
Unveiling galaxy assembly with star clusters
Yingtian “Bill” Chen and Oleg Y Gnedin (University of Michigan)

°3.0 °2.5 °2.0 °1.5 °1.0 °0.5 0.0
[Fe/H]

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

lo
g 1

0
J r

(k
pc

km
s°

1 )

in-situ
GS/E
Sag
other

in-situ + GS/E (with prior) + Sag + other

°4 °2 0 2 4
Lz (103 kpckms°1)

°2.5

°2.0

°1.5

°1.0

°0.5

0.0

E
(1

05
km

2
s°

2 )

BK23
Sag (M19)
Helmi (M19)
Seq (M19)

Milky Way

1 2 3 4 5 6 7 8 9 10
Number of variables

0.5

0.6

0.7

0.8

0.9

1.0

A
cc

ur
ac

y

GMM
K-means
Agglom.
BIRCH
Spectral

1 2 3 4 5 6 7 8 9 10
Number of variables

Max
Min

𝑀∗ = SMHM 𝑀"

𝑀#$ = 1.8×10%&	𝑝'	𝑀()*

Schechter CIMF

𝑀()* = 0.35×3'.,
𝑀⋆

10.M⊙

%0! 1 + 𝑧
3

0"
𝑀⋆Behroozi et al. (2013)

Kravtsov & Gnedin (2005)
̇2#

2#
> 𝑝3

Fe/H = 0.3 log
𝑀⋆

10.M⊙
− 1.0 log 1 + 𝑧 − 0.5

Yes?
Trigger GC 
formation.

No? Next snapshot.

𝑑𝑀
𝑑𝑁 ∝ 𝑀%' exp −

𝑀
10,M⊙

Tidal disruption: 𝑀̇ ∝ 𝜅

Merger tree
Mock GC 
catalog

Hydro simulations

Collisionless simulations

Galaxy

DM particles as GCs

Collisionless particles
Only particles 
within 2𝑅⋆,5/'

Young stellar particles as GCs

Positions
Velocities

Mass

Metallicity

Particle 
outputs

Particle tagging
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Mock catalog of GCs reproducing key properties of MW GC system
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Distinguish in-situ vs. ex-situ
Using 10 variables: Fe/H , 𝐽𝑟, 𝐽𝜙 , 𝐽𝑧, 𝜖, 𝑟, 𝑟peri, 𝑟apo, 𝐸, age

Distinguish the most massive merger from other mergers

Distinguish more than 3 mergers? 
Major mergers (e.g., GS/E) perturb the kinematics of minor mergers
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Halo mass histories of selected simulated galaxies and their main satellites.

We reliably find 2 mergers: GS/E and Sag, using obs. data from Harris96 and Hilker+19.

Evolution of GCs from different progenitors in the energy-angular momentum space. 
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Right: Accuracy reached by different 
clustering algorithms as a function of 
number of variables by removing the 
least contributing variable each time.

Top: Classification result with the highest 
accuracy presented in the radial 
action-metallicity space. 


