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Galac0c 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



Stellar Populations in the MW Bulge

Copyright: ESA/Gaia/DPAC; CC BY-SA 3.0 IGO. 
Acknowledgement: A. Moitinho

A lot is happening since 2018 but …..

Before Gaia and APOGEE!

With Gaia and APOGEE and BDBS



100 pc spatial resolution!

(previously, in kpc scales, blurred mix pops)

+ JWST bulges at redshift > 5 (e.g. Carnall et al. 2023) – but what is ``the bulge``?



https://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



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

Gaia + photometry + spectroscopy + SH

Queiroz et al. 2023

30 Million

30 Thousand



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

Zgal

Rgal

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



26 500 stars within |XGal| < 5 kpc, 
|YGal| < 3.5 kpc, |ZGal| < 1 kpc

Foreground-cleaned subsample of 
8000 stars that is more representative 
of the bulge–bar populations 



Improvements from DR2 to EDR3 in the
studied bulge region

Figure Credit: Queiroz



Auriga simulations-Fragkoudi et al. 2019

Precise kinematical maps (Queiroz et al. 2021) unveils quadrupole feature characterizing the mean streamimg motion 
induced by the bar

Earlier results by Bovy+2019 did not reach 
the far side. 
Recently confirmed by Hey et al. 2023









26,500 stars 3,800 stars

Less foreground + orbital analysis possible!
Queiroz, CC et al. 2021



We can finally make an orbital space analysis but for around 8000 stars... 
(from box of 30Million -> 30Thousand – Thousands...)

Queiroz et al. 2021

Inner thick disk + Inner thin disk + old spheroidal bulge

7D+ 



Probability to be on bar-shaped orbits

MIGRATOR CANDIDATES

Where old spheroidal component appears
In this sample (Rguide 1-2 kpc)

Mostly bulge

debris

Slightly younger?



Zmax < 1

Reservoir of metal-rich in cold orbits



OLDEST STARS OF THE MILKY WAY BURRIED IN
 IT

S CENTRAL Kpcs

Surro
unded by a bar

Redshift > 5!!!!
Dangerous to 
use chemical 
or kinematical 
criteria to 
select bar vs. 
non bar



Cescu^, Chiappini et al. In prep. 

Bensby et al. 
2017 older
than 10Gyrs

Modelling only an old, fast formation, component



Cescu0, CC et al. In prep., see also Scannapieco, Cescu0, Chiappini 2022

See Crestani et al. 2021, 
RRLyrae: alpha elements

See also Kunder et al. 2016, Clarkson et al. 2018, 
Savino et al. 2020,   Marchetti et al. 2022,  Ages 
(Meridith et al. 2023, old miras Prudil´s talk)



Clusters from 2018 to now (recent 
update by Barbuy squares – empty 
squares are candidates, blue are 
confirmed GCs ). Full compilation to 
appear in Bica et al. (submitted)

• Dots – Microlensed Dwarfs (Bensby et al. 2017)
• Filled circles – Projected bulge GCs (Bica et al. 2016) 
     [Fe/H]>−0.8 (red)

−1.3<[Fe/H]<−0.8 (gold)
[Fe/H]<−1.3 (blue)
Halo GCs (cyan) and Rgal > 4.5 kpc (green open squares)

• Halo ClustersFilled circles – GCs (Bica et al. 2016)
• COBE/DIRBE contour (Weiland et al. 1994) (line)
• Low extinction windows: BW, SWEEPS, OGLE29 (blue circles)
• 4 C-rich Miras - stars 

GC



Clusters from 2018 to now (recent 
update by Barbuy squares – empty 
squares are candidates, blue are 
confirmed GCs ). Full compilation to 
appear in Bica et al. (submitted)

Most of  the new ones come 
from VVV (e.g. Gran et al. 2019, 
Minniti et al. 2020, Garro et al. 2022)

• Dots – Microlensed Dwarfs (Bensby et al. 2017)
• Filled circles – Projected bulge GCs (Bica et al. 2016) 
     [Fe/H]>−0.8 (red)

−1.3<[Fe/H]<−0.8 (gold)
[Fe/H]<−1.3 (blue)
Halo GCs (cyan) and Rgal > 4.5 kpc (green open squares)

• Halo ClustersFilled circles – GCs (Bica et al. 2016)
• COBE/DIRBE contour (Weiland et al. 1994) (line)
• Low exenceon windows: BW, SWEEPS, OGLE29 (blue circles)
• 4 C-rich Miras - stars 

GC



Souza et al. 2023
GCs view
Oldest MW 



AROUND 13 Gyr old



NGC 6355 (Souza et al. 2023)
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Small detour…





Souza et al. abundances (FLAMES/UVES) + APOGEE for Pal 6

NGC 6355 (Souza et al. 2023)

Alpha elements Iron-peak elements



Ce and Nd are s-process-
dominated elements; 
their s-/r- contributions to the 
pre-solar composition are 
estimated, respectively, as 
85/15 % for Ce and 62/38 % 
for Nd





Key points

• Gaia + spectroscopy made possible precise distances – Velocity quadripole beatifully 
seen

• Bulge now can be studied in orbital-chemical space (caveats potential)
• Objects confined to the innermost 4 kpc show a metal-rich thin disk, a thick disk and a 

population with large velocity dispersion (old bulge) burried inside bar/inner disk
• GCs in the Bulge – possibility to age-date and we find some of  the oldest stars in our 

Galaxy (suggesting the stars with similar orbital-chemical parameters are also old
• We find no chemical segregation of  stars in bar shape orbits. The ones with low Zmax 

are migrator candidates- they present the largest metallicities but an important 
component metal-poor is also present  – We see at Solar Neighbourhood stars migrated 

• Need to move on in the future beyond 4MOST and PLATO 
• Gaia NIR

Stay Tuned for two important conference next year
Workshop in honor of  Francesca Matteucci, Italy, July 2024

IAU Symposium on Stellar Populations, MAYBE RIO DE JANEIRO, November 2024 in honor of  Beatriz Barbuy

NEXT LECTURE – ACCRETED DEBRIS – HALO – BULGE and FUTURE DIRECTIONS


