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Globular Clusters (M15, ~10 kpc)Dwarf Galaxies (Carina, ~100 kpc)

Small Stellar Systems



h"ps://www.astro.rug.nl/~ahelmi/research/dr2-dggc/

Gaia DR2 view of the Milky Way



The Local Group



Astrometry for Small Stellar Systems in the Local Group

✦ Global Mo(ons: 
✦ Orbits / environments / link to star forma>on histories 
✦ Planes of satellites, streams 
✦ Proper>es of the Milky Way / M31 / Local Group

Forma(on and Evolu(on



Forma(on and Evolu(on

Astrometry for Small Stellar Systems in the Local Group
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✦ Internal Mo(ons: 
✦ Mass (dark maZer, core/cusp, IMBH) 
✦ Rota>on, anisotropy 
✦ Dynamical differences with mass, chemistry, colour

✦ Global Mo(ons: 
✦ Orbits / environments / link to star forma>on histories 
✦ Planes of satellites, streams 
✦ Proper>es of the Milky Way / M31 / Local Group



Astrometry for Small Stellar Systems in the Local Group

✦ Internal Mo(ons: 
✦ Mass (dark maZer, core/cusp, IMBH) 
✦ Rota>on, anisotropy 
✦ Dynamical differences with mass, chemistry, colour

✦ Global Mo(ons: 
✦ Orbits / environments / link to star forma>on histories 
✦ Planes of satellites, streams 
✦ Proper>es of the Milky Way / M31 / Local Group

McConnell & Ma 2012
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Astrometry for Small Stellar Systems in the Local Group

✦ Internal Mo(ons: 
✦ Mass (dark maZer, core/cusp, IMBH) 
✦ Rota>on, anisotropy 
✦ Dynamical differences with mass, colour

✦ Global Mo(ons: 
✦ Orbits / environments / link to star forma>on histories 
✦ Planes of satellites, streams, effects of >des 
✦ Proper>es of the Milky Way / M31 / Local Group

✦ Membership selec(on for other studies

Forma(on and Evolu(on



What factors do we need to consider?

✦ Time baseline between first and last epoch 
✦ Number of epochs, observa(ons at each epoch 
✦ Precision of measuring stellar posi(ons, PSFs 

✦ Effects of crowding 
✦ Number of stars with proper mo(ons 

✦ Overall, in region of interest / spa>al coverage, depth, filter 
✦ Measuring proper mo(ons using mul(ple instruments/observatories 

✦ O_en increases baseline but introduces systema>cs 
✦ Availability of line-of-sight veloci(es, distances

Precision and Accuracy



What can we already do? 
And what can’t we do? 
(not an exhaus>ve list)



We can already do a lot! 
BUT 

For individual objects or small samples 
over limited ranges → biased/incomplete.



✦ Hubble + JWST 
✦ Libralato et al. (2022) 
✦ H+JW PMs in JWST calibra>on field in 

LMC, Hubble baseline (~16 years) 
✦ JWST Telescope Scien>st Team: 

✦ JWST-JWST PMs for MW and M31 
dwarfs (coming in Cycle 3)

Combining Observatories
✦ Hubble + Gaia 

✦ GaiaHub (del Pino et al. 2022) — op>mised for crowded fields 
✦ BP3M (McKinnon et al. 2024) — op>mised for sparse fields 
✦ Hubble baselines and Hubble spa>al coverage for Gaia-bright stars



Dwarf Galaxy Internal Kinema>cs

✦ Hubble 
✦ 18 year baseline, first PM dispersion profile in a dwarf (Vitral+ 2024) 
✦ Central density profile 
✦ Gaia too bright, too few stars, pushing limits of HST, JWST data coming

See Eduardo’s talk 
from Wednesday



Intermediate Mass BHs in omega Centauri

✦ Hubble + LOSVs 
✦ van der Marel & Anderson (2010): upper limit MIMBH < ~1.2 × 104 Msun 
✦ Häberle+ (2024): lower limit MIMBH < ~8.2 × 103 Msun

For other GCs: for every confirmed detec>on, there is a confirmed 
non-detec>on. Very few PMs close enough to GC centres.



Globular Clusters - Energy Equipar>>on

✦ Hubble 
✦ Rela>ve internal PMs of 22 MW GCs (Bellini+ 2014) 
✦ Energy equipar>>on in 9 of sample, support theory (Watkins+ 2022)
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Mass of the Large Magellanic Cloud

✦ Gaia, Hubble or Gaia+Hubble 
✦ 6D catalogue of 32 GCs using PMs from GaiaHub (Bennet+ 2022) 
✦ Used 30 GCs: mass out to ~13 kpc, extrapolate total mass (Watkins+ 2024)
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Some GCs excluded 
because no D or LOSV.
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Mass of the Small Magellanic Cloud

✦ Gaia, Hubble or Gaia+Hubble 
✦ PMs of SMC GCs using GaiaHub (Bennet+ in prep) 
✦ Uncertain>es too large + too few GCs to measure anisotropy or es>mate mass



Orbits of Local Group Dwarfs ↔ SFHs
✦ Gaia+Hubble (GaiaHub) 

✦ PMs of LG dwarfs (Bennet, Patel+ 2024) 
✦ Orbits of dwarfs within the Local Group 
✦ More coming with Hubble

Leo I

backsplash first infall
Bennet, Patel + 2024 Bennet, Patel + 2024

Bennet, Patel + 2024



PMs Outside the Local Group(!)

✦ Hubble 
✦ Cycle 31 program to measure PMs in M81, M82 and NGC 3077 (PI: Bennet) 
✦ ~3.6 Mpc, 20-year baseline 
✦ First >me measuring PMs outside of the Local Group 

✦ Future of the M81 group? 
✦ Masses? 
✦ Mo>on of the M81 group rela>ve to the LG? 

Stay tuned!



High-Precision Astrometry of Small Stellar Systems
✦ Internal Dwarf Kinema(cs 

✦ Central density of Draco with 18 years of Hubble 
✦ Internal GC Kinema(cs 

✦ IMBH in ωCen 
✦ Central equipar>>on in 9 nearby GCs 

✦ Global Dwarf and GC Kinema(cs 
✦ MW mass, LMC mass, M31 mass 
✦ MW/M31/LG dwarf orbits 
✦ M81 group kinema>cs

Laura Watkins・ESA-AURA, STScI

just one classical dwarf

just one (weirdo) GC

only 9/150 GCs, no radial profiles

SMC not possible, error bars sVll large
error bars sVll large

only 1 system outside LG, what about 
GC systems outside the LG?



High-Precision Astrometry of Small Stellar Systems

✦ Hubble + Gaia : astrometric powerhouses (excited for JWST, Euclid, Roman!) 
✦ We can already do a lot of cool stuff, separately and combined! 
✦ Single/few objects, small samples, distance limited, spa>ally limited, biased.

Laura Watkins・ESA-AURA, STScI
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