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Galac%c 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 migra%on by combining ages, 

chemistry and kinema%cs

3. The galac%c bulge I

4. The galac%c bulge II and future outlook



26,500 stars
3,800 stars (around 8000 if relaxing Z)

Less foreground using EDR3 

be2er proper mo5ons + orbital 

analysis possible!
Queiroz, CC et al. 2021

Pushing APOGEE to the maximum – Bulge 



Souza et al. 2023

GCs view

Oldest MW 



Are these GCs born in situ?



Small Detour

Many are the science enabled by such a large dataset, with 6-D (position + velocities) + n-D (chemistry) + age

Lots going on in the Halo but this lecture does not cover this part. See Helmi 2020 and references there in +

Browse papers tha quote that paper J



Helmi et al. 2018

Halo (local) dominated by retrograde population 

remanescent of an impact with Gaia-Enceladus around 10 

Gyr ago. Similar to simulation of large impact with MW 

like galaxy (20% mass ratio merger)

Belokurov et al. 2018

Helmi 2020 review  + Naidu et al 2020,2021 + Gallart et al. 2019 + Montalban et al. 2021 + Borre et al. 2022 + Limberg et al. 2021, 2022, Sestito et al. 
2020,2021, Aguado et al. 2021, Perrotoni et al. 2022, Limberg et al. (2023), Balbinot et al. (2023), Dodd et al. (2023)

Halo = Debris?

Past Accre2on History

A lot of activity in this field thanks to Gaia + asteroseimology (ages)+ Spectroscopy - booming literature

Need distances + RVs + 

Chemistry + Ages



+



Jz < JR (predominantly radial orbits) 



Jz > JR (predominantly polar orbits) 

• SEGUE + Gaia + SH distances: SelecXon doubles number of known Sagitarius 

members at low metalliciXes

• ∼1600 stream members, including >200 VMP star, 7 GCs

• Leading arm more metal-poor by 0.2 dex and older by 1 Gyr with respect to trailing 

arm. Gradient prior to disrupXon?





Many are the science enabled by such a large dataset, with 6-D (position + velocities) + n-D (chemistry) + age

• SEGUE + Gaia + SH distances: SelecXon doubles number of known Sagitarius members at low metalliciXes

• ∼1600 stream members, including >200 VMP star, 7 GCs

• Leading arm more metal-poor by 0.2 dex and older by 1 Gyr with respect to trailing arm. Gradient prior to disrupXon?

• We provide the first age esXmates for individual stars in the 

Sgr stream thanks to a a subsample of 56 turnoff/subgiant 

stars in this substructure.

• Overall median age of 11.7+0.3 Gyr - similar to thick disk 

age (maybe older)

• We confidently (>3σ) idenXfy CEMP stars in the Sgr stream. 



End Detour



Too old, phase-space mixed

Difficult to 

disentangle accreted 

events from in situ 

stars at low Energies 

– Need Chemistry + 

AGE 



Souza et al. 2023



Helmi 2020 ARAA



We found that two of the four stars are Al-depleted and N-normal, while the others are N- and Al-rich. 

The detecXon of MPs was confirmed through the (anX-)correlaXons Al-N/Na (Mészáros et al. 2020), and Na-O (Carreka et al. 

2009a). 





Pris7ne building blocks burried in disk/debris

Oldest Bulge stars and 
non-0pical globular 
clusters 

Where are the local 
counterparts of SF 
clumps seen at high 
redhi;s? Are we seen 
burried past accre0on 
events?

Star forming clumps at high-z (HDF+Lensing) 

Why study them? 

Formed in situ – 

Very large SFEs

Typical masses – 

107 Msun

Do clumps 

contribute to 

bulge growh?







2. 

Discovery of P-rich & moderate 

metal-poor (1/10th solar iron) & 

correlaXon with Si/Fe (H-Band)

Strong overabundance in the α-

element Si but normal Ca and S 

abundances!





Main Challenges
Many more sta,s,cally significant rare samples, with age, veloci,es and 
posi,ons informa,on, even in previously almost unexplored regions of the 
MW 

• Need for (new)stellar models beyond standard cases – able to test not only 
yields but their dependency with other parameters 

• Test ,mescales for different scenarios of Type-Ia, neutron-star mergers…

• Extract abundances and stellar parameters from huge datasets

• We are seeing stars born far away but that are now here 

Need for investments in Stellar Evolu,on Theory + Dealing with advanced 
methods (ML?) to address large datasets



Where next?



Explore the Gaia/ground synergies in the domain of Galactic Science and make recommendations: 

asteroseismology (PLATO) + massive multiplex spectrographs (4MOST, WEAVE, MOONS) 

Helmi et al. 2018 with Gaia DR2 + APOGEE 

Belokurov et al. 2018, Gallart et al. 2019, Montalban et al. 2021

Gaia Enceladus

Discoveries s5ll focused on small volume/bright/low ex5nc5on

Science MoXvaXon in one sentence: Gaia spectroscopic follow-up of disk & bulge

Preparing to take off from the local volume and expand  chrono-chemo-kinema5c maps



Expanding the Gaia Legacy

Credit: Miglio et al. 2017

Gaia

PosiMons + Vt

RVS: Vr + Chemistry

For bright G <14 (16)

Chemistry + Radial VelociMes large volume (G<18)

More efficient target selecMon thanks to Gaia

MOS + Large FOV

Miglio et al.2017



Timescales 2024 to 2030-2031
Transformation on MW and other Galaxies data – Taking spectroscopic surveys to a next level

4MOST

WEAVE

2024 2025 2026 2027 2028

Focusing on European-Lead Projects

2029 2030 2031

SDSS-V MOONS

PLATO

ELT first light
+MOSAIC + ANDES

2035+

Haydn

Gaia-NIR

Huge discovery space

As illustrated by 2010-2020 surveys

Optical – NIR

Increase volume with high precision data

Huge follow-up of discovered ``rare´´objects

Gaia DR3 Gaia DR4 Gaia DR5

RVS

CoRoT

Kepler 

K2

TESS
WST

MulXplex 

Hundreds to 

thousands

MulXplex 

10,000-

20,000

Isotopic-raXos?





hkp://www.asterochronometry.eu/haydn/



H A Y D N



ESA call for proposals

Dec 2021

Selected for M7 further study

Nov 2022

Concurrent Design Facility ESA

8 sessions April/May 2023 

Haydn

Haydn Phase 2 proposal July 2022

Haydn cdf report 7/6 deadline
Workshop 14th/15th June

Review M7 for Phase A

Setember/2023
Haydn in Phase A? NO 
Maybe November 2023

Launch to L2 2035

Haydn Phase 1 proposal Feb 2022



HAYDN science and payload workshops: June 14th/15th 2023 

• Science workshop: to establish and consolidate the L0 requirements, and the cases that are driving the L1 requirements 

• Payload workshop: to converge on the baseline and back-up detector choice, and consolidating the optical design of the 

telescope.



Why dense fields?

Benchmarks for the calibra2on of the absolute stellar age scale

Benchmarks for the calibra2on of the cosmic distance scale

Forma2on history and chemical evolu2on of key building blocks of galaxies

Strong support of Stellar and Galac2c communi2es (immediate impact)

Impact also in unresolved stellar popula2ons (indirect)

H
AYD

N





• Probing hiding regions of the MW

• Improvement on proper motions for Gaia stars

• Reset of optical Reference Frame and extension to IR

8 billion stars in the bulge region?



Anders et al. 2022



• NIR all-sky astrometry and photometry to penetrate the obscured 
regions and to observe intrinsically red objects with almost diffraction 
limited resolution; 

• Improved proper motions with fourteen times smaller errors than from 
Gaia alone opening up new science cases, such as long period exoplanets 
and accurate halo measurements; 

• Allow the slowly degrading accuracy of  the Gaia reference frame, which 
will be the basis for future astronomical measurements, to be reset.

Hobbs et al. 2021

hkps://www.astro.lu.se/GaiaNIR

2010 IniXal 

proposal

2020s

Concept 

development and 

proposal phase

2030s

Detailed Design 

phase – Mission 

acceptance phase

2040s 

Launch

BULGE AND INNER-DISK!



What happens from now to 2040 (Bulge) ? HAYDN at perfec time!

HAYDN Phase 

A starts

Gaia DR3 +

Focus Release

WEAVE + 4MOST

Start (4m) + MWM/SDSSV

Gaia DR4

WEAVE + 4MOST

End5yrs survey

ELT – 39m 

Gaia DR5

HAYDN Phase 

B ? :( 

HAYDN 

Launch
HAYDN

Ends 

DESI DR1

4m – BDBS-MWS
5yrs survey

Gaia -NIR

Mosaic/Harmoni

2023 2024/2025 2026 2030 2037 2041 2045+

SelecMng regions and individual targets 

Pushing to MSTO spectroscopy in the need for precise ages

HAYDN BULGE Red Giants with 

AGES will be a standalone:

• precise ages in the bulge

• Better stellar evolution 

models needed for the era 

of MSTO ages in the bulge

Spectroscopic Surveys Pushing for conMguous fields!

MulM-epoch/Large spacial resoluMon Photometric Surveys Vera Rubin LSST) / Nancy Roman

WST – 12 m Wide field



4MOST WEAVE MOONS SDSSV

• Will open interes2ng regions to focus with future facili2es ELT 

• Where to focus? 

• How to connect with proper2es seen in nearby galaxies? (e.g. MUSE)

• CEMs will need to catch up with data – mul2-components!



Subject
Presenter (Institute)

date

PIs Cristina Chiappini and Ivan Minchev



Queiroz et al. 2020 A&A 638, id. A76

4MIDABLE-LR
Chiappini, Minchev et al. 2019

Goal: Complement Gaia – Reaching the next step in Galactic Archaeology – Focus: Inner disk and bulge



Chiappini, Minchev et al. 2019

First light 2024



Current list of 66 members

Anders, Arentsen, Asplund, Bailer-Jones, Balbinot, Barnes, Bensby, 

Bergemann, Bestenlehner, Bossini, Casagrande, Casey, Castro 
Rodriguez, CescuQ, Chiappini, Chornay, Church, Dorsch, Farihi, 
Feltzing, Foesneau, Fragkoudi, Geier, Gen2le Fusillo, Gehrard, Grebel, 

Guiglion, Helmi, Hobbs, Jin, Khalatyan, Khoperskov, Kordopa2s, 
Lemasle, Lind, McMillan, Miglio, Mikolai2s, Minchev, Monari, 
Montalban, Mosser, Nepal, Pelisoli, Queiroz, Ratcliffe, Rau, Rix, Ryde, 
Sahu, Schneider, Schwope, Sharma, Simon-Diaz, Starkenburg, 
Steinmetz, Storm, Sun, Traven, Tremblay, Valen2ni, Walton, Weingrill, 

Xiang, Yong, Zucker  

44
4MIDABLE-LR (S3) | CrisMna Chiappini & Ivan Minchev 02 Dec 2022|
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Milestones MIDABLE-LR

Messenger 

2019/03

SH19+GaiaDR2

2018/2019

How to select best 10 million from 1.8 

billion

ESN, Dyn, Chem, BIG 

LoI 2020/02

Ancillary Science

GTO Proposal
ESO 2020/12

Ex6nc6on filtering

Using SH22 Starts

SH22+EDR3

2021/12
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On Sky 

2024 - 2028
Optimisation

2022/2023

TO DO:

• Cadence requirements
• Very metal-poor candidates
• Bulge Deep optimization

Seismic Giants

Valentini, Montalban TESS, K2, CoRoT – 

HR/LR & Mosser, Bossini, Miglio PLATO

Cepheids Lemasle & Storm

Gaia DR2 Gaia EDR3 Gaia DR3SDSS DR16

New views from

inner to outer disk

SDSS DR17

New views on Bulge
Queiroz et al. 2021

Queiroz et al. 2020

Anders et al. 2019

Chiappini, Minchev et al 2019

Anders et al. 2022

Metallicity Improvements

from SH23 + XP Gaia DR3 

Spectra

Anders et al. in prep.

Rix et al. 2022

Clusters minimal set Weingrill & 

Barnes HR-LR

PNe Walton & Chornay

Bulge Deep Queiroz 

WD Tremblay & Gentile Fusillo

Chiappini & Minchev

HSD Pelisoli & Geier

SH ages for 2.5Million MSTO & SG 

Queiroz et al. 2023

OBStars Castro 

Rodriguez, Simon-Diaz, 

Bestelehner

VMP Anders & Guiglion

VMP_PIGS Arentsen

A100 pc Tremblay & Sahu

CWDB Schwope

SH proof of concept

SH proof of concept

SH proof of concept



47
4MIDABLE-LR (S3) | CrisMna Chiappini & Ivan Minchev 02 Dec 2022|

Inges&on_20221024 - ebv_min = 0.8

Dyn

Input to simula&ons
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4MIDABLE-LR (S3) | Cristina Chiappini & Ivan Minchev 02 Dec 2022|

Inges&on_20221024 - ebv_min = 0.5

29% completed - E(B-V) = 0.8

37% (fobs > 0.9) – E(B-V) = 0.5

Decrease in Nstars with Tmax > 120 min

More than 1M not observed

Chem



Credit: 4MIDABLE-LR Team



Bulge Inner Disk (BIG) + Pris&ne Inner Galaxy + Bulge Deep + 

VMP Bulge+Disk (Gaia DR3-XP + SH)

Ongoing 

op#miza#on 

at target 

level, but 

area, mag 

range and 

Ntargets will 

not change



Key aspect: large wavelengh coverage (as e.g. 
SEGUE) but mid-resolution (as e.g. RAVE)

51

Several nucleosynthetic families

4MIDABLE-LR Team tests

with different pipelines/methods

Definitively not only a RV survey!
Fig. Credit: Guiglion

Exploring ML approaches to infer 

abundances from LR spectra

Guiglion et al. (2020), Nepal et al. (2023), 

Ambrosch et al. (2023), Guiglion et al. 

(2023) using CNN (convolution neural 

network) – we applied to RAVE, GES, 

Gaia-RVS.



BDBS Footprint (Rich et al. 2020)

Blanco DECam Bulge Survey

• More than 200 square degrees
• Photometry in the ugrizy filters

• Around 250 million stars

See also Johnson et al. 2022
DECam = Dark Energy Camera



BDBS Footprint (Rich et al. 2020)

Blanco DECam Bulge Survey

• Bulge inner disk
• Very metal poor & PIGS

• RVs, metallicities and abundances

See also Johnson et al. 2022
DECam = Dark Energy Camera



BDBS Footprint DECAM

4MIDABLE Bulge Deep Footprint

Kader et al. 2023



My main take point

It is an amazing 2me to be an early career researcher



OBRIGADA! GRAZIE! MERCI! DANKE! GRACIAS! 

THANKS! 


