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Galactic archaeologists study 
the history of our galaxy using 
detailed observations of the 
Milky Way gas distribution and 
composition, star chemical 
enrichment and evolution, 
and the kinematic properties of 
different stellar groups 

Galactic 
archaeology

Terracotta Army of the Mausoleum of the First Qin Emperor



Searle & Zinn 1978



Hierarchical assembly

Bellazzini+ 2002

The globular clusters presently associated with the main body of the 

Sagittarius dSph, i.e., M54, Ter 8, Arp 2, and Ter 7, are plotted as 

small filled circles. The position of NGC 5634 is marked by a large 

filled circle.



Lambda CDM model

Hierarchical assembly
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Pillepich, Madau & Mayer 2015
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Hierarchical assembly
Pillepich, Madau & Mayer 2015



Hierarchical assembly

Sagittarius Stream - Ibata+ 1994

Law, D.R., Majewski, S.R. (2016).  The Sagittarius Dwarf Tidal 

Stream(s). In: Newberg, H., Carlin, J. (eds) Tidal Streams in 


the Local Group and Beyond. Astrophysics and Space Science Library, vol 

420. Springer
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Geisler+ 1991

Sbordone+ 2007



Hierarchical assemblyMarin-Franch+ 2009



Hierarchical assemblyMassari+ 2019
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Massari+ 2019



Hierarchical assembly

Gaia - Enceladus collision

Belukurov+ 2018

• based on Gaia DR2 data


• Kinematics of m​etal-rich 
halo stars


• Collision of a dwarf galaxy 
with 5 x 1010 Msun at z ~ 3

The name "Enceladus" refers to the mythological giant 

Enceladus,  who was buried under Mount Etna 


and caused earthquake.



Myeong+ 2018

8 GCs with E> Ecrit belonging to the Gaia-Enceladus Sausage



F​ornax Dwarf Galaxy



Assumed a smooth potential field for Dwarf Satellite (DSG)

- > N-body model is simplified to a three body model 

problem with MW, DSG and a GC



• DSG composed of N stars and a number of GCs with initial random conditions but in 
equilibrium 


• DSG are collisionless systems -> smooth potential


• solution of the problem simplified to treatment of three bodies


•  MW at the centre of a right-handed Cartesian coordinate system, with 𝑋-axis pointing 
towards the location of the Sun, 𝑌 -axis is in the direction of the Galaxy’s rotation, 𝑍-axis 
determined by the right-hand rule


• MW remains still throughout the simulation owing to its large mass. 


• trajectory of the DSG is only determined by the MW


• GCs treated as point masses whose motion is prescribed by both the MW and the DSG.


• GCs are spatially distributed according to the density profile of their host DSG 


• Initial velocities of GCs are drawn from a three-dimensional Maxwell-Boltzmann distribution.

Assumptions



Time invariant


(+ Time variant)

Time invariant


(+ Time variant)







The scaled PDF of the Sgr runaway GCs, colour coded 
with respect to isodensity contours. The black and 
white contours correspond to boundaries enclosing 
65%, and between 65% and 95% of all data, 
respectively. These provide the basis for categorizing 
the MW GCs into Flag 1 (black circles), Flag 2 (black 
triangles), and non-associations (white circles). 


In the bottom panel, the red crosses mark the location 
of the Sgr in the parameter space as the Sgr spirals

inwards as a result of dynamical friction. Likewise, the 
red arrow heads mark the apogalactic distances of the 
Sgr in the top panel, where we have Δ𝜃 = 0◦ for the 
Sgr. One can interpret non-associations as GCs with 
an association probability of less than 5%. The 
apparent placement of some points (e.g. non-
associations) within the white or black contours is due 
to the fact that panels display projections. As a result, 
one needs to consider both panels together in order to 
infer the association categories. 


The elongated peak on the left consists of two sub-
peaks, i.e. there exists three peaks in unison with the 
∼3 apogalactic passages of the Sgr around the MW 











• comparison between the results of three-body method and that of the NBODY6 code 
exhibits the same distribution of runaway particles in the orbital parameter space


• the distribution of runaway GCs is not random and does not cover the entire parameter 
space. Rather, it exhibits a dichotomous pattern. In particular, the runaway GCs form two 
distinctive populations, a population in which 𝑅ap (GC) <𝑅ap (DSG) and another one with 
𝑅ap (GC) > 𝑅ap (DSG)


• positive correlation between the mass of a DSG and the dispersion of its runaway GCs in 
the parameter space


• DSGs that are close to massive DSGs such as the Sgr or the LMC, the orbital parameters 
of runaway GCs can be significantly perturbed by the massive DSG, to the extent that, 
some of the GCs might be even recaptured by the massive DSG


• identified 18 GCs which are associated with the Sgr 


• in total, identified 29 MW GCs which could have originate from DSGs, indicating a 
maximum of 19% of all MW GCs could have an ex-situ origin

Conclusions


