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Deciphering the assembly history of the Milky Way is a formidable task, which becomes possible only if one can produce
high-resolution chrono-chemo-kinematical maps of the Galaxy. Data from large-scale astrometric and spectroscopic sur-
veys will soon provide us with a well-defined view of the current chemo-kinematical structure of the Milky Way, but will
only enable a blurred view on the temporal sequence that led to the present-day Galaxy. As demonstrated by the (ongoing)
exploitation of data from the pioneering photometric missions CoRoT, Kepler, and K2, asteroseismology provides the way
forward: solar-like oscillating giants are excellent evolutionary clocks thanks to the availability of seismic constraints on
their mass and to the tight age-initial-mass relation they adhere to. In this paper we identify five key outstanding questions
relating to the formation and evolution of the Milky Way that will need precise and accurate ages for large samples of stars
to be addressed, and we identify the requirements in terms of number of targets and the precision on the stellar properties
that are needed to tackle such questions. By quantifying the asteroseismic yields expected from PLATO for red-giant stars,
we demonstrate that these requirements are within the capabilities of the current instrument design, provided that observa-
tions are sufficiently long to identify the evolutionary state and allow robust and precise determination of acoustic-mode
frequencies. This will allow us to harvest data of sufficient quality to reach a 10% precision in age. This is a fundamental
pre-requisite to then reach the more ambitious goal of a similar level of accuracy, which will only be possible if we have
to hand a careful appraisal of systematic uncertainties on age deriving from our limited understanding of stellar physics,
a goal which conveniently falls within the main aims of PLATO’s core science. We therefore strongly endorse PLATO’s
current design and proposed observational strategy, and conclude that PLATO, as it is, will be a legacy mission for Galactic
archaeology.

Copyright line will be provided by the publisher

1 What this paper provides

This paper spells out outstanding questions in Galactic as-
tronomy that will still be unresolved in 10 years’ time; and
explains in detail how the ESA PLATO Mission1 (Rauer

? Corresponding author: a.miglio@bham.ac.uk
1 http://sci.esa.int/plato/

et al. 2014), in its current form (design specification2) will
be able to address these challenges.

We specify in detail the requirements on numbers of tar-
gets, estimated stellar properties (including precise ages), as
well as the pointing strategy requirements needed to fullfil

2 Satellite with 24 cameras and a nominal 4-year observing run, built
and verified for an in-orbit lifetime of 6.5 years, as described in the PLATO
Definition Study Report.
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2 A. Miglio et al.: PLATO as it is: a legacy mission for Galactic archaeology

the Galactic archaeology goals. The breakdown of this pa-
per is as follows:

– An introduction to Galactic archaeology is given in Sec-
tion 2, while key limitations and outstanding questions
in the field are identified in Section 2.1.

– The need for high-precision stellar ages and the role of
asteroseismology is reviewed in Section 2.2, and the re-
quirements on the performance of PLATO as a Galactic
archaeology mission are listed in Section 3.

– The expected asteroseismic yields for PLATO (red-giant
stars) are discussed in Section 4, and the impact of the
duration of the observational campaigns on the number
of stars with detectable oscillations, and on the preci-
sion of the inferred stellar properties (in particular age)
is reported in Section 4.3.

– Additional constraints on stars that allow synergies with
PLATO’s asteroseismic data, such as distances, extinc-
tion maps, and surface gravities (hence synergies with
spectroscopic surveys) are presented in Sections 4.3.1
and 4.3.2.

– Finally, a brief summary is given is Section 5.

2 Introduction

Galaxies are complex systems, with dynamical and chemi-
cal substructures, where several competing processes such
as mergers, internal secular evolution, gas accretion and gas
flows take place. Galactic archaeology of the Milky Way
aims at taking advantage of the fact that for our Galaxy all
these processes can potentially be disentangled thanks to
the use of high dimensionality maps obtained by combining
kinematic, chemical, and age information for stars belong-
ing to the Galactic components and substructures (e.g. Free-
man & Bland-Hawthorn 2002; Matteucci 2001; Pagel 2009;
Rix & Bovy 2013). That researchers on Galactic science are
convinced this is the way forward has become clear by the
large investments in missions such as Gaia (Gaia Collabo-
ration et al. 2016b), as well as comparatively large efforts
devoted to large-scale ground-based photometric and spec-
troscopic surveys (Turon et al. 2008).

Deciphering the assembly history of our Galaxy now
seems a reachable goal. The complexity of the data already
in hand (for instance from combining current spectroscopic
information with the Gaia-TGAS sample; see e.g. Michalik
et al. 2014), makes it clear that only for our Galaxy will one
be able to achieve this goal in the foreseeable future. How-
ever, it has also become evident to Galactic archaeologists
that one of the main pieces of the puzzle is still missing:
precise ages for stars, covering large volumes of the Milky
Way (e.g., see Chiappini 2015; Freeman 2012, and refer-
ences therein). The latter requirement implies the use of red
giants as tracers because these are bright enough to be ob-
served at large distances, thus offering the opportunity to
truly map the Galaxy.

The ESA Gaia satellite will soon deliver a 6-D map3

of 105 stars and a 5-D map4 of more than one billion stars
throughout our Galaxy (Cacciari et al. 2016; Gaia Collabo-
ration et al. 2016a). Additional crucial information, both on
velocities and chemical abundances, will come from sev-
eral ongoing/planned spectroscopic surveys such as RAVE
(Kunder et al. 2017; Steinmetz et al. 2006), SEGUE-2
(Eisenstein et al. 2011; Yanny et al. 2009), APOGEE (Ma-
jewski et al. 2016, 2015), Gaia-ESO (Gilmore et al. 2012),
LAMOST (Cui et al. 2012), GALAH (De Silva et al. 2015;
Martell et al. 2017), WEAVE (Dalton et al. 2014), 4MOST
(de Jong et al. 2014), DESI (DESI Collaboration et al.
2016a,b) and MOONS (Cirasuolo et al. 2014). However,
astrometric and spectroscopic constraints alone will not en-
able a precise and accurate estimate of red-giant ages5: here
is where PLATO will play a fundamental and unique role.
With PLATO it will finally be possible to have large sam-
ples of red giants, thus cover a large volume of the Galaxy,
for which precise ages will be known.

2.1 Scientific motivation

The knowledge of age for distant stars is key to helping to
disentangle the multi-dimensional problem of Galaxy as-
sembly. Some of the pressing questions related to the origin
of the oldest Galactic components such as the halo, the thick
disk, and the bulge do require an age map of the oldest stars
towards several directions in the Galaxy. Breakthroughs are
expected if ages are known to the 10% precision level, es-
pecially at old ages (i.e. covering the first 2-4 Gyrs of the
evolution of our Galaxy). Moreover, ages with a 10% pre-
cision for stars in the Galaxy will let us accurately interpret
the evolution of the Milky Way in the context of the evolu-
tion of disk galaxies observed at high redshift.

Indeed, the important formation phase in high-z disk
galaxies appears to have been between about 12 and 8 Gyr
ago: after that time, thin disk formation appears to continue
relatively sedately to the present. In this early interval of
about 4 Gyr, the basic structure of bulges/halo, thick and
thin disks in disk galaxies as we see them now was estab-
lished, as suggested by many theoretical models (e.g. Abadi
et al. 2003; Bird et al. 2013; Bournaud et al. 2009; Brook
et al. 2004; Gibson et al. 2009; Guedes et al. 2013; Jones
& Wyse 1983; Kawata & Chiappini 2016; Noguchi 1998;
Sommer-Larsen et al. 2003; Steinmetz & Mueller 1994).
This seems to be also the case in the Milky Way (Chiappini

3 The star’s position plus 3-dimensional velocities. These are comple-
mented by further dimensions in chemical space.

4 Position plus tangential velocity.
5 Age-dating of field red giants from isochrone fitting to observations

in an HR diagram is known to be a challenge as small uncertainties on
the observational constraints lead to large uncertainties on the mass (and
hence age) estimates. Other recent, and more indirect methods using sur-
face abundances of carbon and nitrogen (e.g Martig et al. 2016) are not able
to deliver ages of the precision aimed for here (e.g. Lagarde et al. 2017;
Salaris et al. 2015), while spectroscopic data-driven approaches (Casey
et al. 2017; Ness et al. 2016) do require high-precision training sets to be
able to deliver precise ages.
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2009; Chiappini et al. 1997; Kubryk et al. 2015; Minchev
et al. 2013, 2014; Snaith et al. 2015) where current data sug-
gest the thick disk formation started at z ∼ 3.5 (12 Gyr ago)
while the thin disk began to form at z ∼ 1.5 (8 Gyr ago)
(e.g. Bensby et al. 2014; Bergemann et al. 2014; Fuhrmann
2011; Haywood et al. 2013; Robin et al. 2014). The modern
aim in Galactic archaeology is to build an extensive chemo-
kinematical-age map of the Galaxy, and finally tackle the
still open questions in the field. Some of these are:

1. What is the origin of the two chemically different pop-
ulations of the Galactic disk, i.e. the α-rich6 and α-poor
disks?7 The current observational evidence suggests the
α-rich disk to be systematically older than the α-poor
disk component (Fuhrmann 2011; Martig et al. 2016;
Ness et al. 2016). Is there a smooth transition from an
α-rich to an α-poor disk (Bovy et al. 2012)? Or is there
a discontinuity (for instance caused by a drop in the star
formation rate) which would imply the thick and thin
disk are two genuine discrete Galactic components with
different chemical evolution histories (Chiappini et al.
1997; Reddy et al. 2006)?

2. What are the age-velocity and age-metallicity relations
in the whole disk, bulge, and halo? Even for the local
volume, both relations are still a matter of debate (e.g.
Holmberg et al. 2007; Quillen & Garnett 2001). The ra-
dial and vertical variations of these two relations are re-
flected in the disk chemical abundance gradients (e.g.
Anders et al. 2017a, 2014; Boeche et al. 2014, 2013;
Cheng et al. 2012; Hayden et al. 2014; Jacobson et al.
2016; Mikolaitis et al. 2014), as well as on variations of
metallicities and abundance ratios with Galactocentric
distance and Galactic height (Anders et al. 2017a; Hay-
den et al. 2015; Rojas-Arriagada et al. 2016). All these
constitute key constraints to scenarios of disk, bulge,
and halo formation. Which of these Galactic compo-
nents have formed inside-out, and which have formed
outside-in?

3. When was the bar formed? How did the bar grow? Has
the α-poor disk shrunk vertically with time or were older
stars heated up by interacting with the bar, spiral arms
and/or giant molecular clouds? A map of the evolution
of stellar velocity dispersions in the disk would provide
important answers to questions related to the origin of
the thick disk and on the main sources of heating in
the disk (mergers, molecular clouds, radial migration) in
chronological order. Current evolutionary models (e.g.
Athanassoula et al. 2017; Di Matteo et al. 2013; Grand
et al. 2016) are in desperate need for these tighter con-
straints.

6 The α elements are named as such because their nuclei are multiples
of 4He nuclei (α particles).

7 These terms are often used in the literature to refer to the [α/Fe] ratio,
where [X/H] = log(X/H) - log(X/H)�. An α-rich population is made of
stars that have [α/Fe]>0.1-0.2, depending on metallicity. This in turn is
indicative of a population mainly enriched by core-collapse supernovae,
and hence formed on short timescales.

4. Does the bulge just come from the instability of the in-
ner thin and thick disk components, or is there a sig-
nificant classical merger-generated bulge (see Bournaud
2016; Naab & Ostriker 2016; Nataf 2016; Shen & Li
2016, for recent reviews)? How is the formation of the
thick disk connected to that of the bulge? Are these
multi-populations responsible for the multi-peak metal-
licity distribution unveiled by modern data of the bulge
regions (e.g. Babusiaux 2016)? What is the contribution
of the inner disk to the bulge/bar (e.g. Di Matteo et al.
2014)? What is the age distribution of the multi-peak
metallicity distribution components observed in the in-
ner regions of the Galaxy (e.g. Bensby et al. 2017)?

5. How important is radial migration? Is it so intense that
it would be able to partially delete the Galactic archae-
ology fossil records? What is the nature and the role
of the spiral arms and bar as sources of radial migra-
tion? Is migration caused by transient (Sellwood & Bin-
ney 2002) or long-lived (Minchev & Famaey 2010) pat-
terns? How much of the radial migration is also caused
by mergers (Bird et al. 2013; Quillen et al. 2009)? In
relation to the disk and its merger history, how have
the abundance gradients today observed in the thin and
thick disks evolved? Were these gradients significantly
affected by radial migration? Was the flaring of the thin
disk stronger in the past (Amores et al. 2017)? As re-
cently illustrated by Minchev et al. (2017) and refer-
ences therein, ages for large samples of stars are needed
to be able to tackle the above questions.
Researchers in the Galactic archaeology field are now

convinced that combining asteroseismic, astrometric, and
spectroscopic observational constraints provides the way
forward in the field (see e.g. Noels et al. 2016, for a recent
overview). Modern data will be rich in details and hence
complex. The ultimate challenge will be that of building
models able to interpret this rich dataset, and finally shed
light on all the above questions.

2.2 Why is asteroseismology needed?

One of the main challenges of Galactic archaeology in the
PLATO era is to reveal the Galaxy assembly and evolu-
tion history via the age, chemical composition, and kine-
matics of stars in a large fraction of the volume in the
Milky Way. Chemical properties and radial velocities can
already be measured (at different levels of precision) by sur-
veys such as SEGUE, RAVE, Gaia-ESO, APOGEE, LAM-
OST, GALAH and, in the near future, WEAVE, 4MOST
and MOONS. The radial velocity and chemical properties
for bright stars and transverse kinematics for all the stars
detected by Gaia will soon be available from the upcom-
ing Gaia data releases. These large datasets will ensure we
will have by ∼2025 a good picture of the current chemo-
dynamical structure of the Milky Way. However, the criti-
cal chronological information that we need for Galactic ar-
chaeology to understand the formation and evolution of the
Milky Way will still be missing.
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Fig. 1 Age-mass-metallicity relation for red giants in a
trilegal (Girardi et al. 2005) synthetic population represen-
tative of thin-disk red-giant-branch (RGB) stars observed by
Kepler. The dashed line indicates the average power-law re-
lation between age and mass of RGB stars. Given their ex-
tended 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 oscillations 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 dia-
gram.

Asteroseismology, i.e. the study and interpretation of,
and the astrophysical inference from global oscillation
modes in stars, provides the way forward. Along with en-
abling exquisite tests of stellar models, pulsation frequen-
cies of the solar-like oscillators may be used to place tight
constraints on the fundamental stellar properties, includ-
ing radius, mass and evolutionary state (see, e.g., Chap-
lin & Miglio 2013, Christensen-Dalsgaard 2016, Hekker &
Christensen-Dalsgaard 2016, and references therein). Stel-
lar mass is a particularly valuable constraint in the case of
giants, since for these stars there is a very tight relation be-
tween age and mass. The age of low-mass red-giant stars
is largely determined by the time spent on the main se-
quence, hence by the initial mass of the red giant’s progen-
itor (τMS ∝ M/L(M) ∝ M−(γ−1), with γ ∼ 4, where L is the
typical luminosity of the star on the main sequence, e.g. see
Kippenhahn et al. 2012). With asteroseismic constraints on
the stellar mass, it is now possible to infer the age of thou-
sands of individual stars, spanning the entire evolution of
the Milky Way (see Fig. 1).

One of the most convincing (and highly-regarded) state-
ments about the importance of asteroseismology for Galac-

tic archaeology can be found in the ESO-ESA Working
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. One of the recommenda-
tions made to ESA was: “Asteroseismology: this is a major
tool to complement Gaia with respect to age determinations.
ESA should encourage the community to prepare for a next-
generation mission, which would sample the different popu-
lations of the Galaxy much more widely than CNES-ESA’s
CoRoT and NASA’s Kepler”: PLATO is the mission that can
deliver long-sought constraints to models of the Milky Way
assembly and evolution.

The combination of Gaia and spectroscopic surveys will
be able to tell us the difference between photometrically de-
fined thick and thin disks vs. chemically defined α-rich and
α-poor disks (for a discussion regarding the various defini-
tions of the thick and thin disks see e.g. Kawata & Chiap-
pini 2016; Minchev et al. 2015). Age information of turn-off

stars will be available in the Gaia era. However, these stars
are intrinsically faint, preventing a large volume coverage
of the Galaxy (e.g. see Cacciari et al. 2016). For giants the
current age 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 in-
formation for a much larger number of stars, covering larger
volumes of the Milky Way.

It has now been demonstrated that precise and more ac-
curate (although still stellar-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; Rodrigues et al. 2017). The combination of chemi-
cal compositions from spectroscopic surveys with distances
and motions from Gaia and ages from asteroseismic data,
on large samples of stars, will allow us to comprehensively
study chemodynamical distributions and their time evolu-
tion in different directions of the Milky Way.

A recent application demonstrating the potential of such
a combination was recently presented by Anders et al.
(2017a), where around 400 stars from just two of the CoRoT
fields that have measurements with APOGEE spectra (and
hence velocity 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 the
chemical evolution of the Milky Way. A further example is
given by the discovery of the so-called young-α-rich stars
(Chiappini et al. 2015; Martig et al. 2015), i.e. stars with
masses implying young ages, but which feature an over-
abundance in α-elements, typical of old stars. It is still un-
clear whether the large numbers of young-α-rich stars found
so far is compatible with the assumption of them being just

Copyright line will be provided by the publisher
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blue stragglers, rather than genuine young stars (Fuhrmann
et al. 2017; Jofré et al. 2016). In addition, it will finally be
possible to map the thick and thin disk components also
with respect to their age, which can turn out to be key, as
the overlap in metallicities and kinematics blur our under-
standing of the two components. The precise measurement
of the existence or not of an age gradient in the thick disk
can also put strong constraints to its assembly (e.g. Minchev
et al. 2015).

All of these crucial constraints will allow us to quan-
tify the importance of stellar radial migration in the forma-
tion of the Milky Way, otherwise difficult to quantify from
first principles. This will represent invaluable information
not only for the formation of the Milky Way, 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 demonstrated the enormous po-
tential of seismology for stellar populations studies, they all
have limitations relating to spatial and temporal coverage.
Kepler provided a unique survey in a 105 deg2 area, con-
tinuously observed during four years. This survey, however,
provides a limited census of the Milky Way’s properties.

The K2 and TESS8 (Ricker et al. 2015) missions provide
or will provide, respectively, a large-area and a whole-sky
survey. Their results for studying the Milky Way’s proper-
ties are limited by a short observation duration; the resulting
frequency resolution limits the seismic analysis of evolved
stars in numerous cases compared to what can be achieved
by PLATO (see Section 4). The results provided by CoRoT
were based on a good compromise between the extent of the
survey and the observation duration, but were limited by the
photon-noise resulting from its 28-cm diameter mirror, and
limited sky coverage.

PLATO is the only planned mission that can overcome
these limitations, and therefore will have an enormous im-
pact in the field of Galactic archaeology in several ways,
namely:

1. It will provide constraints on the properties of large en-
sembles of stars (in the giant phase, but crucially also on
the main-sequence and subgiant phase) enabling strin-
gent tests of stellar structure and evolution models, lead-
ing to an improved accuracy on predicted stellar param-
eters and yields,

2. It will explore connections between populations of exo-
planets and those of the host stars,

3. It will allow to address important open questions in
Galactic archaeology and will deliver the first chrono-
chemo-kinematical map of the Milky Way.

In the following section we outline the specific aster-
oseismic performance requirements (e.g. number of stars,

8 See e.g. Campante et al. (2016) for predictions of the asteroseismic
yields of TESS.

their spatial distribution, precision on age) needed to ad-
dress the outstanding questions in Galactic archaeology. We
then explore in detail (Section 4) what PLATO is expected
to achieve in terms of seismic yields for red-giant stars, in-
cluding estimates on the precision on inferred stellar prop-
erties depending on the duration of the observational cam-
paigns.

3 Performance requirements for a
PLATO-Galactic archaeology mission

The distance range to be covered by oscillating red-giant
stars and the need for precise ages for these objects set the
basic requirements on the limiting magnitude, the duration
of observations, and the level of seismic analysis (both data
analysis and modelling) required for Galactic archaeology
in the PLATO era.

To ensure that the PLATO mission exploits its full
legacy value also for the field of Galactic archaeology, two
main requirements need to be met: a) the observing runs
need to be long enough to provide age uncertainties below
∼ 10% at the oldest ages (see Section 4), and b) a strategic
field placement is needed, enabling mapping of both the az-
imuthal and vertical structures of the Galactic components.
The current PLATO proposal of long and short runs, as well
as the planned field placement (see Fig. 2), fulfils these two
Galactic archaeology requirements for the following rea-
sons:

• Radial, and vertical variations of chemo-kinematic
properties of the thick and thin disks: From current spec-
troscopic survey data, we know already that the proper-
ties of the (chemically defined) Galactic thin and thick
disk change with radius and height. These changes are
critical indicators of how the thin and thick disks were
assembled at high redshift and subsequently evolved. To
cover a useful range in radius, we need to study stars out
to at least 5 kpc from the Sun. For red clump giants, and
negligible extinction, this corresponds to magnitudes of
about mV = 14. Results discussed in Section 4.2.1 and
Fig. 3 show that this criterion is easily met and surpassed
given the current mission design.

• Radial and azimuthal variations of chemo-kinematic
properties of bulge and inner disk: Given that PLATO
will be able to detect oscillations in red-giant stars down
to magnitudes of at least mV ∼15, as shown by our sim-
ulations in Section 4.2.1 and Fig. 3, one should consider
fields within the Galactic bulge/bar in order to establish
more accurately the bulge history and its relation to the
inner disk. Furthermore, given the radial and likely az-
imuthal dependence of chemo-kinematic properties ow-
ing to the presence of the bar and spiral arms, it is highly
desirable to acquire data for giants in several Galac-
tic fields9 covering different Galactic longitudinal direc-
tions. It will be valuable to have, for instance, a) two

9 The expected PLATO field-of-view at each pointing is 2232 deg2.
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inner fields near Galactic longitude l = ±20 deg and |b|
= 30 deg, respectively, thus sampling the inner-disk and
bulge regions, and b) another two fields at l = 90 deg or
270 deg and l = 180 deg (|b| ∼30 deg) to well sample
the whole disk. Because the field diameter is ∼ 45-deg
wide, at |b| = 30 deg one will still reach objects close
to the non-heavily extinct Galactic plane (sampling |b|
down to 10-15 degrees). By adding extra fields cover-
ing even lower latitudes (b = ± 4 deg) one would be
able to better explore the Bulge structure (the long bar
at l = +15-20 deg at b =4-5 deg – Wegg et al. (2015), as
well as the Baade’s window at b = −4 deg).

• Mono-age populations: The fast evolution anticipated
for the earliest phases of our Galaxy (building the halo,
bulge, thick disk and inner-thin disk early on, around
1 to 4 Gyr after the Big Bang) defines the accuracy of
the ages that would be desirable for studying Galactic
archaeology in this early epoch. An age precision of
about 10% is required to follow in detail the formation
and early evolution of the thin and thick disks of our
Galaxy, and in particular to identify the transition be-
tween α-rich and α-poor disks over large Galactic vol-
umes (ideally 0 < Rgal < 20 kpc, and 0 < |z| < 3 kpc).
This requirement is met and surpassed for a duration of
the observations of the order of 5 months or more, as
will be shown in the next Sections.

• The age-velocity dispersion relation: In addition, with
accurate age information (with uncertainties below ∼1
Gyr for the oldest age bins) for α-rich and α-poor stars,
and with a large volume coverage of the disk (3 < Rgal <
12 kpc and 0 < |z| < 3 kpc), it will be possible to mea-
sure the radial scale-length and vertical scale height as
a function of Galactocentric radius for mono-age disk
populations. The current suggested fields, centered on
b =30 but reaching b ∼ 5 deg, are ideal for this. In the
redshift interval between z = 3 (∼13 Gyr) and z = 1 (∼8
Gyr), the velocity dispersion of the gas in star-forming
disk galaxies decays from about 80 km s−1 to about 30
km s−1 (e.g. Wisnioski et al. 2015). Maps of the age
vs. velocity dispersion at the different locations of the
Galactic disk would enable the detection of a sudden
change of the radial velocity dispersion at the oldest
ages, in case the same happens for our Galaxy.

With the above requirements fulfilled, PLATO will rep-
resent a legacy for Galactic archaeology, uncovering the
Milky Way assembly history, which no other mission is
able to accomplish in the foreseable future. These data will
enable the construction of maps of the radial and verti-
cal metallicity gradients and of the width and skewness of
the metallicity distribution function at different locations,
for mono-age populations of stars. This will provide strong
constraints on the relevance of radial migration, which is
closely related to the nature and strength of the spiral arms
and bar, to the birth place of the Sun as well as to the merger
history of the Galaxy. By comparing these data with ad-
vanced chemodynamical simulations, it will be possible to

WEAVE
4MOST

STEP08

Fig. 2 Upper panel: Projection of the two preliminary
long-duration (LD) fields (Southern Plato Field, North-
ern Plato Field) and ten step-and-stare fields (STEP01 to
STEP10), all centred at |b| = 30, in the Galactic reference
frame. The red line is the LD pointing requirement limit.
The LD fields are colour-coded on an inverted scale. In
the current instrument design various parts of each field are
monitored by 24, 18, 12 or 6 cameras (as indicated by dif-
ferent colours). The field selected for this study (STEP08) is
encircled by a thick dashed line (Figure taken and adapted
from the PLATO Definition Study Report). Lower panel:
expected sky coverage of the forthcoming spectroscopic
surveys 4MOST and WEAVE superposed on an IRAS map
of the sky (Miville-Deschênes & Lagache 2005).

re-construct the metallicity distributions of mono-age popu-
lations and quantify the impact of radial migration along the
Milky Way evolution. The inferred metallicity distribution
of star-forming regions at different epochs will be compared
with the metallicity distribution of high-redshift galaxies
which will soon be more accurately observed with Adaptive
Optics and Integral Field Unit data with 30-m-class tele-
scopes (e.g. current state-of-the-art with KMOS/VLT seen
in Wuyts et al. 2016).

As the PLATO input catalogue will be based on Gaia
data, one will have all the information needed for modelling
the selection biases involved. In addition, possible biases
related to the detectability of solar-like oscillations can be
accounted for (e.g., see Chaplin et al. 2011).

4 Expected seismic performance

We make use of the experience acquired with the analy-
sis of Kepler observations to quantify the expected perfor-
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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 Teff-log L bin. Lower panel: In each row we show the HR diagram of stars with detectable
oscillations and in different 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. Different rows illustrate the effect of increasing the duration of the observing run, τ = 30 d, 150 d
and 2 yr (first, second, and third row, respectively).

mance for PLATO. We focus on evolved stars, which repre-
sent ideal probes of Galactic structure, primarily thanks to
their intrinsic brightness (see Section 2), and whose oscil-
lations have low-enough frequencies to be detectable using
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 diffuse exponential dust layer with a vertical scale height
of 110 pc. In this way, nearby dwarfs are little affected 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
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8 A. Miglio et al.: PLATO as it is: a legacy mission for Galactic archaeology

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 different evolutionary states (as defined in Bressan
et al. 2012), 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 observations with
durations of 30 d, 150 d and 2 yr. Each star in the population is coloured according to the seismic information that can be
extracted: gray: no detections, blue: oscillations are detectable (hence 〈∆ν〉 and νmaxcan 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 also be inferred. Our predictions are limited
to stars with oscillation frequencies lower than ∼ 800 µHz, hence primarily to stars in their red-giant phase of evolution
(which are not part of PLATO’s core-target list, see the main text for details).
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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 (〈∆ν〉) and the frequency of maximum oscilla-
tions power (νmax). The average separation scales to very
good approximation as the square root of the mean density
of the star, i.e. 〈∆ν〉 ∝ ρ1/2; whilst νmax has been found
to scale with a combination of surface gravity and effec-
tive temperature that also describes the dependence of the
cut-off frequency for acoustic waves in an isothermal atmo-
sphere, i.e. νmax ∝ gT−1/2

eff
(e.g., see Belkacem et al. 2013,

for a recent review).
The HR diagram of the synthetic population simulated

with trilegal in the PLATO field STEP08 is shown in Fig.
3.

4.2 Predicting asteroseismic parameters and their
detectability

We follow the approach described in Mosser (2017) based
on the work by Mosser & Appourchaux (2009), and explore
the effect of varying the duration of the observations (τ)
and the apparent magnitude range (mV) on the asteroseis-
mic yields expected from the underlying stellar population
(see also Hekker et al. 2012). Specifically, we quantify for
each star in the synthetic population:

– whether solar-like oscillations are detectable,
– the expected uncertainty on νmax and 〈∆ν〉,
– our ability to measure gravity-mode period spacing

(∆P), and hence to use it as a discriminant of evolution-
ary state (e.g. see Bedding et al. 2011),

– whether rotationally split pulsation frequencies can be
measured, and hence if information on the internal rota-
tional profile can be inferred from the data.

Results of our simulations are presented in Figures 3, 4,
and 5, and discussed in the following section.

4.2.1 Detectability of the oscillations

By increasing the duration of the observational runs not
only the overall number of stars for which oscillations are
detected increases considerably (50k, 120k, 170k stars for
a duration of 30 d, 150 d, and 2 yr, respectively), but also
larger areas of the HR diagram are covered by objects hav-
ing seismic information (see Fig. 3).

Moreover, the duration of the observations sets an upper
limit on the radius/luminosity of stars with measurable os-
cillation parameters (stars of larger radii have more closely
spaced pulsation periods; for the largest stars, these periods
become longer than the duration of the observations them-
selves). This also has implications on the distances that can
be probed by such stars, for a given apparent magnitude.
For instance, while the overall number of stars with de-
tectable oscillations doubles when comparing yields from

observations with durations of 150-d versus 30-d,, the num-
ber of stars at distances larger than 5 kpc becomes five times
higher (here we are considering a lower brightness limit of
mV = 15).

The lower limit on the intrinsic luminosity of stars with
detectable oscillations becomes strongly dependent on the
duration of the observations, especially for stars with ap-
parent 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 ampli-
tudes, which decrease with decreasing luminosity – see e.g.
Baudin et al. 2011; Huber et al. 2010; Kjeldsen & Bedding
1995; Samadi et al. 2012).

To account for the decreased detectability of solar-like
oscillations in stars approaching the red edge of the classi-
cal pulsators instability strip we have followed the approach
described in Chaplin et al. (2011). An in-depth study of the
transition between solar-like and classical pulsations, also
taking into account the effects of activity on the detectability
of oscillation modes (e.g., see Garcı́a et al. 2010) is beyond
the scope of this paper.

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 µHz10, which is
significantly higher than Kepler’s 278 µHz. This opens the
door to detecting oscillations in thousands of stars during
their subgiant phase (log g ' 3.5 − 4, see Fig. 4). These
objects are key to constraining transport processes of chem-
icals and the distribution (and evolution) of angular momen-
tum inside stars (e.g. see Deheuvels et al. 2014).

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

4.2.2 Seismic parameters that can be measured from
the spectra

A more detailed description of what physical properties can
be extracted from data of different durations can be inferred
from Fig. 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 sim-
ulations show that, for such stars, a precise measurement of
the period spacing is possible for observations of about 5
months or longer.

Even longer datasets are required if one aims at mea-
suring rotationally-split frequencies in stars up to the core-
He burning phase, which enables one to recover informa-
tion about the internal rotational profile (e.g. see Beck et al.

10 This limit does not apply to low-mass main-sequence and sub-giant
stars which will be part of PLATO’s core-target list, and which will be stud-
ied for asteroseismology using high-cadence data (see Rauer et al. 2014).
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10 A. Miglio et al.: PLATO as it is: a legacy mission for Galactic archaeology

2012; Deheuvels et al. 2014, 2012; Eggenberger et al. 2012;
Mosser et al. 2012), or to infer the inclination of the star’s
rotational axis with respect to the line of sight (e.g. see
Chaplin et al. 2013; Corsaro et al. 2017; Gizon et al. 2013;
Huber et al. 2013).

The length of the observations strongly influences both
the detection yields and the precision on the measurements
of the average seismic parameters of solar-like oscillators,
which affects the precision of the inferred stellar properties.
In our simulations we have used data on Kepler red-giant
stars to quantify the uncertainties on 〈∆ν〉 and νmax (see
Mosser 2017) for stars in the synthetic population. These
uncertainties account for an irreducible limit in precision.
It is about 〈∆ν〉/200 for 〈∆ν〉 (dominated by the intrinsic
variation in ∆ν as a function of mode frequency mainly due
to acoustic glitches, e.g. see Mazumdar et al. 2012; Miglio
et al. 2010; Vrard et al. 2015), and it is about 〈∆ν〉/5 for
νmax (predominantly due to stochastic excitation and damp-
ing leading to intrinsic variability of the shape of the oscil-
lation excess power). Estimating how the uncertainties on
the measured seismic properties map onto the precision of
the inferred stellar properties (primarily mass, hence age)
is discussed in the next Section. We notice that the uncer-
tainties resulting from the simulations adopted here agree
with the results from the approach presented in Davies &
Miglio (2016), where the seismic parameters determined
from varying the length of the time series representing dif-
ferent space missions have been compared in a case study
based on a specific star.

4.2.3 Frequencies of individual pulsation modes

While average seismic parameters provide very useful esti-
mates of global stellar properties, the highest levels of pre-
cision and accuracy are obtained when comparing observed
individual frequencies to stellar models.

To assess the impact on the inferred stellar properties
of the ability of measuring individual mode frequencies,
we have considered a typical red-giant star observed by
Kepler, with νmax∼ 110 µHz, and divided up its time se-
ries into segments of different duration. Following the ap-
proach described in Davies et al. (2016), we then deter-
mined individual-mode frequencies and their uncertainties.
We have considered a star sufficiently bright so that the
dominant source of background noise across the region oc-
cupied 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.
6), a shorter length of the observations leads to a lower res-
olution of the power spectrum, making it harder to identify
radial modes in the complex (and degraded) frequency spec-
trum.

We limited the analysis to radial-mode frequencies, and
find that, for all but the shortest time series (τ = 30 d) it was
possible to determine individual-mode frequencies, albeit
with complications related to disentangling radial modes

Fig. 5 Distribution of the expected precision on radius
(upper panel) and mass (lower panel) for stars with de-
tectable oscillations (see Fig. 4). The three lines in each
panel show the effect of increasing the duration of the obser-
vations, from 30 d to 2 yr. Masses and radii are determined
by combining 〈∆ν〉, νmax, and Teff and their uncertainties.

from the more complex pattern of dipolar and quadrupo-
lar modes (typically for τ < 150 d). We have then focussed
on the 150-d-long time series which led to uncertainties σν
with values in the range 0.04−0.09 µHz for the seven radial
modes detected, which thus have a typical relative precision
of the order of 10−4 – 10−3.

4.3 Mapping anticipated seismic constraints onto
precision of the inferred stellar properties

First, we assume that the available constraints are average
seismic parameters (〈∆ν〉 and νmax) and Teff . Examples of
how the expected precision of radius and mass depends on
the duration of the observations are presented in Fig. 5. Al-
though ages (and their uncertainties) cannot be inferred di-
rectly from seismic scaling relations, the uncertainty on the
age is expected to be indicatively a factor 3 larger than that
on mass, based on the tight mass-age relation illustrated in
Fig. 1.

This means that 30-d-long observations would restrain
our ability to infer ages to ∼ 40%, which is comparable
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Fig. 6 Power spectral density as a function of frequency
obtained by considering time series of duration 150 d and
30 d for a bright (mV = 9) giant observed by Kepler. The
individual mode frequencies of radial (l=0) and quadrupolar
modes (l=2) are indicated in the upper panel by red circles
and blue squares, respectively. In the 30-d-long time series
the robust identification of individual mode frequencies is
hindered by the low frequency resolution, leading to a much
reduced precision and accuracy on the inferred properties of
the individual modes.

to what one would expect for nearby stars without seismic
constraints. 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 uncertain-
ties on stellar radius, mass, and age for red-giant stars de-
pend on the assumed constraints and on (some of) the un-
certainties in the models we refer to e.g. Casagrande et al.
(2016); Noels & Bragaglia (2015); Noels et al. (2016); Ren-
dle et al. (2017); Rodrigues et al. (2017).

In contrast to the case of solar-like pulsating main-
sequence stars (see e.g. Lebreton & Goupil 2014; Silva
Aguirre et al. 2015), the effectiveness of individual mode
frequencies in determining stellar properties for giant stars
has yet to be fully explored. However, when individual
mode frequencies are available as additional constraints, ex-
pectations are that the precision and accuracy on the inferred
radii and masses (hence age) of red giants are significantly
improved (Huber et al. 2013; Lillo-Box et al. 2014; 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 distribution functions for
mass and age which we obtain by including different sets of
constraints in the inference procedure. The example is lim-
ited 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, which would allow us
to clearly identify modes, and determine the evolutionary
state, and we have thus taken uncertainties on seismic pa-
rameters resulting from the simulations 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 (Teff , [Fe/H], log g, and luminosity as expected from
Gaia for a nearby star), and then adding either average seis-
mic constraints (〈∆ν〉, νmax) or individual radial mode fre-
quencies. We assumed the following uncertainties on non-
seismic constraints: 0.2 dex in log g, 0.15 dex in [Fe/H] and
3% in luminosity (see Rodrigues et al. 2017 for additional
tests).

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. Data of such quality would thus make it
possible to reach the desired precision in age (. 10 %). For
the more ambitious goal to achieve similar level of accuracy,
one would have to couple these data with stringent tests of
models 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 effective tem-
perature and apparent photometric magnitudes to determine
distances (see Fig. 9 and Anders et al. 2017b; Mathur et al.
2016; Miglio et al. 2013; Rodrigues et al. 2014). Such dis-
tances typically reach a level of precision of few percent
(2− 5 %, depending on the duration of the observations, see
e.g. Rodrigues et al. 2014). Similarly to period-luminosity
relations for classical pulsators, their precision depends lit-
tle on the distance itself, as long as a robust detection of the
oscillations is achievable. Consequently, seismic distances
will have comparable if not superior precision to Gaia for
stars with mV & 13, i.e. giant stars beyond ∼ 3 kpc (see
Fig. 8 and Huber et al. 2017). One could thus select tar-
gets to ensure that PLATO can also significantly improve
the cartography of the Milky Way, given that oscillations
are expected to be detectable for significantly fainter mag-
nitudes (see Section 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, photometric, astrometric data, and
for some targets, interferometric constraints (see e.g. Huber
et al. 2012; Lagarde et al. 2015; Silva Aguirre et al. 2012).

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 effective temperatures and precise bolo-
metric luminosities from seismology (see Rodrigues et al.
2014, for a detailed description of the method).
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Fig. 7 Posterior probability density function of radius (left panel), mass (middle panel), and age (right panel) obtained by
considering different combinations of seismic, spectroscopic, and astrometric constraints for a bright (mV = 9) RGB star
with νmax∼ 110 µHz. 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).
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Fig. 8 Gaia’s end-of-mission relative parallax error, eval-
uated 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 (few percent)
is comparable or better than Gaia’s for stars fainter than
mV = 13 − 14 (i.e. distances & 3 kpc, see also Huber et al.
2017). Gaia parallax performance estimate adapted from:
https://www.cosmos.esa.int/web/gaia/science-performance (using
astrometric error model of de Bruijne et al. 2005 and colour
transformation of Jordi et al. 2010).

4.3.2 Synergies with spectroscopic surveys

An additional stellar property that asteroseismic constraints
can deliver with high precision is surface gravity (σlog g .
0.05 dex, see e.g. Morel 2015, and references therein).
Given the difficulties associated with measuring log g via
spectroscopic analyses, large-scale spectroscopic surveys
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; Valentini et al. 2016),
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 et al. 2016).

Recently, K2 targets at different locations (e.g. see How-
ell et al. 2014; Stello et al. 2015) have become the key stars
for cross-calibrating several surveys. An example of the im-
pact of having seismic surface gravities for several stars in-
cluded in spectroscopic surveys has been recently shown for
RAVE. The RAVE survey collected intermediate resolution
spectra around the Ca triplet. This wavelength interval, de-
spite being excellent for deriving radial velocities, contains
few spectral lines resulting in degeneracies of stellar param-
eters: lines produced in stars with different surface gravities
and at the same temperature are hardly discernible, as il-
lustrated in Fig. 10. K2 observed 87 RAVE red giants dur-
ing Campaign 1, and the seismically inferred surface grav-
ity provided a calibration for the log g for giants (Valentini
et al. 2017). Abundances have been recomputed then us-
ing these newly calibrated gravities, and presented in the
RAVE-DR5-SC catalog (Kunder et al. 2017).
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Fig. 9 Lower panel: asteroseismic distance scale for
solar-like oscillating giants, presenting a comparison be-
tween seismic distances against benchmark distances of
clusters, the latter obtained via isochrone fitting and/or
based on eclipsing binaries. Distances are taken from Bro-
gaard 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
different duration of the observations, coupled with the
mission-specific target selection function explain the differ-
ent distributions. Longer observations allow the measure-
ment of oscillations in longer-period (hence, in general, in-
trinsically brighter and more distant) stars. CoRoT, in its
so-called “exo-field”, targeted stars fainter than Kepler.

Additionally, beyond improving stellar parameters de-
rived from spectra, seismic information has become critical
in the era of high-precision chemical abundance determi-
nation analyses. In a new approach, where atmospheric pa-
rameters are computed by fixing log g to the seismic value,
and iteratively deriving the surface temperature and overall
metallicity [M/H] (thus ensuring high consistency among
all stellar parameters), Morel et al. (2014) and Valentini
et al. (2017, 2016) have demonstrated that higher accuracy
on chemical abundances can be achieved.

A further example was shown using high-resolution (R
∼ 22,500) spectra from APOGEE, in the H-band (1.5 −
1.7µm). In this wavelength regime there is a lack of us-
able Fe II lines, which are widely used to constrain the sur-
face gravity spectroscopically. Building on the work of Pin-

Fig. 10 Synthetic spectra of a solar-metallicity star with
Teff = 4800 K in the wavelength range and resolution of
RAVE. Each line represents a spectrum with different log g,
from 0.5 to 3.0 in steps of 0.5 dex, showing how little spec-
tral features change with surface gravity. Spectra are syn-
thesised using the iSpec package (Blanco-Cuaresma et al.
2014), considering the Turbospectrum (Plez 2012) radiative
transfer code and MARCS (Gustafsson et al. 2008) atmo-
sphere models.

sonneault et al. (2014), Hawkins et al. (2016) was able to
show that using the seismic information (and adopting the
APOGEE surface temperatures) one can significantly im-
prove 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 constrain-
ing this difficult parameter beyond the standard Fe II ioniza-
tion 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-V, see also Fig. 2) will not only be beneficial to the
calibration of spectroscopic analysis procedures, but will al-
low for precise chemical abundance determinations which
are key to inferring precise stellar properties (in particular
age), to testing stellar models, and, notably, for informing
models of Galactic chemical evolution and to help identify
populations of stars with a common origin (e.g. see Freeman
& Bland-Hawthorn 2002). In particular, observing how in-
dividual star clusters have spread out is the most direct mea-
sure of radial migration with cosmic time (Bland-Hawthorn
et al. 2010).

5 Summary

Deciphering the assembly history of the Milky Way is a
formidable task, which becomes possible only if one can
produce high resolution chrono-chemo-kinematical maps of
the Galaxy.

Currently a wealth of data is being gathered on en-
sembles of stars with the aim of improving our knowl-
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edge of the Milky Way structure and of its chemodynam-
ical properties. The ESA Gaia satellite, with its second
data release, will soon deliver an accurate 3-D map and
proper motions of all detected stars, and radial velocities
for bright stars throughout our Galaxy. Additional crucial
information, both on velocities and chemical abundances,
will come from several ongoing/planned spectroscopic sur-
veys such as RAVE, SEGUE, APOGEE, Gaia-ESO, LAM-
OST, GALAH, WEAVE and 4MOST. These data will soon
provide us with a well-defined view on the current chemo-
kinematical structure of the Milky Way, but will only en-
able a blurred view on the temporal sequence that led to the
present-day Galaxy. The framework for chemodynamical
models tailored to the Milky Way now exists (e.g. Minchev
et al. 2014), as well as tools to best compare model pre-
dictions to the data (e.g. Anders et al. 2016; Sharma et al.
2011).

Astrometric and spectroscopic constraints alone will not
enable precise and accurate estimates of stellar age. This
is particularly true for red giant stars, which are the pri-
mary tracers of the Milky Way’s structure. Asteroseismol-
ogy clearly provides the way forward: solar-like oscillating
giants are excellent clocks thanks to the availability of seis-
mic constraints on their mass and to the tight age-initial-
mass relation they adhere to. The potential of asteroseis-
mology for constraining evolutionary models of the Milky
Way has now been demonstrated thanks to the ongoing ex-
ploitation of data from the pioneering photometric missions
CoRoT, Kepler, and K2.

These missions, however, are limited in either Galac-
tic volume coverage or duration of the observations, which
limits the precision one can achieve on the inferred stellar
properties, chiefly age. In this paper we have identified five
key questions (see Section 2.1) that we believe will need
precise and accurate ages for large samples of stars to be
addressed, and we identified the requirements in terms of
number of targets and the precision on the stellar properties
that are needed to tackle such questions (Section 3).

By quantifying the seismic yields expected from
PLATO, we have shown in Section 4 that the requirements
outlined in Section 3 are within the capabilities of the cur-
rent PLATO design, provided that observations are suffi-
ciently long to identify the evolutionary state and allow ro-
bust and precise determination of acoustic-mode frequen-
cies. This will allow us to harvest data of sufficient qual-
ity to reach a 10% precision in age. This is a fundamen-
tal prerequisite to then reach the more ambitious goal of
a similar level of accuracy, which will only be possible if
coupled with a careful appraisal of systematic uncertainties
on age deriving from our limited understanding of stellar
physics; a goal which conveniently falls within the main
aims of PLATO’s core science. We therefore strongly en-
dorse PLATO’s current design and proposed observational
strategy, and conclude that PLATO, as it is, will be a legacy
mission for Galactic archaeology.
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Di Matteo, P., Haywood, M., Gómez, A., et al. 2014, A&A, 567,
A122

Eggenberger, P., Montalbán, J., & Miglio, A. 2012, A&A, 544, L4
Eisenstein, D. J., Weinberg, D. H., Agol, E., et al. 2011, AJ, 142,

72
Freeman, K. 2012, Astrophysics and Space Science Proceedings,

26, 137
Freeman, K. & Bland-Hawthorn, J. 2002, ARA&A, 40, 487
Fuhrmann, K. 2011, MNRAS, 414, 2893
Fuhrmann, K., Chini, R., Kaderhandt, L., & Chen, Z. 2017, MN-

RAS, 464, 2610
Gaia Collaboration, Brown, A. G. A., Vallenari, A., et al. 2016a,

A&A, 595, A2
Gaia Collaboration, Prusti, T., de Bruijne, J. H. J., et al. 2016b,

A&A, 595, A1
Garcı́a, R. A., Mathur, S., Salabert, D., et al. 2010, Science, 329,

1032
Gibson, B. K., Courty, S., Sánchez-Blázquez, P., et al. 2009, in

IAU Symposium, Vol. 254, The Galaxy Disk in Cosmologi-
cal Context, ed. J. Andersen, Nordströara, B. m, & J. Bland-
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26 Université de Strasbourg, CNRS, Observatoire astronomique de Strasbourg, UMR 7550, 11 rue de l’Universiteé, F-67000 Strasbourg, France
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Deciphering the assembly history of the Milky Way is a formidable task, which becomes possible only if one can produce
high-resolution chrono-chemo-kinematical maps of the Galaxy. Data from large-scale astrometric and spectroscopic sur-
veys will soon provide us with a well-defined view of the current chemo-kinematical structure of the Milky Way, but will
only enable a blurred view on the temporal sequence that led to the present-day Galaxy. As demonstrated by the (ongoing)
exploitation of data from the pioneering photometric missions CoRoT, Kepler, and K2, asteroseismology provides the way
forward: solar-like oscillating giants are excellent evolutionary clocks thanks to the availability of seismic constraints on
their mass and to the tight age-initial-mass relation they adhere to. In this paper we identify five key outstanding questions
relating to the formation and evolution of the Milky Way that will need precise and accurate ages for large samples of stars
to be addressed, and we identify the requirements in terms of number of targets and the precision on the stellar properties
that are needed to tackle such questions. By quantifying the asteroseismic yields expected from PLATO for red-giant stars,
we demonstrate that these requirements are within the capabilities of the current instrument design, provided that observa-
tions are su�ciently long to identify the evolutionary state and allow robust and precise determination of acoustic-mode
frequencies. This will allow us to harvest data of su�cient quality to reach a 10% precision in age. This is a fundamental
pre-requisite to then reach the more ambitious goal of a similar level of accuracy, which will only be possible if we have
to hand a careful appraisal of systematic uncertainties on age deriving from our limited understanding of stellar physics,
a goal which conveniently falls within the main aims of PLATO’s core science. We therefore strongly endorse PLATO’s
current design and proposed observational strategy, and conclude that PLATO, as it is, will be a legacy mission for Galactic
archaeology.
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