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★ Brief (and biased) history of 

proper motion measurements:

★ Halley 1717: ~few stars

★ Ground-based observations 

until 1995: ~8 000 stars

★ ESA Hipparcos space 

mission (early 90s): ~115 000 stars

★ ESA Gaia space mission (active):

~1.801 billion stars

~1 801 000 000 stars

E
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Key concept #1: stellar proper motions 

Steve Quirk, 

Wikipedia Commons

POSS1, POSS2, DSS



★ From “simple stellar population” to the Pandora’s box:

photometrical and spectroscopical differences.

Key concept #2: globular clusters
as a "simple" stellar population
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Key concept #2: multiple stellar
populations within globular clusters
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photometrical and spectroscopical differences.



★ From “simple stellar population” to the Pandora’s box:

photometrical and spectroscopical differences.

Key concept #2: multiple stellar
populations within globular clusters

Carretta et al. 2009

★ Fe enrichment in only a 

limited cases: massive 

clusters

★ Light-element (proton 

capture) variations:

★ C, N, O, Na, Mg, Al, Si, …

among others!

★ AGB and massive fast 

rotators: most likely 

contributors



★ Globular clusters are one of the most valuable tracers when 

trying to understand galaxy evolution (Kruijssen et al. 2019). 
But also see Pagnini et al. 2022 as a cautionary tale.

★ We can constrain ages, masses, and distances: the primary 

laboratory of stellar evolution including chemical and 

enrichment processes.

Key concept #3: the Galaxy evolution
told by its globular clusters
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★ Globular clusters are one of the most valuable tracers when 

trying to understand galaxy evolution. 

★ We can constrain ages, masses, 

and distances: the primary 

laboratory of stellar evolution 

including chemical and 

enrichment processes.

★ Observations and simulations

can work together to account 

the different properties of 

nowadays clusters and the 

ones formed at high redshift.

Key concept #3: the Galaxy evolution
told by its globular clusters

Vanzella et al. 2017



★ The Gaia satellite change our understanding of the Milky 

Way, giving us dynamical information of ~1.8 billion stars.

Key concept 1+2+3 = #6: proper motions to 
isolate different stellar populations

★ Discovery of a major Milky 

Way merger from orbital 

parameters

Helmi et al. 2018; 
Belokurov et al. 2018
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Key concept 1+2+3 = #6: proper motions to 
isolate different stellar populations
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★ CLUSTER SCIENCE!



Key concept 1+2+3 = #6: proper motions to 
isolate different stellar populations
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Odenkirchen et al. 2002
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Hidden in the haystack:
New globular clusters towards the Milky Way bulge

★ Valuable tracers of understand 

the Milky Way evolution

★ Galactic bulge GCs compose a 

major part of the in situ
component (Myeong et al. 2018)

★ The total number of GCs in the 
Milky Way is still unknown

Aladin Sky Atlas (Bonnarel et al. 2000, 
Boch & Fernique 2014)



© ESO/VVV Survey/D. Minniti/I. Toledo/M. Kornmesser



More than ~48 globular clusters are known towards the bulge area



Photometric searches of GCs

Several observational efforts have been done to 

characterize new GCs in the Galaxy.

Most of the recently 

discovered GCs belong to 
the Milky Way halo.
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Thanks to the recent near-IR photometric surveys, the 

number of star cluster candidates has risen exponentially in 
the last few years in the bulge region.
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Photometric searches of GCs

Thanks to the recent near-IR photometric surveys, the 

number of star cluster candidates has risen exponentially in 
the last few years in the bulge region.

Unfortunately, most of them were recently ruled out using 

proper motions (Gran et al. 2019):
★ Spatial overdensities        ✅
★ CMD different from field  ⚠️

★ Coherent space motion  🛑



Initial mass distribution of GCs in the MW

B
a

u
m

g
a

rd
t 

e
t 

a
l. 

2
0

1
8

~Halo GCs

~Disk GCs

~Bulge GCs



Initial mass distribution of GCs in the MW

B
a

u
m

g
a

rd
t 

e
t 

a
l. 

2
0

1
8

~Halo GCs

~Disk GCs

~Bulge GCs



Gaia Collaboration 2022

Gaia Collaboration et al. 2018

Gaia DR3 proper motion catalogue

Optical survey 

(G,GBP,GRP,
GRVS, XP spectra)

Valid for |b| ≥ 2º

Absolute proper motions:
μα cos(δ), μδ



Optical survey 

(G,GBP,GRP,
GRVS, XP spectra)

Valid for |b| ≥ 2º

Absolute proper motions:
μα cos(δ), μδ

Gaia Collaboration 2018

Anders et al. 2021

Gaia DR3 proper motion catalog



VVV survey catalogue

Near-IR survey 

(ZYJHKs)

~100+ Ks epochs

Relative proper 

motions:
μl cos(b), μb
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-10 ≤ l (deg) ≤ 10

-10 ≤ b (deg) ≤ 10

Clustering on a 5-D phase-space

l, b, μιcos(b), μb, GBP-GRP

l, b, μιcos(b), μb, J-Ks

scikit learn: KDTree

and DBScan

Candidate

clusters in the 5-D 
phase space

Pedragosa et al 2011



Map of the new GCs
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New GCs: the case of Gran 3
Clustering requirements:

- Grouped in space (ℓ,b)
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New GCs: the case of Gran 3
Clustering requirements:

- Grouped in space (ℓ,b)
- Coherent motion (PMs)

- Old stellar sequences

HB!
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New GCs: the case of Gran 4
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New GCs: the case of Gran 4
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Clustering requirements:

- Grouped in space (ℓ,b)
- Coherent motion (PMs)

- Old stellar sequences

Cluster parameters:

- Age ~12 Gyr
- Distance ~22 kpc

- [Fe/H] ~ -2.4 dex
- rh ~ 1.15 arcmin
- Mdyn ~ 4 × 105 M

⊙



New GCs: full characterisation

Gran et al. 2022



New GCs: MUSE observations

ESO P103-105
PI: F. Gran

14 hours

WFM ~ 1 arcmin2

4650 < λ (Å) < 9300

R @ 8800 Å ~ 4000



New GCs: MUSE observations
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New GCs: Galactic context

Initial mass distribution

~Halo GCs

Baumgardt et al. 2018

~Disk GCs

~Bulge GCs
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Summary

★ Bulge GCs are tracers of the MW formation and 

evolution: in situ component (Myeong et al. 2018).

★ No consensus has been reached on the total 
number of bulge GCs.

★ Using a clustering algorithm, we were able to 
discover 5 new clusters with old stellar sequences.

★ Orbital parameters and metallicities from the  
analysis of 5 MUSE cubes.

★ Key observable: proper motions!



Future work

★ Derive clusters metallicity 

via synthetic models



Future work

★ WEAVE survey: homogenisation of contributed 
catalogues for scientific exploration of the GA survey
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★ WEAVE survey: homogenisation of contributed 
catalogues for scientific exploration of the GA survey
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Thanks for your attention!


