
NEW VIEW OF GALACTIC DISCS: PRECISE AGES WITH 
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To reconstruct the assembly and chemo-dynamical history of the Galaxy  

precise, accurate stellar properties (e.g. radius, mass, age to ~10%)
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SOLAR-LIKE OSCILLATIONS
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• Oscillations intrinsically dumped but forced by  
Convection.   

• Convection  => Red border of Classical 
Instability stript. 

• Multiperiodic oscillators, radial and non-radial, mixed 
g/p character 
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• Periods: minutes to hours 

• Intrinsically damped, but forced 
by turbulent convection 

• Amplitudes: ppm-tens of ppm 

• Acoustic modes: radial and non-
radial (~ asymptotic regime) 

• In subgiants/giants: p-g mixed 
modes (probing inner regions)4000450050005500600065007000
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2 Science case

2 Science case
2.1 Asteroseismology: a novel tool for stellar astrophysics

In the last decade, the Kepler, CoRoT, and TESS space-photometry missions have demonstrated the
potential of asteroseismology as a novel, versatile, and powerful tool to perform exquisite tests of
stellar physics, and to enable precise and accurate characterisations of stellar properties, with impact
on both exoplanetary and Galactic astrophysics. The key role of asteroseismology in providing precise
and accurate characterisations of planet-host stars is widely recognised and, e.g., is deeply rooted
into the core programme of the future ESA PLATO mission. Moreover, asteroseismic constraints for
ensembles of stars (in particular red giants) have given us the ability to measure masses (hence infer
ages) of tens of thousands of stars across the Galaxy. Coupling asteroseismic constraints to precise and
accurate astrometric data from ESA Gaia, and data from large-scale spectroscopic surveys, enables the
study of the chemical and dynamical evolution of our Galaxy with unprecedented temporal resolution.

With the benefit of hindsight, i.e. having a clear view of the of the strengths and limitations of such
a novel tool, we can now argue for a space mission specifically dedicated to gathering high-precision,

high-cadence, long photometric series of large samples of coeval and initially-chemically-homogeneous

stars in open and globular clusters (OCs, GCs) and to push exquisite asteroseismic inference of stellar
properties to dense stellar fields in the Milky Way and beyond.

HAYDN will provide crucial, direct information about the internal stratification of low-mass stars.
which is not achievable by other observational technique alone: high-precision asteroseismology, com-
bined with complementary spectroscopic and astrometric data, is the way forward to stress-test models
of single and binary stellar evolution to the percent level.

The information on global and local features of stellar interiors that can be extracted from high-
resolution oscillation spectra (see, e.g., Fig. 1) is succinctly presented in Sec. 1.1 of the HAYDN
ESA Voyage 2050 White Paper (Miglio et al., 2021a), but see Chaplin & Miglio 2013; Hekker &
Christensen-Dalsgaard 2017; Garcia & Ballot 2019; Aerts 2021; Kurtz 2022 for recent, comprehensive,
reviews on the subject. Crucially, the precision and robustness with which one can achieve such
detailed constraints on stars is strongly dependent on the length and quality of the photometric time-
series available. The analysis requires, for instance, long-duration time series to obtain the requisite
frequency resolution for extracting clear signatures of rotation in the oscillation spectrum. Examples

Figure 1: Power spectra based on Kepler ’s photometric observations of a red-giant star
(KIC12008916). Upper-left panel : average seismic parameters large frequency separation (�⌫) and
frequency of maximum power (⌫max). The lower-left panel shows the complex, rich spectrum of
individual mode frequencies which holds detailed information about both global and local stellar
features. Symbols represent modes of di↵erent angular degree. The right panel shows a cartoon of
the internal structure of a red-giant-branch star, together with an example of the perturbation
associated to the radial displacement of a mixed pressure-gravity mode, which is able to probe both
the envelope and the core of such a star.
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SOLAR-LIKE OSCILLATION SPECTRA

 Frequencies of modes or regular patters in freq. or period:   ⟨Δν⟩2 ∝ ρ̄ ΔP
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Solar-like oscillations in Red Giants: scaling relations
νmax ∝ g/ Teff

⟨Δν⟩2 ∝ ρ̄

ΔP

And many more, e.g.: Pinsonneault+14,18(APOKASC-1/2)  
Rodrigues+17; Valentini+19; Anders+15, Miglio+09,13, 
Stello+10, Mosser+10,11…

Regular patters: as proxy of Evol. State 
(if available)
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ABSTRACT
The frequency of maximum oscillation power measured in dwarfs and giants exhibiting solar-
like pulsations provides a precise, and potentially accurate, inference of the stellar surface
gravity. An extensive comparison for about 40 well-studied pulsating stars with gravities
derived using classical methods (ionization balance, pressure-sensitive spectral features or
location with respect to evolutionary tracks) supports the validity of this technique and reveals
an overall remarkable agreement with mean differences not exceeding 0.05 dex (although with
a dispersion of up to ∼0.2 dex). It is argued that interpolation in theoretical isochrones may be
the most precise way of estimating the gravity by traditional means in nearby dwarfs. Attention
is drawn to the usefulness of seismic targets as benchmarks in the context of large-scale surveys.

Key words: asteroseismology – stars: fundamental parameters – stars: late-type.

1 IN T RO D U C T I O N

It is notoriously difficult to accurately estimate the stellar surface
gravity in late-type stars, with systematic differences of the order of
0.2 dex being commonplace depending on the technique used and
its exact implementation. This large uncertainty surrounding log g
limits the accuracy with which elemental abundances can be deter-
mined. This is especially the case for purely spectroscopic analyses
where the determinations of the stellar parameters are intimately
coupled. In such a case, the use of a model atmosphere with an
inappropriate gravity adversely impacts on the estimation of the
other parameters (i.e. effective temperature and microturbulence)
and, ultimately, chemical abundances.

However, the properties of the p-mode pulsations exhibited by
cool stars on the main sequence and during the red giant phase can
be used to derive values that are precise to a level rivalling that
obtained for eclipsing binaries. Although seismic gravities can also
be derived using oscillation frequencies and frequency separations,
here we only consider the frequency of maximum power, νmax,
as a surface gravity indicator (see e.g. Kallinger et al. 2010a, for
definition and further details on how this quantity can be derived).
As first suggested by Brown et al. (1991) and recently discussed
from a theoretical viewpoint by Belkacem et al. (2011), νmax is
expected to scale as the acoustic cut-off frequency:

νmax

νmax,⊙
=

(
M

M⊙

) (
R

R⊙

)−2 (
Teff

Teff,⊙

)−1/2

. (1)

⋆E-mail: morel@astro.ulg.ac.be

This leads to

log g = log g⊙ + log
(

νmax

νmax,⊙

)
+ 1

2
log

(
Teff

Teff,⊙

)
. (2)

This relation is largely insensitive to the effective temperature
assumed (#Teff = 100 K leads to #log g ∼ 0.004 dex only for Sun-
like stars). On the other hand, νmax can usually be measured with an
error below 5 per cent from high-quality time series (e.g. Kallinger
et al. 2010a; Mosser et al. 2010). It follows that log g determined via
equation (2) can be precise to better than 0.03 dex. If confirmed in
terms of accuracy, this would be far better than what can be achieved
by other means in single stars (except in stars with transiting plan-
ets, although this method heavily relies on evolutionary models;
e.g. Torres, Winn & Holman 2008). Indeed, seismic gravities are
beginning to be adopted in spectroscopic analyses as an alternative
to values derived from traditional methods in order to narrow down
the uncertainties in the other fundamental stellar parameters and
chemical abundances (e.g. Batalha et al. 2011).

The high accuracy of the gravities obtained from asteroseismol-
ogy is supported by a comparison with values estimated using com-
pletely independent techniques [e.g. as shown in the case of a few
binaries by Bruntt et al. (2010), as well as in red giant cluster mem-
bers by Stello et al. (2011) and Miglio et al. (2011)]. However, the
validity of the scalings relating the stellar parameters (mass, radius)
and the seismic observables has yet to be thoroughly investigated for
stars occupying different parts of the Hertzsprung-Russell diagram
and having various properties in terms of metallicity and activity
level, for instance. This work is an effort towards this goal (see also
Miglio 2011) and also aims at drawing attention to the usefulness of
seismic targets for validation purposes in the context of large-scale
stellar surveys.
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Figure 1. CMD of NGC 6791 (left-hand panel) and NGC 6819 (right-hand panel). Photometric data are taken from Stetson, Bruntt & Grundahl (2003) and
Hole et al. (2009), respectively. RGB stars used in this work are marked by open squares and RC stars by open circles. See Section 3.2 for a description of the
target selection.

et al. 1991; Kjeldsen & Bedding 1995; Mosser et al. 2010; Belkacem
et al. 2011), and therefore

νmax ≃ M/M⊙
(R/R⊙)2

√
Teff/Teff,⊙

νmax,⊙ , (2)

where νmax,⊙ = 3100 µHz and Teff,⊙ = 5777 K.
These scaling relations are widely used to estimate masses and

radii of red giants (see e.g. Stello et al. 2008; Kallinger et al. 2010;
Mosser et al. 2010), but they are based on simplifying assumptions
that remain to be independently verified. Recent advances have been
made on providing a theoretical basis for the relation between the
acoustic cut-off frequency and νmax (Belkacem et al. 2011), and
preliminary investigations with stellar models (Stello et al. 2009)
indicate that the scaling relations hold to within ∼3 per cent on the
main sequence and RGB (see also White et al. 2011).

Depending on the observational constraints available, we may
derive mass estimates from equations (1) and (2) alone, or via their
combination with other available information from non-seismic ob-
servations. When no information on distance/luminosity is avail-
able, which is usually the case for field stars, equations (1) and (2)
may be solved to derive M and R (see e.g. Kallinger et al. 2010;
Mosser et al. 2010):

M

M⊙
≃

(
νmax

νmax,⊙

)3 (
"ν

"ν⊙

)−4 (
Teff

Teff,⊙

)3/2

, (3)

R

R⊙
≃

(
νmax

νmax,⊙

) (
"ν

"ν⊙

)−2 (
Teff

Teff,⊙

)1/2

. (4)

In the case of clusters, we can use the distance/luminosities esti-
mated with independent methods (i.e. via isochrone fitting or eclips-
ing binaries) as an additional constraint. Including this information
allows M to be estimated also from equation (1) or equation (2)

alone (see equations 5 and 6, respectively), or in combination lead-
ing to a mass estimate with no explicit dependence on Teff (as in
equation 7):

M

M⊙
≃

(
"ν

"ν⊙

)2 (
L

L⊙

)3/2 (
Teff

Teff,⊙

)−6

, (5)

M

M⊙
≃

(
νmax

νmax,⊙

) (
L

L⊙

) (
Teff

Teff,⊙

)−7/2

, (6)

M

M⊙
≃

(
νmax

νmax,⊙

)12/5 (
"ν

"ν⊙

)−14/5 (
L

L⊙

)3/10

. (7)

In the following sections, we use equations (3)–(7) directly to
estimate M (and R) without adding any extra dependence on stellar
models. As illustrated in detail e.g. by Gai et al. (2011), additional
(so-called ‘grid-based’) methods to estimate M and R can be de-
signed. These procedures are also based on equations (1) and (2)
but, by searching solutions for M and R in grids of evolutionary
tracks, have the advantage of reducing uncertainties on the derived
mass and radius, at the price of some model dependence that we
prefer to avoid in this study.

2.1 Error estimates

The formal uncertainties (σ i) on the masses (Mi) of the stars were
used to compute a weighted average mass for stars belonging to the
RGB and for stars in the RC:

M =
∑ N

1 Mi/σ
2
i∑ N

1 1/σ 2
i

.

C⃝ 2011 The Authors, MNRAS 419, 2077–2088
Monthly Notices of the Royal Astronomical Society C⃝ 2011 RAS

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/419/3/2077/1064418 by U
niversity of Birm

ingham
 user on 22 June 2021

Distance

Asteroseismology of old open clusters 2079

0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6

13

14

15

16

17

18

19

20

V

B−V

NGC6791

 

 
Stetson et al. photometry
RGB stars used in this study
RC stars used in this study

0.4 0.6 0.8 1 1.2 1.4

12

12.5

13

13.5

14

14.5

15

15.5

16

16.5

V

B−V

NGC6819

 

 
Hole et al. photometry
RGB stars used in this study
RC stars used in this study

Figure 1. CMD of NGC 6791 (left-hand panel) and NGC 6819 (right-hand panel). Photometric data are taken from Stetson, Bruntt & Grundahl (2003) and
Hole et al. (2009), respectively. RGB stars used in this work are marked by open squares and RC stars by open circles. See Section 3.2 for a description of the
target selection.
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preliminary investigations with stellar models (Stello et al. 2009)
indicate that the scaling relations hold to within ∼3 per cent on the
main sequence and RGB (see also White et al. 2011).
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derive mass estimates from equations (1) and (2) alone, or via their
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2014)? What is the age distribution of the multi-peak
metallicity distribution components observed in the inner
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 archaeology
fossil records? What is the nature and the role of the
spiral arms and bar as sources of radial migration? Is
migration caused by transient (Sellwood & Binney 2002)
or long-lived (Minchev & Famaey 2010) patterns? How
much of the radial migration is also caused by merg-
ers (Bird et al. 2013; Quillen et al. 2009)? In relation
to the disk and its merger history, how have the abun-
dance 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 recently illustrated
by Minchev et al. (2017) and references 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 con-
vinced that combining asteroseismic, astrometric, and spec-
troscopic observational constraints provides the way forward
in the field (e.g., see 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 evolution
history via the age, chemical composition, and kinematics
of stars in a large fraction of the volume in the Milky Way.
Chemical properties and radial velocities can already be mea-
sured (at different levels of precision) by surveys such as
SEGUE, RAVE, Gaia-ESO, APOGEE, LAMOST, 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 upcoming Gaia data releases.
These large datasets will ensure that we will have by ∼2025 a
good picture of the current chemodynamical structure of the
Milky Way. However, the critical chronological information
that we need for Galactic archaeology to understand the for-
mation and evolution of the Milky Way will still be missing.

Asteroseismology, that is the study and interpretation of
and the astrophysical inference from global oscillation modes
in stars, provides the way forward. Along with enabling
exquisite tests of stellar models, pulsation frequencies of
the solar-like oscillators may be used to place tight con-
straints on the fundamental stellar properties, including
the radius, mass, and evolutionary state (e.g., see Chap-
lin & Miglio 2013, Christensen-Dalsgaard 2016, Hekker
& Christensen-Dalsgaard 2016, and references therein).

FIGURE 1 Age–mass–metallicity relation for red giants in a TRILEGAL
(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
oscillations in giants belonging to open and globular clusters observed by
Kepler and K2 (Arentoft et al. 2017; Brogaard et al. 2012 2016; 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

Stellar mass is a particularly valuable constraint in the case
of giants, since for these stars there is a very tight relation
between age and mass. The age of low-mass red giant stars is
largely determined by the time spent on the main sequence,
and 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 thou-
sands of individual stars, spanning the entire evolution of the
Milky Way (see Figure 1).

One of the most convincing (and highly regarded) state-
ments about the importance of asteroseismology for Galactic
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 requested by
ESO and ESA to consider projects that would complement
the Gaia mission. One of the recommendations made to
ESA was: “Asteroseismology: this is a major tool to comple-
ment Gaia with respect to age determinations. ESA should
encourage the community to prepare for a next-generation
mission, which would sample the different populations 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

Miglio+17

in red giants AGE is determined  
 - firstly by Initial stellar mass 
 - secondly  by the chemical composition 
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Even if M and R are known with high precision and accuracy 

AGE IS ALWAYS MODEL DEPENDENT 

And one needs to know the relation between current MASS 
and initial MASS  
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older stellar ages; this is why we adopt a logarithmic scale when
discussing and showing age distributions.

While our theoretical understanding of h�⌫i allows us to use
model-predicted values, albeit with some still-standing issues re-
lated to the so-called surface e↵ects and their dependence on
stellar properties (e.g., see Manchon et al. 2018), we take the
scaling relation of ⌫max at face value. Currently we lack a robust
prediction from theory and the scaling relation is to be consid-
ered at this stage primarily an empirical relation (but see Belka-
cem et al. 2011; Zhou et al. 2019). We assume,

⌫max =
M/M�

(R/R�)2
p

Te↵/Te↵�
⌫max�,

where ⌫max� = 3090 µHz (see Handberg et al. 2017; Huber et al.
2011). The e↵ect of a systematic bias of the ⌫max scaling relation
on our results is investigated in one of our modelling runs (R9,
see Table 1).

As mentioned earlier, we are aware that biases, for example
in the Te↵ and metallicity scales, both in the models and in the
constraints, can lead to significant systematic e↵ects, hence we
explore whether our findings are robust against those (see Sec.
A and Table 1).

Finally, we set a uniform prior on the age from 0 to 40 Gyr,
which is intentionally largely uninformative. This is to avoid set-
ting an artificial lower limit to stellar mass, hence e↵ectively
introducing a bias related to the prescription of the mass loss
e�ciency during the RGB which would also fail to reproduce
stars that have likely lost significant mass (see e.g. Handberg
et al. 2017 for the case of the solar-metallicity 0.8 M� star in
NGC6819).

4. Age dissection of the MW discs

This work builds upon and is a natural continuation of previous
studies of the Milky Way using stars with asteroseismic con-
straints. Initially these approaches were limited to studying the
distribution of average seismic parameters only (Miglio et al.
2009), then to reporting distributions of masses (Chaplin et al.
2011; Miglio et al. 2013b) and eventually to dissecting the stel-
lar population in age intervals, as tests of the robustness of
the seismically inferred properties became available (e.g., see
Casagrande et al. 2016; Anders et al. 2017a,b; Silva Aguirre
et al. 2018; Rendle et al. 2019a; Ciucă et al. 2020). We now
aim at an age dissection of the MW discs at higher precision
and accuracy, benefiting from a larger dataset and the inclusion
in the analysis of discussion and testing of the main systematic
uncertainties a↵ecting our method.

As shown by Figs. 2 and 3, the data considered in this study,
coupled to the modelling described in Sec. 3, enable us to dissect
the composite population in our sample into ‘stellar-cluster-like’
populations, in terms of age and chemical composition. From
the distribution of stars in these two figures, one can already see
both the e↵ects of stellar evolution and the chemical evolution of
the Galaxy at work. Recall that the population of stars explored
by Kepler is located at a nearly constant galactocentric radius
(hRi = 7.7 ± 0.1 kpc), thus radial variations are minimised.

With this in mind, some notable features of these two fig-
ures are: a) for a sample of red-giant stars, the youngest tend to
concentrate in the secondary clump (Girardi 1999) which, as ex-
pected from stellar evolution, is populated by stars just massive
enough to ignite He in non-degenerate conditions. These stars
have a helium-core mass – and hence luminosity – lower than
that of the main RC; b) young metal-poor stars are rare, while

old stars cover a broad range of metallicity, just as expected from
chemical evolution predictions for the solar neighbourhood; c)
trends expected from basic stellar evolution predictions (e.g. Te↵
variations with mass, age, and metallicity) are evident in these
plots, owing primarily to the precision and accuracy of the seis-
mic and spectroscopic measurement available (see also Pinson-
neault et al. 2018).

Going beyond this broad qualitative picture, additional con-
siderations should be made if one wishes to define a sample of
stars with ages less a↵ected by systematic uncertainties. As men-
tioned earlier, the ages of stars in the red-giant phase are deter-
mined primarily by their initial mass. However, since stars are
expected to experience mass loss while on the RGB, the age es-
timates of stars in the RC phase (which constitute a large fraction
of the red giants with detected oscillations) are plagued by our
poor understanding of RGB mass loss. Constraints on the e�-
ciency of mass loss are therefore crucial to enable the accurate
determination of ages of RC stars. Section 5.1 will be devoted to
inferring an integrated mass-loss rate for the ↵-rich population.

Here, we select stars with robust age estimates by removing
stars in the RC with masses below 1.2 M�, because their actual
masses are expected to be more significantly a↵ected by mass
loss. Mass loss from younger, more massive stars is expected
to be negligible (from Reimers-like prescriptions, e.g. Castel-
lani et al. 2000, and as inferred by asterosesimology, e.g., Miglio
et al. 2012; Stello et al. 2016; Handberg et al. 2017). The trends
described below, however, are largely insensitive to this addi-
tional selection.

Also, among the non core-He burning giants, we restrict the
sample to stars with estimated radii smaller than 11 R�. This
avoids contamination by early-AGB stars, and removes stars
with relatively low ⌫max, a domain where seismic inferences have
not been extensively tested so far. This reduces our initial sam-
ple of ⇠ 5400 stars to ⇠ 3300. The median random uncertainty
in mass of the stars in our complete sample is 6%, which trans-
lates to a 23% median random uncertainty in age. In what fol-
lows we use this reduced sample to study the age-[↵/Fe] relation
(Section 4.1), the old metal-rich stars in the solar vicinity (which
have presumably undergone radial migration, see Section 4.2),
the age gradients with distance from the mid-plane (Section 4.3),
and the age of the thick disc (Section 4.4).

The resulting catalogue of stellar properties (available on-
line) is presented in Appendix C.

4.1. Age-[↵/Fe] in the Solar circle

The lack of precise ages has been one of the main reasons to re-
sort to more indirect ways of inferring broad ages in galactic evo-
lution studies. One can map galaxies in terms of their [↵/Fe] en-
hancement, a historical tracer of timescales (e.g., see Matteucci
& Brocato 1990). In Fig. 4 we show this relation in our sample.
The [↵/Fe]-rich population (hereafter ↵-rich) is composed pri-
marily of very old objects, older than most of the [↵/Fe]-poor
stars (hereafter, ↵-poor). Although systematic uncertainties in
absolute ages are still to be fully quantified, we find a median age
of ⇠ 10-12 Gyr which is in broad agreement with the ages of the
thick disc stars in Fuhrmann (2011), Haywood et al. (2013) and
Anders et al. (2018), which were inferred from the HARPS-GTO
sample of Delgado Mena et al. (2017), and with the analysis of
Silva Aguirre et al. (2018), also based on Kepler targets. How-
ever, in contrast to the latter, which was based on a smaller set
of targets compared to ours, and on a combination of RGB and
RC stars, we find a very tight age-[↵/Fe] relation in the [↵/Fe]-
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Fig. 2. Observational properties (Te↵ and ⌫max, where ⌫max / g/
p

Te↵ , see Sec. 3) of stars with �0.15  [Fe/H]  0.2 in di↵erent age bins. Stars
in the core-He burning phase are depicted in red. Age increases from left to right, where one notices how young stars populate almost exclusively
the secondary clump. Age is inferred using the method described in Sec. 3.

Fig. 3. As in Fig. 2 but considering stars with lower metallicity, that is, �0.5  [Fe/H]  �0.2. Stars of higher metallicity ( �0.15  [Fe/H]  0.2)
are represented by grey dots in the background. Already from this plot one sees that in this sample young metal poor stars are rare while old stars
are present in both metallicity bins. Stars in the core-He burning phase are shown light blue.
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Fig. 4. Age as a function of [↵/Fe] of the stars in our sample. The age
distributions of stars binned in [↵/Fe] are superposed on black dots rep-
resenting stars in the sample. On each age distribution the three hori-
zontal lines denote the 25th, 50th and 75th percentile. Long, thin tails
extending to young ages are associated to the overmassive ↵-rich stars
(see Sec. 5.2 for more details).

rich population, with important consequences for the thick-disc
formation scenario.

Because our ages are based on the assumption that the seis-
mic masses are very close to the initial stellar masses, in what
follows we discuss age-mass-chemistry plots. Figure 5 focuses

on the main trends which are robust against the systematic un-
certainties tested in this study, and therefore presents our results
based on the model grid we believe to be most reliable (G2, run
R1, see Appendix A for a discussion of systematic uncertainties).

Fig. 4 and the upper-middle panel in Fig. 5 suggest that
the chemical evolution of stars in the low-↵ sequence happened
on much longer timescales compared to the high-↵ sequence.
In Fig. 5, we highlight the ↵-rich stars. Here we selected stars
with [↵/Fe] > 0.1, which is the value that seems to separate
two regimes, namely: the very narrow age range of stars above
this value, and the large age range for stars below [↵/Fe]=0.1.
This separation is similar to that found by Anders et al. (2018)
using a dimensionality-reduction technique applied to a sample
of around 500 stars from HARPS-GTO, and hence covering a
much smaller volume of ⇠ 100 pc around the Sun. A notice-
able feature in the top panel of Fig. 5 is the stark increase of the
dispersion of [Fe/H] with age. It is clear, however, that at sub-
solar metallicities, at a given [Fe/H], stars in the high-↵ sequence
are on average older than those in low-↵ sequence (Fig. 5, up-
per and lower panels). One also notices that when the high- and
low-↵ sequences intercept at [Fe/H] ' 0, independent age infor-
mation is crucial, as ↵ enrichment alone becomes an ine↵ective
clock (see the lower panel of Fig. 5). The nearly coeval nature
of the ↵-rich RGB stars is also evinced from the clear correla-
tion of their mass with metallicity (Fig. 5, lower middle panel),
where the mass of 11-Gyr-old RGB models is shown as a solid
line. The decline of stellar mass with decreasing metallicity fol-
lows closely what is expected for a coeval population, although
a modest age increase with [↵/Fe] could be tentatively inferred
from, for instance, Fig. 4. A detailed discussion of the age disper-
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ΔP  ->  select only RGBs ( R < 11Rsun) 

 
3300 RGB:  Median (random) uncertainties  
                     6% and 23% for M and AGE

AGE-[α/Fe] in the solar neib.

Age dissection of the MW discs  (Miglio+21)

The [α/Fe]-rich population is composed primarily of very 
old objects, older than most of the [α/Fe]-poor ones, and a 
very tight age-[α/Fe] relation for α-rich pop. 
Mean AGE (α-rich) ~ 11Gyr with 95% of the population 
born within 1.52+0.54/-0.46  Gyr 
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Age dissection of the MW discs  (Miglio+21)

AGE-velocity dispersion (AVR) 
A. Miglio, et al.: Age dissection of the Milky Way discs

The middle panel of Figure 8 shows that metal-rich stars never
reach the large zmax values of the ↵-rich stars.

The increased number of targets, and the robustness of the
inferred ages, allows constraints to be set on the age dependence
of the vertical scale-height, hence ultimately on dynamical pro-
cesses responsible for the vertical heating of the disc. The high
precision of the age constraints also allows a re-assessment of
the age-velocity dispersion relationship (AVR) in the solar vicin-
ity. The AVR is an important observational constraint for models
of the formation and dynamical evolution of the MW disc. It is
commonly fit by power-law relationships, such that �z / age�,
with observational studies generally finding � ⇠ 0.5 (e.g Wielen
1977, Seabroke & Gilmore 2007, Soubiran et al. 2008, Mack-
ereth et al. 2019a). In particular, Minchev et al. (2013), using a
cosmological N-body zoom-in simulation of a MW-like galaxy
fused with chemical evolution models, predicted an increase in
the AVR at high age, indicative of a violent early origin for these
old stars.

We fit the AVR using both a single power-law, as expressed
before, and using a broken power-law, such that:

�z /
(

age�1 age < ageb

ageb
�2��1 age�2 age � ageb

, (1)

where �[1,2] are the power-law indices either side of a break age
ageb. We determine the best model given the data by computing
the Bayesian Information Criterion (BIC) for the best fit parame-
ters of each model. In this way, if a significant or abrupt increase
of �z was preferred by the data it would be fit as such.

Initially, we fit both models to the entire data set, without
selecting populations in element abundance space. In this case,
the best fit model is the broken power law, with ageb = 7±1 Gyr.
The AVR is relatively flat before the break, with �1 = 0.24±0.03,
but becomes very steep afterwards with �2 = 1.2± 0.2. Since, as
we have already discussed, the high and low [↵/Fe] population
have very di↵erent age distributions, it is therefore likely that this
break in the AVR is due to a superposition of these populations.

We divide the high- and low-[↵/Fe] populations, removing
stars with [Fe/H] < �0.7 (to ensure we avoid halo stars within
our sample) and re-fit the AVR models above. Here, we adopt
a more complex division in [↵/Fe], using a piecewise function
to divide the populations (see e.g. Mikolaitis et al. 2014 and
Mackereth et al. 2019a for details on how to divide high- and
low-[↵/Fe] populations):

[↵/Fe] =
(�0.2 [Fe/H] + 0.04 [Fe/H] < 0

0.04 [Fe/H] � 0
. (2)

In both these populations, a single power law provides a
marginally lower BIC. We adopt this model, noting that the
broken power law which is fit is consistent with the single
power law (such that the best fit parameters represent a sin-
gle power law). The slope of the AVR is consistent between
both the high and low [Mg/Fe] populations selected, such that
�low [Mg/Fe] = 0.29 ± 0.02 and �high [Mg/Fe] = 0.4 ± 0.2 (note the
much larger uncertainty in the high [Mg/Fe] population). The
normalisation of �z changes significantly between the two pop-
ulations, such that �z(10 Gyr)low [Mg/Fe] = 22.6± 0.6 km s�1 and
�z(10 Gyr)high [Mg/Fe] = 36 ± 2 km s�1. In Figure 9 we show
the best-fit AVR model for the high- and low-[Mg/Fe] popu-
lations both in age-vz space (upper panel) and presenting the
best-fit AVR relations in the regions representative of 95% of
the measured ages in each population (lower panel). Consistent
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Fig. 9. Vertical (�z) velocity dispersion as a function of age. The mid-
dle panel shows the best-fit models for the AVR of the low- and high-
[Mg/Fe] selection in age-vz space, compared with the data used in the
fit. The lower panel shows the AVRs themselves, and the upper panel
shows the age distribution of the [↵/Fe] selected populations. Blue and
red lines represent the best fit power-law models for stars in the low- and
high-↵ sequence, respectively. The coloured bands in the lower panel
show the 5th to 95th percentile credible intervals of the inferred �z-age
relation. The AVR for each population is only shown in the range of the
0.05 and 0.95 quantile of its ages.

results are obtained when excluding from the analysis metal-rich
([Fe/H] > 0.25) stars, which have likely migrated from the inner
disc.

Our precise characterisation of the di↵erence in kinemat-
ics between low- and high-[Mg/Fe] populations (noted also in
Fuhrmann 2011; Adibekyan et al. 2013; Haywood et al. 2013;
Hayden et al. 2018; Mackereth et al. 2019a) indicates that the
two populations likely had very di↵erent dynamical histories (as
already suggested by the chemical discontinuity observed, for
instance, in a [↵/Fe] vs. [Fe/H] diagram). The abrupt change at
⇠ 10 Gyr (i.e. just before the beginning of the formation of the
thin disc, similar to Figure 9 of Minchev et al. 2013), is an impor-
tant observational constraint toward understanding the origin of
this di↵erence. Indeed, as discussed in Martig et al. (2014), the
strong increase in the �z at old ages is smoothed out when age
errors are large. Moreover, the existence of a sudden increase in
the velocity dispersion at old ages suggests the ↵-rich disc was
not formed by secular processes (such as radial migration), but
either due to merger events or strong gas accretion (see Brook
et al. 2004, Minchev et al. 2013, Martig et al. 2014, Mackereth
et al. 2018 for theoretical suggestions in this line). High-redshift
galaxy observations and simulations suggest strong accretion to
be a dominant process (e.g. Lofthouse et al. 2017, Dekel et al.
2020).

Finally, in Figure 10 (upper panel) we show the [↵/Fe] vs.
[Fe/H] diagram coloured by the mean radius of the orbit. As al-
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• Star formation rate halt after the 
formation of the thick disc (z~2)  

• Evidence of radial  migration: old 
metal rich likely born in the  inner 
regions (2-4 kpc) are now in the 
solar vicinity.

The precision (~20%) in age allow to clearly see the abrupt change at 10Gyr  
and the difference in kinematics between the low- and high-[α/Fe] populations. 
=> important observational constraint toward understanding the origin of this 
difference. A. Miglio, et al.: Age dissection of the Milky Way discs

Fig. 11. Age posterior probability distribution functions of RGB stars
with [↵/Fe]>0.1 (nearly 350 stars, see main text for details about the
target selection). The red solid (dashed blue) line shows the intrinsic
age distribution of the main population (contaminants) inferred from
the statistical model presented in Sec. 4.4. Results shown here refer for
the modelling run R1, see Table 1.

Fig. 12. Posterior probability distribution function of the age spread of
the high-↵ population in the sample (R1, see Table 1), resulting from the
statistical model described in Appendix B. The cumulative distribution
function is shown as a solid line and indicates that the 95% credible
interval for the intrinsic age spread corresponds to � . 1.25 Gyr. Results
from all the modelling runs are reported in Table 1.

for instance, to the formation of the thick disc (↵-rich population
following our chemistry-based definition of the samples).

The aim of such a comparison, presented in Fig. 13, is not to
infer the SFH, but to understand how one expects the observed
population properties, for example the age distribution, to be af-
fected by the target selection, which we have included in our
synthetic population following similar prescriptions as in Miglio
et al. (2014), with the additional criteria on mass, radius, and
evolutionary state defined in Sec. 4 (see also Casagrande et al.
(2016) for an alternative approach). Such a simple comparison
shows, for instance, that a peak in the age distribution should

Fig. 13. Comparison between a reference trilegal simulation, after a
target selection similar to Kepler’s has been applied (see Miglio et al.
2014), and ages estimated from observations. For the thick disc in the
simulations we assume an age between 11 and 12 Gyr, while a uniform
star formation history is assumed for the thin disc for the last 10 Gyr
(dot-dashed lines). Ages are then perturbed assuming a 0.08 dex random
uncertainty to reflect the current uncertainties in age ( dashed lines).
The observed sample is divided into a high-↵ population ([↵/Fe] > 0.1,
blue line and shaded area) and a low-↵ population defined using two
thresholds: [↵/Fe]  0 (orange line and shaded area) and [↵/Fe]  0.1
(red line).

not be interpreted necessarily as evidence of a burst in the star-
formation history, as it may originate from the selection bias sim-
ulations where, for instance, stars in the secondary clump (⇠ 1
Gyr-old) are over-represented (see also Casagrande et al. 2016
and Manning & Cole 2017). Di↵erences between the age distri-
bution of the mock dataset and the observed sample need to be
further investigated and may stem from a combination of several
e↵ects, including unaccounted target selection e↵ects and limi-
tations related to the simplistic, parameterised model used here.

Also, perturbing the age of the simulated stars by the typical
uncertainties we have in our sample shows that the width of the
observed age distribution of thick-disc stars is largely not due
to an intrinsic age dispersion, but rather to the relatively large
uncertainties in ages, as discussed in Sec. 4.4. Fig. 13 also illus-
trates how age uncertainties can mask the evidence of a possi-
ble age gap between the two populations (see also Rendle et al.
2019b), which is present in the simulated stars. While a quanti-
tative assessment of the existence and width of such an age gap
is beyond the scope of this work, the comparison with the sim-
ple synthetic population presented above shows that the epochs
of star formation of the two populations are likely to be distinct.
Not only age uncertainties, but also radial migration can con-
tribute to blur a possible age-gap (see discussion in Chiappini et
al. in prep.).

A star formation gap between the (chemical) thick and thin
disc formation has been proposed as an explanation to the ob-
served discontinuity in the [↵/Fe] versus [Fe/H] diagram (Chi-
appini et al. 1997; Fuhrmann 1998). Reasons for such a gap are
discussed in the recent literature (e.g Noguchi 2018; Grand et al.
2018).

5. Evidence for mass loss on the red-giant branch

and for products of mass exchange / coalescence

Thanks to asteroseismology we can not only measure the masses
of red-giant stars, but also discriminate between stars on the red
giant branch and in the red clump. These achievements are, how-
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See also Aguirre+18 but with a much 
smaller number of Kepler stars
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Methodology

• Extract and identify individual frequencies of 
radial {ν0n} and quadrupole (ν2) modes for the 
seismic sample + global seismic parameters: 
Δν, ΔP, νmax

AIMS : Asteroseismic Inference on Massive Scale 
( Reese2016, Rendel+19):  
     Bayesian inference + MCMC sampler. 
+ Grids of stellar evolution models (CLES) &       
        theoretical frequencies (LOSC)     

+crossmatch with different pipelines: FAMED (Corsaro) x 
PBJam (Nissen) x ABBA (Kallinger)

• APOGEE-DR17 => Teff  [Fe/H] [α/Fe]

interpol. parameters: M, Z0, Age
& surf. effect corrections

Obs. constraints



Grid of stellar models 

• Stellar models with code CLES (Scuflaire +08) from 
PMS to RGB  (25 Rsun) 

• M: 0.6 - 2.5 Msun (step 0.02) 
• [Fe/H]: -4.5  to 0.6  
• [α/Fe]: -0.1; 0.0; 0.1; 0.2; 0.3; 0.4; 0.5 and 0.6 
• Asplund+09 solar mixture  
• ΔY/ΔZ= 1.0;  1.5. and 2.0 
• OPACITY Tables for each metal mixture ( OPAL + 

Wichita University tables for low temperature) 
• Microscopic diffusion 
• Small core-overshooting (0.1)

• Adiabatic radial mode frequencies for each 
model from ZAMS until end of the track 
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• SAMPLE  of Kepler RGBs 
survived after all the steps: 2325

Stellar AGES 

See also Rendel+19, Chaplin+20, Montalban+21,  
Poster by J. Sinkbæk Thomsen
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AGE inferred from best fit of :  
 individual frequencies 
 νmax,  Z/H_surface , Teff  

median~8%

Stellar AGES 
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Effect of enrichment-law ΔY/ΔZ on age determination
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Young population (< 9 Gyr) vs [Fe/H]
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Old population (>= 9 Gyr) vs [Fe/H]

- 

The [α/Fe]-rich population is composed primarily of very old objects 
     With a narrow age-domain 

Also appears an old [α/Fe]-poor population with old ages (still another evidence.  
of this pop. now with RGB (distances ~ 3kpc )
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AGE-velocity dispersion
Miglio+21 

A. Miglio, et al.: Age dissection of the Milky Way discs

The middle panel of Figure 8 shows that metal-rich stars never
reach the large zmax values of the ↵-rich stars.

The increased number of targets, and the robustness of the
inferred ages, allows constraints to be set on the age dependence
of the vertical scale-height, hence ultimately on dynamical pro-
cesses responsible for the vertical heating of the disc. The high
precision of the age constraints also allows a re-assessment of
the age-velocity dispersion relationship (AVR) in the solar vicin-
ity. The AVR is an important observational constraint for models
of the formation and dynamical evolution of the MW disc. It is
commonly fit by power-law relationships, such that �z / age�,
with observational studies generally finding � ⇠ 0.5 (e.g Wielen
1977, Seabroke & Gilmore 2007, Soubiran et al. 2008, Mack-
ereth et al. 2019a). In particular, Minchev et al. (2013), using a
cosmological N-body zoom-in simulation of a MW-like galaxy
fused with chemical evolution models, predicted an increase in
the AVR at high age, indicative of a violent early origin for these
old stars.

We fit the AVR using both a single power-law, as expressed
before, and using a broken power-law, such that:

�z /
(

age�1 age < ageb

ageb
�2��1 age�2 age � ageb

, (1)

where �[1,2] are the power-law indices either side of a break age
ageb. We determine the best model given the data by computing
the Bayesian Information Criterion (BIC) for the best fit parame-
ters of each model. In this way, if a significant or abrupt increase
of �z was preferred by the data it would be fit as such.

Initially, we fit both models to the entire data set, without
selecting populations in element abundance space. In this case,
the best fit model is the broken power law, with ageb = 7±1 Gyr.
The AVR is relatively flat before the break, with �1 = 0.24±0.03,
but becomes very steep afterwards with �2 = 1.2± 0.2. Since, as
we have already discussed, the high and low [↵/Fe] population
have very di↵erent age distributions, it is therefore likely that this
break in the AVR is due to a superposition of these populations.

We divide the high- and low-[↵/Fe] populations, removing
stars with [Fe/H] < �0.7 (to ensure we avoid halo stars within
our sample) and re-fit the AVR models above. Here, we adopt
a more complex division in [↵/Fe], using a piecewise function
to divide the populations (see e.g. Mikolaitis et al. 2014 and
Mackereth et al. 2019a for details on how to divide high- and
low-[↵/Fe] populations):

[↵/Fe] =
(�0.2 [Fe/H] + 0.04 [Fe/H] < 0

0.04 [Fe/H] � 0
. (2)

In both these populations, a single power law provides a
marginally lower BIC. We adopt this model, noting that the
broken power law which is fit is consistent with the single
power law (such that the best fit parameters represent a sin-
gle power law). The slope of the AVR is consistent between
both the high and low [Mg/Fe] populations selected, such that
�low [Mg/Fe] = 0.29 ± 0.02 and �high [Mg/Fe] = 0.4 ± 0.2 (note the
much larger uncertainty in the high [Mg/Fe] population). The
normalisation of �z changes significantly between the two pop-
ulations, such that �z(10 Gyr)low [Mg/Fe] = 22.6± 0.6 km s�1 and
�z(10 Gyr)high [Mg/Fe] = 36 ± 2 km s�1. In Figure 9 we show
the best-fit AVR model for the high- and low-[Mg/Fe] popu-
lations both in age-vz space (upper panel) and presenting the
best-fit AVR relations in the regions representative of 95% of
the measured ages in each population (lower panel). Consistent

−50

0

50

v z
[k

m
s−1

]

f(a
ge

)

0 2 4 6 8 10 12 14
age [Gyr]

0

10

20

30

40

50

σ z
[k

m
s−1

]

High [Mg/Fe]
Low [Mg/Fe]

α[
α[

Fig. 9. Vertical (�z) velocity dispersion as a function of age. The mid-
dle panel shows the best-fit models for the AVR of the low- and high-
[Mg/Fe] selection in age-vz space, compared with the data used in the
fit. The lower panel shows the AVRs themselves, and the upper panel
shows the age distribution of the [↵/Fe] selected populations. Blue and
red lines represent the best fit power-law models for stars in the low- and
high-↵ sequence, respectively. The coloured bands in the lower panel
show the 5th to 95th percentile credible intervals of the inferred �z-age
relation. The AVR for each population is only shown in the range of the
0.05 and 0.95 quantile of its ages.

results are obtained when excluding from the analysis metal-rich
([Fe/H] > 0.25) stars, which have likely migrated from the inner
disc.

Our precise characterisation of the di↵erence in kinemat-
ics between low- and high-[Mg/Fe] populations (noted also in
Fuhrmann 2011; Adibekyan et al. 2013; Haywood et al. 2013;
Hayden et al. 2018; Mackereth et al. 2019a) indicates that the
two populations likely had very di↵erent dynamical histories (as
already suggested by the chemical discontinuity observed, for
instance, in a [↵/Fe] vs. [Fe/H] diagram). The abrupt change at
⇠ 10 Gyr (i.e. just before the beginning of the formation of the
thin disc, similar to Figure 9 of Minchev et al. 2013), is an impor-
tant observational constraint toward understanding the origin of
this di↵erence. Indeed, as discussed in Martig et al. (2014), the
strong increase in the �z at old ages is smoothed out when age
errors are large. Moreover, the existence of a sudden increase in
the velocity dispersion at old ages suggests the ↵-rich disc was
not formed by secular processes (such as radial migration), but
either due to merger events or strong gas accretion (see Brook
et al. 2004, Minchev et al. 2013, Martig et al. 2014, Mackereth
et al. 2018 for theoretical suggestions in this line). High-redshift
galaxy observations and simulations suggest strong accretion to
be a dominant process (e.g. Lofthouse et al. 2017, Dekel et al.
2020).

Finally, in Figure 10 (upper panel) we show the [↵/Fe] vs.
[Fe/H] diagram coloured by the mean radius of the orbit. As al-
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Fig. 3: Vertical velocity dispersion (�Vz ) and [↵/Fe] as a
function of age. a): �Vz as a function of age for the high-
[↵/Fe] (red) and remaining disc (blue) stars. �Vz was mea-
sured in bins of 1 Gyr via the bootstrap resampling. The
purple triangle represents the high-[↵/Fe] stars from Miglio
et al. (2021). The brown diamonds represent the veloc-
ity dispersion (�ext) for the high redshift galaxies (z ⇡
4.5) from Rizzo et al. (2021). For the redshift to look-
back age conversion h = 0.7, ⌦M =0.3, and ⌦⇤ = 0.7
is assumed (Planck Collaboration et al. 2016). b) Age-
[↵/Fe] relationship for the full age sample. A KDE is also
overplotted to highlight the density features. The colours
represent number of stars per bin in log scale.

(2021) and Kohandel et al. (2023). The latter authors do
predict the existence of dynamically cold disks in the early
phases of the universe evolution. Alternatively, Abadi et al.
(2003) in their study of a hierarchical simulation find that
an "old-thin disk" population can also be assembled via an
edge-on accretion of the core of a satellite.

In Figure 3 (panel b) we show the [↵/Fe] vs. age rela-
tion for our sample. At ages between 2 to 4 Gyr we find
elevated [↵/Fe] indicating enhanced star formation (SF) -
this SF burst previously identified has recently been linked
to the MW bar activity (see Nepal et al. 2024 and refer-
ences therein). At ages past this SF burst, the figure shows
a smooth increase of this abundance ratio with age, now
extending to the first billion year of the universe evolu-
tion. The dataset hints for an older thin disk slightly less
alpha enhanced than the chemical thick disk which forms
later. Old low-[↵/Fe] stars have been previously observed
in small high-resolution spectroscopic samples (e.g. see An-
ders et al. 2018; Gent et al. 2022; Miglio et al. 2021; Vitali
et al. 2024 and references therein), however absence of a

large statistics with precises ages has prohibited to identify
and study the evolution of this old thin disc population. We
refrain from a full age–chemical dissection for the high and
low-[↵/Fe] discs in the current work, first, because we lack
multiple chemical species required for a reliable analysis for
most of our stars and, second, because MSTO and SGB
stars separately can have systematic difference in abun-
dance (see Appendix B.3). In an upcoming work (Nepal
et al. in prep) we perform a chemo-chrono-dynamical study
of the MW discs with over 10 chemical species for a high-
resolution spectroscopic sample.

In summary, thanks to our large sample of stars with
precise ages, including more than 90 000 stars older than 9
Gyr, we are now able to unveil the oldest MW disk and to
show it to be most probably distinct from the mostly coeval
chemical thick disk. With previously available samples, only
the chemical thick disk and the youngest part of the thin
disk was seen.

3.3.1. Splashing the old thin and thick discs

A convincing test of our discovery of the oldest thin disc
would be to check if the so-called Splash population con-
tains also debris from this pristine stellar population. Be-
lokurov et al. (2020), via a chemo-dynamical analysis of
SNd stars, confirmed the presence of a population of metal-
rich3 stars (�0.7<[Fe/H] <�0.2) on highly eccentric or-
bits and named it as Splash. The authors argue that the
splashed stars were born in MW’s thick or protodisc prior
to the last massive merger of GSE and have their orbits
altered due to this merger event at around 9–10 Gyr ago.

In Fig. 4 we present stars in the V� vs. [Fe/H] planes
color-coded by stellar density. In panels a), b) and c) we
plot the stars from our age sample. Panel a) shows old high-
[↵/Fe] (age > 9 Gyr and [↵/Fe] >0.15)4 stars. We separate
the groups at 9 Gyr as splashed stars disappear at younger
ages. The magenta box shows the location for the canoni-
cal Splash population - we find high-[↵/Fe] thick disc stars
as expected (see Belokurov et al. 2020). In panel b) we
show old and low-[↵/Fe] (age > 9 Gyr and [↵/Fe] <0.15)
stars. Considering the wide [Fe/H] range of the old thin
disc, we extend in [Fe/H] to define the low-[↵/Fe] Splash
region as �100<V�<+100 and �1.0<[Fe/H] <+0.5. Simi-
lar to the high-[↵/Fe] stars found in panel a), we find the
old low-[↵/Fe] stars in this region - most of the stars have
[Fe/H] <-0.2 including a few stars with solar and super-
solar [Fe/H] . We remind readers that the MSTO+SGB
stars in our age sample are located close to SNd. We also
note that at the metal-poor end around [Fe/H] ⇡ �1.0 dex,
there could be contamination from merger remnants. Inter-
estingly we also find a significant portion (about 10%) of
the old low-[↵/Fe] stars with thick disc kinematics. And in
panel c) we show the low-[↵/Fe] stars younger than 9 Gyr.
Here we find the low-[↵/Fe] Splash region nearly devoid of
stars and only about 1.5% of stars with thick disc kinemat-
ics.

3 The authors consider stars with �0.7<[Fe/H] <�0.2 as metal-
rich as the halo populations usually found on high eccentricity
orbits are metal-poor in comparison.
4 Considering possible systematic offset in abundances between
MSTO and SGB stars (see Appendix B.3), we also test with
[↵/Fe] =0.1 to separate the high and low [↵/Fe] populations and
do not find any significant difference in the results.
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Summary/perspectives 

• A consistent and careful application scaling relations and a 
based grid-of- models procedure (e.g. PARAM) provide precise 
masses and ages (Mass with 6%, AGE with 23% uncertainty) 
in good agreement with individual radial modes 

Thanks to the combination of very high quality data Kepler,  APOGEE-DR17  and Gaia-DR3

• We have characterised a sample of 2300 RGB in Kepler 
field using the individual radial modes as seismic 
constraints, and got AGE relative precisions ~ 10%   and 
confirm the results presented in Miglio+21 

•  Ensemble Asteroseismology allows us also to constraint unknown aspects of stellar physics, in particular 
Mass   LOSS => improve models => better AGES (poster by Karsten Brogaard) 

median~0.6

• We also find an old metal-rich  population (thin-disk orbits?)

• The properties of our RGB pop present similar features than  
MSTO and SubG
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• The sample will be very soon increased by, at least, 50%

See also Patil+23; Anders+23;  Das+20; 
Sanders&Das18…

e.g. Leung+23: New Astro-NN ages based on 
Miglio+21 (~25% uncertainty on age) for training: 

Summary/perspectives 

• We expect this new data will be included as training sets in ML 
procedures.
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Next…

PLATO calibration catalogue will contain 
24k red giants that will be also observed 
by 4MOST  ( in 4MIDABLE-LR,  PIs: 
Cristina Chiappini, Ivan Minchev)

PLATO-Additional Science Galactic Archeology (=> Saskia’s talk)

Nascimbeni+22

?

Some of them belonging to stellar clusters 
(see poster by Lorenzo Briganti) 
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Thanks also to the other participants in this project: 

Andrea Miglio, Enrico Corsaro, Cristina Chiappini, Emma Willett, Samir Nepal, Arlette Noels, Richard 
Scuflaire, Guy R. Davies, Martin Bo Nielsen, Ben M. Rendle, Jason W. Ferguson,… 

https://github.com/tkallinger/KeplerRGpeakbagging

https://github.com/grd349/PBjam

https://gitlab.com/sasp/aimshttps://github.com/EnricoCorsaro/FAMED

BABA

PBJam


