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Asteroseismology with CoRoT, Kepler, K2 and 
TESS: impact on Galactic Archaeology 

Plato as it is : a Legacy Mission for Galactic 
Archaeology 





Why is it Challenging ? 
•  Complex mix of  populations with large overlaps in 

parameter space (such as Velocities, Metallicities, and Ages)  
& small volume sampled by current data  

 
•  Stars move away from their birth places (migrate radially, 

or even vertically via mergers/interactions of  the MW with 
other Galaxies). 

  
•  Many are the sources of  migration!  

•  Most of  information was confined to a small volume 

Key:	VOLUME	COVERAGE	&	AGES	 Miglio,	Chiappini	et	al.	2017	
Chiappini	et	al.	2018	IAU	334	

Galactic Archaeology strives to reconstruct the past history of  the 
Milky Way from the present day kinematical and chemical information.  



Quantifying the impact of  radial migration 

Stars that today (R_now) are in the green bins, came from different R0=birth 

The Rbirth mix ! 

Minchev,	Chiappini,	MarJg	2013,	2014	-	MCM	I	+	II	A&A	A&A	558	id	A09,	A&A	572,	id	A92		
R	=	distance	from	GC	

GalacJc	Center	

Outer	Disk	

Sun	

Radial Migration Sources =  bar/spirals + mergers + Inside-out formation (gas accretion) 

Z	

R	



Two ways to expand volume for GA 

•  Gaia + complementary photometric information (but no 
ages for far away stars) – also useful for PIC!  

•  Asteroseismology of  RGs (with ages!) - also useful for 
core science PLATO (miglio’s talk) 



The properties at different places in the disk: AMR 

PredicJon: AMR Scatter increases towards outer regions 
    Age scatter increasestowars outer regions 

Kepler,	TESS,	K2,	Gaia	
	

CoRoT,	Gaia+,	K2	+	APOGEE	
	

CoRoT,	Gaia+,	K2	+	APOGEE	
	

PLATO	+	
4MOST?	



~	16	Million	G<16	

Anders	et	al.	2019	–	see	ESA	PR	ExtracGng	the	best	from	GaiaDR2	-	



1/parallax	+	exponenJally	decreasing	prior	

•  More	apt	for	MS	
•  Tends	to	underesJmate	distance	to	luminous	

giants	
•  Different	from	SH	using	photom+priors	which	

shows	that	Gaia	DR2	already	allows	to	probe	
the	stellar	pops	in	Bulge	
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Flags	cleanned	

StarHorse	distances	–	Anders	et	al.	2019		



First	use	of	asteroseismology	to	determine	
precise	distances	for	a	large	(~2000)	sample	of	
field	stars	(giants)	spread	across	nearly	15	kpc	
of	the	GalacJc	disc.	

CoRoT	

Different	Mass	DistribuJons	->	Age	verJcal	gradient	





Seismology	of	RG	–	5	selected	
highlights	

With	Seismic	informaJon	from	Solar-like	oscillaJng	giants	

AGES	to	~20-30%	precision	are	already	a	
breakthrough	in	the	disk	and	halo	if	sampling	

different	line	of	sights	to	large	distances	

Taste	of	it	with	CoRoT	,	K2	&	Kepler	

Main	drawnback	of	CoRot	&	K2	->	Too	low	staGsGcs	for	GA	studies	
Main	drawnback	of	Kepler	->	Short	range	in	Galactocentric	dist	
TESS	–	too	bright,	too	local	



I. Quantifying Radial migration on the 
disk 

With	CoRoGEE	and	CoRoGES	
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Young	
Corot	stars	
and	young	
objects	
such	as	
Cepheis	
and	open	
clusters	
trace	same	
gradients	

CoRoGEE:	
Few	%	
precision	in	
distance	
out	to		5kpc	
from	us!	



First	Gme	mock	chemodynamical	models	are	compared	with	data	with	age	info	
Anders	et	al.	2017b	

BUT Two low statistics – Only two fields – Not all targets with 
spectroscopic follow-up & poor coverage of  inner disk  

First	Gme	quanGfying	radial	migraGon	effect	on	gradients!	

6-15kpc	



II. Age gradients above/below 
Galactic Mid-Plane 

With	K2	+	APOGEE	



APOKASC	(black)		
K2	campaign	3	(orange)		
K2	campaign	6	(blue)	
	
The	sample	of	16000	
red	giants	from	the	
Kepler	survey	(green	
diamonds,	Yu	et	al.	
2018)	shows	the	full	
range	of	the	Kepler		
field	compared	to	the	
APOKASC	sample	





III. Constraining Galactic 
Assembly from Solar Neighb. Data 

– the [alpha/Fe] – age relation 

With	Kepler	+	APOGEE	



Subgiants	–	precise	ages	+	stellar	parameters	+	chemistry	(Fuhrmann	1998-2011)	

Symbol	size	->	Age	

Age	>	12	Gyr	(>10)	–	Thick	diks	
Age	<	8	Gyr	–	Thin	disk	
5	interm	stars	~	10	Gyr	old	

SFR	gap?		
Chiappini,	Maieucci	&	Graion	1997	
Chiappini	2009	–	Thick/Thin		
Fuhrmann	2011	

HIPPARCOS	



APOKASC	ages	from	
Miglio	et	al	.(in	prep)	

	

•  For	alpha-rich	we	used	
Δν	obtained	from		
individual	frequencies	
from	radial	modes	

•  Then	we	adopt	the	
bayesian	code	PARAM	
(Rodrigues	et	al.2017)	
with	this	Δν	without	
assuming	scaling	
relaJons	

•  ~5000	RGBs	,	ages	
uncertainJes	beier	then	
25%	(beier	than	for	K2	
–	where	we	used	35%)	



TAKE	HOME	MESSAGE	1:	
	
For	now	seismo	had	a	great	impact	on	GA	as:	
•  calibrators	->	beier	graviJes	leading	to	more	precise	

temperatures	and	abundances	
•  Already	breakthrough	in	GA	even	with	without	pre-

prepared	and	opJmized	RG	catalogues.	But	if	we	do	
not	do	a	specific	RG	Target	SelecJon	we	will	again	
have	most	of	targets	within	3kpc	distance.	

	
WHAT	DO	WE	NEED?	To	be	able	to	produce	RG	targets	
which	will	cover	larger	volumes	[especially	towards	
inner	parts	2kpc-5kpc	galactocentric	distances]	–	good	
synergy	with	4MOST	



IV. Quantifying Radial migration 
in the local volume (d < 100 pc) 

With	Kepler	+	APOGEE	



Casagrande	et	al.	2011	–	Geneva	Copenhagen	Survey	-	ages	

Metal-rich	tail	of	the	local	MDF	is	composed	mainly	by	old	+	interm.	age	stars	
Large	scaier	in	the	local	Age-Metallicity	relaJon	(Nordstrom	et	al.	2004,	Holberg	et	al.	2007)	

Within	Hipparcos	volume	100	pc	

Large	age	uncertainJes	(>	40%)	
Large	metallicity	uncertainJes	



Most	
metal	rich	
are	not	

youngest!	

older	

At	solar	neighborhood	~1kpc	 With	APOKASC	ages	PARAM	

Ages	uncertainJes	<	25%	

Miglio,	Davies,	CC	et	al.	in	prep	

Very	similar	to	Minchev,	
Chiappini	&	MarJg	2013	
predicJons	(see	also	
Minchev	et	al.	2018)	



Birth Radii-[Fe/H] plane for local stars 

Metallicity 
gradient of  
solar age stars 
(in birth radii)	

Density 
probability of  
birth radii of  
Solar analogs 

Where was the Sun born? Today at Rga = 8.3 kpc, born at ~6kpc? 

Could it be more 
probable to find 
Earth-Sun like 
systems 1 or 2 
kpc towards the 
inner MW? 



TAKE	 HOME	 MESSAGE	 2:	 What happens in 
the Hipparcos volume (100 pc) depends on 
mergers+ bar – stars migrating from the 
innermost regions (that will be inside your 
PIC). A joint Planet/GA mission will allow 
to put the planet hunt into Galactic 
context. 

Even the most local volumes have “intruders” 

Proof	of	concept	(Anders,	CC	et	al.	2018):	Dimensionality	reducJon	technique	t-
SNE	applied	to	the	HARPS	high-resoluJon	sample	of	Delgado-Mena	et	al.	2017)	–	
d	<	100	pc	



V. Asteroseismology impact in 
constraining earliest phases of  
Galaxy Assembly and Nature of  the 
First stars 
 
The metal-poor regime 



•  UncertainJes	->	at	least	2	Gyrs	(uncertain	producJon	rates)	
•  Require	very	high	S/N	and	resoluJon	(R	>	60	000)	->	limited	to	bright	(V<12)	stars	
•  Require	large	enhancement	in	r-process	elements		

Rare objects: about one in a million stars in the Solar 
neighborhood – not applicable to large samples of  

stars 
 





Asteroseismology: opens a new window into halo/thick disk ages 

New	proposal	ESO	(deadline	tomorrow)	with	45	new	metal-poor	stars	with	seismic	informaJon	

By	the	Gme	PLATO	on	sky	we	will	have	lists	of	metal	poor	stars	fully	characterized	–	to	get	AGES	



TAKE	HOME	MESSAGE	3:	Seismo	for	GA	and	early	
nucleosynthesis	
	
The	large	spectroscopic	surveys	will	find	many	of	the	
rare	metal-poor	stars.	These	will	have	4MOST	and	
WEAVE	spectra.	
	
“PLATO	follow-up”	of	our	metal-poor	bright	giants	offer	
the	only	way	of	unveiling	the	history	of	the	busy	earliest	
phases	of	galaxy	assembly	(e.g.	Enceladus	–	Helmi	et	al.	
2018	–	Nature).	
	
WHAT	DO	WE	NEED?	Knowing	the	PLATO	field	2	years	
before	launch	(but	already	now)	prepare	metal-poor	
RG	catalogue		on	Gme.	



Summary: Major impact of  seismology of  RG on GA 

•  Precise distances out to 15 kpc	

•  Precise log g enabling high precision chemical 
analysis thanks to more robust determination of  
Teff, and putting different surveys on same scale 
(Valentini et al. 2017, 2019) - Benchmarks 

•   Ages for far away giants lowering the 
uncertainties from ~100% to 20% (hopes to 
improve to ~10% set up timeline of  events in early 
MW history & ages for metal-poor) 

•  Identification of  sub-populations of  star within 
PIC – help characterizing stars for PLATO core-
science and Galactic Archaeology 

•  Constrain gaia parallax shifts (Khan et at 2019) 
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M67

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

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

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

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

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

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

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

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

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

Copyright line will be provided by the publisher

Distances	to	a	few	%	uncertainty!	 Masses	to	Ages	with	~	20-30	%	uncertainJes	

BENCHMARK	stars	
Followed-up	by	all	spectroscopic	surveys	

See	Miglio,	Chiappini	et	al.	2017	AN	and	refs	therein	

Galactic Archaeology EU community (>200) 
strong support to PLATO (with RGs) 



Seismology of  Red Giants for GA 

•  Precise distances, masses and ages beyond the solar vicinity and beyond 
capabilities of  Gaia + spectroscopic surveys  

•  Key impact for metal-poor science 
•  Sampling different line of  sights (if  not possible anymore, at least field that 

give a good baseline in galactocentric distance – especially in South) 
•  Outer Bulge/Inner-Galaxy – key to obtain ages -  Barbuy, Chiappini, Gerhard 

2018, ARAA 56, 223 

Galactic Archaeology EU community (>200) 
strong support to PLATO (with RGs) 



We	 (=large	 European	 community)	 therefore	 strongly	 endorse	
PLATO’s	 current	 design	 and	 proposed	 observaGonal	 strategy,	
and	 conclude	 that	 PLATO,	 as	 it	 is,	will	 be	 a	 legacy	mission	 for	
GalacGc	archaeology	and	an	opportunity	not	 to	be	missed.	But	
we	 need	 1)	 selected	 RGs,	 2)	 field	 choice	 that	 gives	 good	 R	
galactocentric	range.	

We	can	provide	help	on:	
•  	PIC	characterizaJon	of	targets	using	Gaia		
•  	4MOST	spectroscopy	(if	PIC	targets	known	by	

2024	–	we	can	sJll	observe	all	of	them	
***before***	PLATO	goes	online		

PLATO	would	then	take	fully	advantage	of	the	investments	being	
done	by	ESA/ESO	and	would	be	the	most	efficient	mission,	both	in	
finding	Earth-like	planets	and	unveiling	the	MW	assembly	history,	
helping	constraining	radial	migraGon,	and	putng	the	planets	into	a	
galacGc	context	(as	it	was	the	goal	spelled	out	in	Rauer	et	al.	2014)	



Asteroseismology	

RecommendaJon	to	ESA	by	WG4	(Turon	et	al.	2008)	:”Asteroseismology	is	a	major	tool	to	
complement	 Gaia	 with	 respect	 to	 age	 determinaJons.	 ESA	 should	 encourage	 the	
community	 to	 prepare	 for	 a	 next-generaJon	 mission,	 which	 would	 sample	 the	 different	
populaJons	of	the	Galaxy	much	more	widely	than	CNES-ESA’s	CoRoT	and	NASA’s	Kepler”	
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Galactic Archaeology EU community (>200) 
strong support to PLATO (with RGs) 



SEGUE	
RAVE	
Gaia-ESO	
APOGEE	+	outer	disk	
GES	
GALAH	
LAMOST	+	outer	disk	

Seismology	of	RGs	->	log	g	precision	<	0.03	dex!	–	distances	to	%	level	up	to	large	d	(Miglio,	CC	et	al	2017)	

ARGOS,	GIBS,	BRAVA	,	APOGEE	

PLATO	+	4MOST?	



Extra	





Star	Horse	Run	Parallax	+	Photometry	

*e-science	support	&	AIP	computaJonal	resources	greatly	acknowledged	

Tests	have	shown	SH	could	improve	on	Gaia	DR2	results	for	G	<	18		



See	Sha
n	et	al.	2

019	

Need	too:	
•  a)	take	care	of	parallax	shiv	(how?	Seismic	is	key	here	too)	
•  b)	parallax	errors	inflaJon	
•  c)	transmission	curves	correcJon	

Anders	et	al.	2019	



~	16	Million	G<16	

265	Million	G<18	

ExGncGon	corrected	CMDs	



Gaia	simulated	
End	of	Mission	
	

Source:	NASA/JPL-
Caltech/R.	Hurt	(SSC/
Caltech)		
Published:	November	
8,	2017		
	
Source:	X.	Luri	&	the	
DPAC-CU2.	
Simula:ons	based	on	
an	adapta:on	for	
Gaia	of	the	Besançon	
galaxy	model	(A.	
Robin	et	al.)	
[Published:	
10/08/2011]		
	



Gaia	Observed	
3D	(distances	
and	exJncJons	
for	~200	Million	
stars	(Anders	et	
al.	2019)	

Source:	NASA/JPL-
Caltech/R.	Hurt	(SSC/
Caltech)		
Published:	November	
8,	2017		
	
Source:A.	Khalatyian/
StarHorse	Team	–	
Density	map	of	~200	
million	stars	–	May	
2019	

We	made	public	on		
hips://gaia.aip.de/	
	
And	on	ESA	with	DR3	

WE JUST MADE THE FULL DATABASE PUBLIC! 



80	Million	

265	Million	

136.6	Million	

SH	

PP	

Plato	interest	 GA	–	Volume	+	Age	



+	secondary	output	
parameters	
Metallicity,	graviGes	
(masses	+	ages)	


