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Galactic Archaeology in the Gaia era

1. Mapping the Milky Way: Gaia, Spectroscopic Surveys and asteroseismology

2. The Galaxy is complex: finding debris and culprits of radial migration by combining ages, 
chemistry and kinematics

3. The galactic bulge I

4. The galactic bulge II and future outlook



1. Asteroseismology for Red Giants discovered in 2009 -> Masses and Radius 
for stars as far as 15 kpc! CoRoT, Kepler, K2, TESS and in the future PLATO 

Precise distance and age for stars far away! 
But pencil beam observations in few fields, low density

2. Astrometry with high precision -> Gaia - more precise than Hipparcos and 
large volume coverage – down to G ~ 20 , 1.7 billion targets! 

Precise position and velocities -> but need to work with 
complementary data (photometry and spectroscopy - Radial velocities and 
chemistry) in order to increase the studied volume.

3. APOGEE DR16-DR17 revealing the innermost MW region and more!

3 important observational breakthroughs (2010-now)
Volume coverage & 6D phase space information & precision for ages & distances - extinction



2nd Revolution in Galactic Archaeology

Gaia (+complementary photometry and spectroscopy)



Hobbs presentation at
ESA Voyage 2050
We need Gaia NIR



Gaia DR1 and then Gaia DR2 (2018) 
and EDR3 (2020), DR3 (2022) 

Party at AIP

Gaia DR2 open!





Credit: Slide from F. Anders

StarHorse:
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Gaia DR2 – Towards 3D map of  the Galaxy: Gaia + Pan-STARRS1, 2MASS, and WISE all-sky maps



1/parallax + exponentially decreasing prior

• More apt for MS
• Tends to underestimate distance to luminous 
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Flags cleanned

StarHorse distances – Anders et al. 2019 

SH using photom+priors + Gaia DR2 
Already allows to probe the stellar pops in Bulge/bar

Infrared 
photometry
(2MASS+WISE) 
breaks
degeneracy
between
extinction
and effective
temperature

→ Improves
extinction by a 
factor of 2 than
using DR2 alone



Gaia simulated
End of Mission

Source: NASA/JPL-
Caltech/R. Hurt 
(SSC/Caltech) 
Published: November 
8, 2017 

Source: X. Luri & the 
DPAC-CU2. 
Simulations based on 
an adaptation for 
Gaia of the Besançon
galaxy model (A. 
Robin et al.)
[Published: 
10/08/2011] 

Goal: 3D-Map 
of the MW



Gaia DR2 + StarHorse
Observed
3D (distances and 
extinctions for
>200 Million stars
(Anders et al. 2019)

Source: NASA/JPL-
Caltech/R. Hurt 
(SSC/Caltech) 
Published: November 
8, 2017 

Source:A. 
Khalatyan/StarHorse
Team – Density map 
of ~200 million stars 
– May 2019

https://data.aip.de/projects/starhorse2019.html

Gaia + Photometry



Comparison of
StarHorse distance
estimates from
Queiroz et al. (2020)  
to Bailer-Jones et al. 
2021  geometric (top) 
and photogeometric
(bottom) for around
300 000 common stars

fractional bias = 0.00
rms of deviations = 0.30

fractional bias = -0.01
rms of deviations = 0.22

Gaia EDR3: Bailer Jones et al. 2021 
1.47 billion stars



Very similar to Anders et al. 2019 results using only Gaia DR2 where bar was already seen but now for more data

Gaia EDR3 Bailer Jones et al. 2021



Credit Anders



StarHorse Team 2021 

+ Basilio Santiago!



StarHorse2021 (Anders et al. 2022)

• 400 M input stars
• 350 M converged
• 316 M with good flags

Run for G > 18.5

Density Distributions

h`ps://data.aip.de/projects/starhorse2021.html





Gaia EDR3 + Spectroscopic Surveys 

Spectroscopic Surveys at present: around 11 million sources covering 
all major components of  the Galaxy with spectroscopy

Gaia EDR3 parallaxes (all surveys have more than 70% 
good Gaia parallaxes coverage)

Photometry: Pan-STARRS (visual Northern Hemisphere); 
Skymapper (visual Southern Hemisphere); 2mass (all sky 
infrared); allwise (all sky infrared)

StarHorse
Bayesian Spectrophotometric code 

d, Av, Teff, logg, [M/H], mass

Queiroz et al. 2023 – Gaia EDR3 + Spectroscopic Surveys + Isochrone ages (MSTO & SGs)



hHps://data.aip.de/projects/aqueiroz2023.html

Gaia + photometry + spectroscopy + SH

Queiroz et al. 2023, 11 Million targets with distances, 2.5 Million with ages

Precise Distances 
are essential for 
precise orbital 
parameters 
computation



3rd Revolution in Galactic Archaeology

APOGEE

Majewsky et al. 2017



DR17 Abdurro’uf et al. 2022 ApJS, 259, 35, 39 pp.+VAC



hHps://data.aip.de/projects/aqueiroz2023.html

Gaia + photometry + spectroscopy + SH

Queiroz et al. 2023

30 Million

30 Thousand



Third breakthrough: APOGEE-DR16

DR16 Ahumada et al. 2020 +VAC, APOGEE Majewski et al. 2017, DR17 Abdurro’uf et al. 2022 ApJS, 259, 35, 39 pp.+VAC

https://data.aip.de/projects/aqueiroz2020.html

Gaia + Photometry + Spectroscopic parameters

Queiroz et al. 2020

+Queiroz et al. 2022 in prep.
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Main points of our MW up to here
• We are now able to obtain chrono-chemical-kinematical maps over much larger volumes of the MW
• 6D phase space information is now available for a larger volume. But this volume will still  extend in 

next years when large spectroscopic surveys will complement Gaia with RVs.  6D phase space
information is crucial to identify substructure-streams-mergers and help dissecting the stellar
populatios within our Galaxy (e.g. Bulge-inner Galaxy)

• Large multi-D information from chemistry will also complement Gaia – at different levels of precision
and number of chemical elements. 6D + Chemistry is a lot more powerful to reconstruct building
blocks of our Galaxy´s formation

• One more key dimension: Age – this will remain critical. Hopes on chemical clocks, asteroseismology
of red giants and larger telescopes 

• Very important is to combine the sharpest information on smaller volumes with a more holistic view
of the Galaxy from less multi-D data - therefore the need to understand diferent datasets/techniques

Next steps: How to use this information
(Gaia+Spectroscopy+Photometry+Asteroseismology) to
learn about the MW formation and how this can impact how we
model and observe other galaxies



The MW thin and thick disk

Inside out formation

The MW thin and thick disk

Inside out forma5on

Which thick disk?

Chemical – Genuine or Geometric?

Short scale lenght
Very old



Queiroz et al. 2020 – APOGEE DR16 + Gaia DR2 + Complementary photometry

Zgal

Rgal





Minchev et al. 2015 

Genuine

Geometric
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Matteucci & Brocato 1990

Matteucci & Brocato, see Matteucci 2022

Chiappini 2004 S&T





Casamiquela et al 2021



Thin disk... Secular processes

The Challenge: Infer Star formation histories 
... but stars move from their birthplaces...



A thin disk only model



Stars currently around the Sun...

came from different regions in the Galaxy? 
Are the most metal rich born at Ro < 5-7 kpc?
If yes, they are not the youngest...

Old stars sample a broad metallicity range
The metal rich tail comes from mix of stars 3-7 bin
Only with these inner stars we get to [Fe/H] > 0.2 at solar vicinity



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

The Rbirth mix !

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

Galactic Center

Outer Disk

Sun

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

Z

R



The properties at different places in the disk: AMR

Predic^on: AMR Scatter increases towards outer regions
Age scatter increases towars outer regions

Kepler, TESS, K2, Gaia, GALAHCoRoT, Gaia+, K2 + APOGEE CoRoT, Gaia+, K2 + APOGEE

PLATO + 
4MOST?

Minchev, Chiappini & Martig 2013; Minchev, Chiappini, Martig 2014



Most 
metal rich 

are not 
youngest!

older

At solar neighborhood ~1kpc
Ages uncertainties < 25%
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Where did these come from?

KEPLER and APOGEE and Gaia



Abundance Gradients in the disk 
“observing” radial migration



Anders et al. 2017b

-0.058 +/- 0.008 [stat] +/- 0.003 [syst] dex/kpc

Consistent 
with 
Cepheids
(Genovali
et al. 2015, 
2014)

Seismology for Ages



Hou et al. 2000



Minchev et al. 2013, Minchev et al. 2015, Kubryk et al. 2015



Pilkington et al. 2012 shows with 
disk galaxies hydrodynamic 
simulations  that: 

``We find that the majority of 
the models predict radial 
gradients today which are 
consistent with those observed 
in late-type disks, but they 
evolve to this self-similarity in 
different fashions, despite each 
adhering to classical “inside-out” 
growth´´

Also different initial conditions: 
Pre-enrichment Chiappini et al. 2001

From Maiolino & Mannucci 2019



Anders et al. 2017bFirst time quantifying radial migration effect on gradients

6-15kpc

CoRoT and APOGEE





Willet et al. 2023 – K2 sample



Myers et al. 2022 (APOGEE)



K2 and APOGEE



Anders et al. 2023
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Explaining how older 
open clusters can be 
more metal rich 
than younger ones 
at a given 
galactocentric 
distance

Radial Migration



THE [ALPHA/FE] VS. AGE 
RELATION
Star Formation Gap/Quenching?

From the Hipparcos volume d < 100 pc to the 
solar circle d < 1-2 kpc and more



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

Symbol size -> Age

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

SFR gap? 
Chiappini, Matteucci & Gratton 1997
Chiappini 2009 – Thick/Thin 
Fuhrmann 2011

25pc



[Fe/a] 

[a/H] (by instance O)

Time

Star Formation History

(Chiappini 2001 Am.Sci. & see also Sky & Telescope 2004)

Two infall model (Chiappini, Matteucci & Gratton 1997) – Two main gas accretion phases
(also suggested by some modern simulations of  MW Galaxy in cosmological context – e.g. Grand et al. 

2018, Mackreth et al. 2018, Noguchi 2018, see also Combes 2018 IAU 334 summary + more recent results)

Discontinuity in the [Alpha/Fe] vs. [Fe/H] 



High-precision chemical abundances
have been determined from HARPS 
spectra of 72 nearby solar-type stars
and precise ages were derived by
comparing spectroscopic effec^ve
temperatures and luminosi^es based
on Gaia DR2 distances to ASTEC 
isochrones. 

two Infall

Nissen et al. 2020



Miglio, Chiappini et al. 2021

VERY LOW AGE-SCATTER FOR CHEMICAL THICK DISK

APOGEE + Kepler

*Young alpha rich

Chiappini et 
al. 2015 in 
CoRoT+APO
GEE

Also seen in Kepler+APOGEE (MarQg et al. 2015) 

Solar Circle 7.5-9.5 kpc
~5000 RGBs , ages uncertainties better then 25% 
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Miglio, Chiappini et al. 2021Coeval (Chemical) Thick Disk
APOGEE + Kepler

400 alpha-rich RGBs
Mean age 1Gyr



Kepler + APOGEE DR14 ages 25% or bever precision from Miglio et al. (2021)
compared to trilegal simula^ons

• ~5000 RGBs , ages 
uncertainties better 
then 25% (better than 
for K2 – where we used 
35%) – but see Rendle et 
al. 2019 for K2 )

Gap? Discontinuity?
Solar Circle 7.5-9.5 kpc



Thick & thin 
disks seem 
discrete 
populations 
(from precise 
data at solar 
circle!). 

Can start to be 
seen only with 
ages more 
precise than 
20-25%.

Miglio, Chiappini et al. 2021



Is there a bimodality in age? And 
with height from mid-plane?

With Kepler and 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



Rendle et al. 2019

With K2 age precision ~30-35% with/without spectroscopic information
Age probability denstity distributions



Is there a bimodality in 
kinematics? 



Thick & thin 
disks seem 
discrete 
populations 
(from precise 
data at solar 
circle!). 



Does the bimodality extend to 
inner most regions?



Queiroz et al. 2020 – APOGEE DR16 + Gaia DR2 + Complementary photometry

Zgal

Rgal

Inner disk – not one sequence, but two, extending into bulge



Queiroz et al. 2020 – APOGEE DR16 + Gaia DR2 + Complementary photometry

Zgal

Rgal

Inner disk – not one sequence, but two, extending into bulge


