
SCIENTIFIC QUESTION OUR NEW APPROACH

z=0

What is the origin of the MW 
globular clusters?

EX-SITU IN-SITU

Boldrini, Di Matteo, Laporte et al.+25, submitted to A&A

KEY RESULT

A new classification of ex-situ and in-situ Galactic globular clusters based on a method trained on Milky Way 
analogues in the TNG50 cosmological simulations

Hydrodynamical cosmological simulation TNG50

Used TNG50 cosmological simulations with 198 
Milky Way-like galaxies.   
Combined with orbit integrations of 18,000 
globular clusters from redshift z = 3 to 0.   
Tracks mass loss and dynamical friction in 
evolving galactic environments.

 New classification: 79 in-situ versus 82 ex-situ GCs 
— more ex-situ than previously thought. 
 Kinematics alone are insufficient to trace GC origins.   
 Full cosmological modeling is essential to understand 
the globular cluster population’s assembly history.

Boldrini+25New post-processing GC model 

Satellites of MW/M31-like galaxies in TNG50 4221

Figure 4. Stellar column density on 600 kpc per side of the ten TNG50
galaxies at z = 0 (edge-on projection) whose satellite stellar mass function
is the most similar to that of the Galaxy. The circles denote the virial radius
(R200c) of the underlying DM host.

Figure 5. As in Fig. 4 but for the ten TNG50 galaxies at z = 0 whose satellite
stellar mass function is the most similar to that of Andromeda. In TNG50,
the latter are usually more massive and reside in more massive haloes (larger
R200c) than the satellite systems that are more similar to the Galaxy’s.
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Figure 1 The three IllustrisTNG simulation volumes: TNG50, TNG100, and TNG300. In each case the name denotes the box side-length in comoving
Mpc, and all three are shown in projected dark matter density. The largest, TNG300, enables the study of rare, massive objects such as galaxy clusters,
and provides unparalleled statistics of the galaxy population as a whole. TNG50, with a mass resolution more than one hundred times better,
provides for the detailed examination of internal, structural properties and small-scale phenomena. In the middle, TNG100 uses the same initial
conditions as the original Illustris simulation, providing a useful balance of resolution and volume for studying many aspects of galaxy evolution

2 Description of the simulations
IllustrisTNG is a suite of large volume, cosmological,
gravo-magnetohydrodynamical simulations run with the
moving-mesh code AREPO (Springel 2010). The TNG
project is made up of three simulation volumes: TNG50,
TNG100, and TNG300, shown in Fig. 1. The first two
simulations, TNG100 and TNG300, were recently intro-
duced in a series of five presentation papers (Springel et al.
2018; Pillepich et al. 2018a; Naiman et al. 2018; Nelson
et al. 2018a; Marinacci et al. 2018), and these are here
publicly released in full. The third and final simulation of
the project is TNG50 (Pillepich et al. 2019; Nelson et al.
2019a) which will also be publicly released in the future.
TNG includes a comprehensive model for galaxy forma-
tion physics, which is able to realistically follow the forma-
tion and evolution of galaxies across cosmic time (Wein-
berger et al. 2017; Pillepich et al. 2018b). Each TNG sim-
ulation solves for the coupled evolution of dark matter,
cosmic gas, luminous stars, and supermassive black holes
from a starting redshift of z = 127 to the present day, z = 0.

The IllustrisTNG projecta is the successor of the orig-
inal Illustris simulationb (Genel et al. 2014; Sijacki et al.
2015; Vogelsberger et al. 2014b, 2014a) and its associated
galaxy formation model (Vogelsberger et al. 2013; Torrey

et al. 2014). Illustris was publicly released in its entirety
roughly three and a half years ago (Nelson et al. 2015).
TNG incorporates an updated ‘next generation’ galaxy for-
mation model which includes new physics and numeri-
cal improvements, as well as refinements to the original
model. TNG newly includes a treatment of cosmic mag-
netism, following the amplification and dynamical impact
of magnetic fields, as described below.

The three flagship runs of IllustrisTNG are each accom-
panied by lower-resolution and dark-matter only counter-
parts. Three physical simulation box sizes are employed:
cubic volumes of roughly 50, 100, and 300 Mpc side length,
which we refer to as TNG50, TNG100, and TNG300, re-
spectively. The three boxes complement each other by en-
abling investigations of various aspects of galaxy forma-
tion. The large physical volume associated with the largest
simulation box (TNG300) enables, for instance, the study
of galaxy clustering, the analysis of rare and massive ob-
jects such as galaxy clusters, and provides the largest sta-
tistical galaxy sample. In contrast, the smaller physical vol-
ume simulation of TNG50 enables a mass resolution which
is more than a hundred times better than in the TNG300
simulation, providing a more detailed look at, for example,
the structural properties of galaxies, and small-scale gas
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Figure 2. Example galaxies from the TNG50 simulation at z = 0 with stellar mass and/or disc structure similar to the MW or to Andromeda, among the 
198 TNG50 MW/M31-like galaxies. These are shown in random projections, across 70 kpc a side, in a composite stellar light image of three Hubble Space 
Telescope /ACS bands ( F435W , F606W , and F775W ; 0.049 arcsec pixel −1 ) including radiative transfer in post-process with SKIRT (Camps & Baes 2015 ) 
and placing the galaxies at z ∼ 0 . 08. A large gallery of all the TNG50 MW/M31-like galaxies can be found at https:// www.tng-project.org/ explore/ gallery/ 
pillepich23a . 
and realistic galaxy population is realized within the simulated 
volume, across the mass spectrum and across cosmic epochs and 
environments (see Introduction). By adopting constraints on global 
galaxy properties and assuming the TNG50 universe is sufficiently 
realistic, we get the opportunity to assess how representative the 
Galaxy and Andromeda are in comparison to the rest of the realm 
of galaxies and how diverse in the detail galaxies can be (if at 
all) even when selected within a relatively narrow range of global 
characteristics. By selecting based on observable properties, we 
can, first, more directly connect to what is known observationally; 
and secondly, we can provide simulation-based implications for 
unobservable and hard-to-constraint characteristics, such as total halo 
mass. 

In particular, in this paper, we require that the following conditions 
are simultaneously fulfilled for TNG50 z = 0 galaxies to be selected 
as MW/M31 analogues: 

(i) Stellar mass : the galaxy stellar mass is in the following range: 
M ∗( < 30 kpc ) = 10 10 . 5 −11 . 2 M ⊙. 

(ii) Stellar morphology : a disc-like stellar morphology needs to be 
manifest, including the presence of spiral arms. This is implemented 
by requiring that one or the other following criterion is fulfilled: 

(a) the minor-to-major axis ratio of the galaxy’s stellar mass 
distribution is smaller than 0.45, with the latter measured 

between 1 and 2 times the stellar half-mass radius: c/a [stellar 
mass at 1–2 r ∗1 / 2 ] ≤ 0 . 45; 

(b) the galaxy appears of discy shape and exhibits spiral 
arms by visual inspection of three-band images of the simulated 
galaxies in edge-on and face-on projections. 

(iii) Environment : no other galaxy with stellar mass ≥ 10 10 . 5 M ⊙ is 
within 500 kpc distance and the total mass of the halo host is smaller 
than that typical of massive groups, that is, M 200c ( host ) < 10 13 M ⊙. 

We expand on these criteria below. 
Our definition returns 198 MW/M31 analogues in TNG50, of 

which a handful of examples are shown in Fig. 2 . The selection is 
made among all TNG50 gravitationally bound objects identified by 
the SUBFIND algorithm (Springel et al. 2001 ) at z = 0. Inspired by 
Boardman et al. ( 2020b ), we visualize our selection in terms of Venn 
diagrams in the upper panel of Fig. 3 . The IDs of the 198 TNG50 
MW/M31-like galaxies selected here are released with this paper 
(Appendix A ) and we invite colleagues to make use of this selection 
as is or as inspiration for different or more tailored subsamples. 
2.3.1 On the stellar mass criterion (i) 
The stellar mass criterion enunciated in Section 2.3 encompasses the 
current estimates available for the MW and Andromeda, including 
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