Similarly to period-luminosity relations for classical pul-
sators, their precision depends little on the distance itself, as
long as a a robust detection of the oscillations is achievable.
Consequently, seismic distances will have comparable / bet-
ter precision compared to Gaia’s (see Fig. 8) for stars with
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Fig. 7 Posterior probability density function of radius (left panel), mass (middle panel), and age (right panel) obtained by considering
di↵erent combinations of seismic, spectroscopic, and astrometric constraints. The assumed length of the observations is 150 d. The use
of individual-mode frequencies is expected to provide significantly improved precision on the inferred stellar properties (see text for
details).

mV & 13 (i.e. giants stars beyond ⇠ 3 kpc). One could thus
select targets to ensure that PLATO can also significantly
improve the cartography of the Milky Way, given that oscil-
lations are expected to be detectable for significantly fainter
magnitudes (see Sec. 4.2.1 and Fig. 4). We note also that
the prime targets for PLATO, i.e. bright stars, will play a
fundamental role in testing the accuracy of the seismic dis-
tance scale, benefiting from negligible extinction, exquisite
seismic, spectroscopic, astrometric data and, possibly, inter-
ferometric constraints.

Leo: This session is missing to comment that LSST will
also extend the depth at which we will have Gaia-quality
parallaxes by a few magnitudes (Ivezić et al. 2015). the
problem with LSST is that 1) its parallaxes will probably ar-
rive later than PLATO distances 2) accuracies will be prob-
ably worse than PLATO for distant giants anyway. It might
be worth a comment, if we could estimate how the LSST
curve appears in Fig. 8.

Moreover, as a byproduct of the analysis, 3-D reddening
maps can be determined by fitting the spectral-energy distri-
butions in several photometric bands, and combining them
with spectroscopic e↵ective temperatures and precise bolo-
metric luminosities from seismology (see Rodrigues et al.
2014, for a detailed description of the method).

4.3.2 Synergies with spectroscopic surveys

An additional stellar property that asteroseismic constraints
can deliver with high precision is surface gravity (�log g .
0.05 dex, see e.g. Morel 2015, and references therein).
Given the di�culties associated with measuring log g via
spectroscopic analyses, large-scale spectroscopic surveys
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Fig. 8 Gaia’s end-of-mission relative parallax error, evaluated
for typical red-giant stars with detectable solar-like oscillations.
The solid line illustrates the case of stars with an absolute V-
band magnitude representative of red-clump stars. The precision
achieved by seismology in comparable or better than Gaia’s for
stars fainter than 13-14 (i.e. distances & 3 kpc).

have now included solar-like oscillating stars among their
targets, as key calibrators of surface gravity. For instance,
CoRoT targets are now being observed by the Gaia-ESO
Survey (Pancino et al. 2017), APOGEE (Anders et al.
2017b), and GALAH (Martell et al. 2017). Kepler targets
have been used for calibrating stellar surface gravities in
APOGEE (Pinsonneault et al. 2014) and LAMOST (Wang
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details).

mV & 13 (i.e. giants stars beyond ⇠ 3 kpc). One could thus
select targets to ensure that PLATO can also significantly
improve the cartography of the Milky Way, given that oscil-
lations are expected to be detectable for significantly fainter
magnitudes (see Sec. 4.2.1 and Fig. 4). We note also that
the prime targets for PLATO, i.e. bright stars, will play a
fundamental role in testing the accuracy of the seismic dis-
tance scale, benefiting from negligible extinction, exquisite
seismic, spectroscopic, astrometric data and, possibly, inter-
ferometric constraints.

Leo: This session is missing to comment that LSST will
also extend the depth at which we will have Gaia-quality
parallaxes by a few magnitudes (Ivezić et al. 2015). the
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Fig. 1 Age-mass-metallicity relation for red giants in a trile-
gal (Girardi et al. 2005) synthetic population representative of
thin-disk red-giant-branch (RGB) stars observed by Kepler. The
dashed line indicates the average power-law relation between age
and mass of RGB stars. Given their extended mass range and the
tight age-mass relations, solar-like oscillating giants (dots) probe
the full history of the Milky Way. The asteroseismic age scale is
currently being validated primarily thanks to the detection of oscil-
lations in giants belonging to open and globular clusters observed
by Kepler and K2 (Arentoft et al. 2017; Brogaard et al. 2016, 2012;
Handberg et al. 2017; Miglio et al. 2016; Molenda-Żakowicz et al.
2014; Sandquist et al. 2016; Stello et al. 2016). Classical pulsators
in similar evolutionary phases (Cepheids and RR Lyrae stars) are
also indicated in the diagram.

groups Report 4 on Galactic populations, Chemistry and
Dynamics (Turon et al. 2008). This working group was re-
quested by ESO and ESA to consider projects that would
complement the Gaia mission. On page 148 the authors
made the following recommendation to ESA: “Asteroseis-
mology: this is a major tool to complement Gaia with re-
spect to age determinations. ESA should encourage the
community to prepare for a next-generation mission, which
would sample the di↵erent populations of the Galaxy much
more widely than CNES-ESA’s CoRoT and NASA’s Ke-
pler”: PLATO is the mission that can deliver these long-
sought constraints.

Gaia and spectroscopic surveys will be able to tell us
the di↵erence between geometrically defined thick and thin
disks vs. chemically defined alpha-high and alpha-low disks
(for discussion regarding the various definitions of the thick
and thin disks see e.g. Kawata & Chiappini 2016). Age
information of turn-o↵ stars will be available in the Gaia
era. However, these stars are intrinsically faint preventing a
large volume coverage of the Galaxy. For giants the current
estimates are very uncertain (for instance those based on C
and N spectral features - e.g. Martig et al. 2016; Masseron
& Gilmore 2015) and more precise age estimates mainly
rely on relatively small asteroseismic data sets from Kepler
(Borucki et al. 2010), K2 (Howell et al. 2014) and CoRoT

(Baglin et al. 2006; CoRot Team 2016). What is needed is
more reliable and homogeneously derived age information
for a much larger number of stars, covering larger volumes
of the MW.

It has now been demonstrated that precise and more ac-
curate (although model dependent) ages can be inferred for
the solar-like pulsating red giants observed by the space-
borne telescopes CoRoT, Kepler, and K2 (see e.g. Anders
et al. 2017b; Casagrande et al. 2016; Miglio et al. 2013; Ro-
drigues et al. 2017).

Along with enabling exquisite tests of stellar mod-
els, pulsation frequencies may be used to place tight con-
straints on the fundamental stellar properties, including ra-
dius, mass, and evolutionary state (see, e.g., Chaplin et al.
2013, Christensen-Dalsgaard 2016, and references therein).
Stellar mass is a particularly valuable constraint in the case
of giants, since for these stars age is primarily a function of
mass. The age of low-mass, red-giant stars is largely deter-
mined by the time spent on the main sequence, hence by the
initial mass of the red giant’s progenitor (⌧MS / M/L(M) =
M�(��1), with � ⇠ 4, where L is the typical luminosity of
the star on the main sequence, see e.g. Kippenhahn et al.
2012 ). With asteroseismic constraints on the stellar mass,
it is now possible to infer the age of thousands of individual
stars, spanning the entire evolution of the MW (see e.g. Fig.
1).

The combination of chemical compositions from spec-
troscopic surveys with distances and motions from Gaia and
ages from asteroseismic data, on large samples of stars, will
allow us to comprehensively study chemodynamical distri-
butions and their time evolution in di↵erent directions of
the MW. A taste of this was recently shown by Anders et al.
(2017a) where around 400 stars from just two of the CoRoT
fields measurements with APOGEE spectra (and hence ve-
locity and chemical information) have been used to estimate
the evolution of the abundance gradients in the thin disk in
the last 6-8 Gyrs, a long sought constraint to chemodynam-
ical models of the MW.

In addition, it will finally be possible to map the thick
and thin disk components also in age, which can turn out
to be key as the overlap in metallicities and kinematics blur
our understanding of the two components. All of these cru-
cial constraints will allow us to quantify the importance of
stellar radial migration in the formation of the MW, oth-
erwise di�cult to quantify from first principles. This will
represent invaluable information not only for the formation
of the MW, but also for the formation of spiral galaxies in
general.

2.3 What can PLATO do for Galactic archaeology,
that previous missions could not?

While pioneering photometric space missions such as
CoRoT, Kepler, and K2 have shown the enormous poten-
tial of seismology for stellar populations studies, they all
have limitations relating to spatial and temporal coverage.
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