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114 Raul E. Angulo and Oliver Hahn

Fig. 29 The spatial distribution of dark matter and stellar-mass selected galaxies with Mú > 1010h≠1M§ at
z = 0 in the Millennium-XXL simulation (Angulo et al. 2012). Galaxies were simulated using the L-Galaxies semi-
analitic galaxy formation model of Henriques et al. (2013), and are displayed as circles whose size is proportional
to the expected half-mass radius. Figure adapted courtesy Angulo et al. (2014).

to predict the star formation history of every modelled galaxy. As a result, this SFR history is
then turned into the total stellar mass, from which other observable properties can be computed
for a given stellar population synthesis model, initial mass function, and dust model.

The free parameters (15 - 40) of these relationships are constrained using Bayesian algorithms
by requiring an agreement with observational data across multiple redshifts. In general, these
models are more physical than purely empirical models in that galaxy predictions are self-consistent
(the stellar mass of a galaxy is the integral of its star formation history), but they do not make
any specific assumptions about the physics underlying the inferred relations.

These models are quite successful in reproducing and predicting multiple properties of the
observed galaxy population. For this reason, it would be very interesting to explore the kind
of cosmological inferences that they would be able to place when employed with N -body sim-
ulations. For instance, the possible degeneracies between cosmological parameters and those
physical parameters describing galaxy formation and evolution. This would also be interesting for
informing which physical processes are the most important to understand and model for improved
cosmological power. To our knowledge, this has not yet been attempted in the literature, but will
certainly be an important step towards optimal exploitation of up upcoming large-scale structure
data.

9.9.4 Semi-analytic models – SAMs

Arguably the most complete post-processing modelling of the galaxy population is provided
by ‘semi-analytic’ models (SAMs) of galaxy formation. This approach seeks to self-consistently
evolve the properties of galaxies through a coupled system of ordinary di�erential (or di�erence)
equations describing the amounts of stars, cold and hot gas, black holes, and star formation rate
in galaxies.

SAMs were in fact the first attempts to model galaxy formation and evolution, with the main
ideas dating back to White and Rees (1978); White and Frenk (1991). Early SAMs were built on

Angulo+21

 Cosmological model —> Cold dark matter


 Axions or WIMPs have so far not been detected


 Very successful at large scales

 Cusp-core problem


 Too-big-to-fail problem


 Diversity of rotation curves


 Lensing properties of subhalos

CDM tensions:

How to resolve these tensions?

Reviews: Bullock & Boylan-Kolchin+17, Boldrini+22

Planck Collaboration+14

Kaplinghat+20

Minor+17, Ballard+24; Despali+24, Enzi+24, Ragagnin+22, Meneghetti+20, +23

Boldrini+22

Boylan-Kolchin+11
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 Including baryonic processes or missing elements in the sub-grid physics


 New physics in the dark sector —> viable alternative dark matter theories

Solution proposed to tensions:
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Warm DM

WDM particles have higher 

velocities than CDM particles

Self-interacting DM

Additional force than gravity 

which consist of DM 

self-interactions

Fuzzy DM

The wave-like nature of FDM 
introduces quantum pressure 
effects that counteract gravity 

on small scales.

 Including baryonic processes or missing elements in the sub-grid physics


 New physics in the dark sector —> viable alternative dark matter theories

Solution proposed to tensions:

Which one is the most likely?

Colín et al+00 Kochanek & White+00 Hu et al.+00

particle mass mν (in keV) cross-section σm (in cm2/g) particle mass mχ (in 10−22 eV)
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How to constrain DM? Why globular clusters? 
How to simulate their dynamics?

I) Our approach: GC semi-analytical model in 
post-processing of cosmological simulations

II) Origin of our Galactic GCs

III) GC dynamics in FDM universe: impact of the 
DM core profile

IV) GC dynamics in FDM universe: impact of 
FDM dynamical friction

Future works

 P. Di Matteo, LIRA  C. Laporte, LIRA  A. Szpilfidel, LIRA

 O. Agertz, Lund Observatory  S. Khoperskov, AIP

 J. Bovy (GALPY PI), University of Toronto
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SIDM 
Collisional dark matter

WDM 
High velocity dark matter

FDM 
Quantum wave-like nature

Density profile Dynamical friction Satellite population  
(low mass halos)

GCs will be sensitive to DM theory properties

Deviation from CDM
Similar to CDM

Massive galaxies Dwarf galaxiesMassive galaxies Dwarf galaxies

Reduced by the 
presence of a  

DM core

Erased or reduced by 
quantum fluctuations 
Hui+17, Lancaster+19

Less abundant 
Bullock+17 , Marsh+15

DM core with size depending on the  
DM free parameter

Inefficient due to  
the huge mass ratio 

with GC

 More numerous than satellite galaxies ( 200 GCs versus 20 satellites in MW-likes galaxies)


 Found in virtually all types of galaxies across a wide range of masses


 Span a wide range of galactocentric distances


 Essentially DM-free 
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 Gravity (and heating mechanisms by exotic DM particles)


 Dynamical friction


 Mass loss

In galaxies, GCs experience:

Dwarf-MW 
mergers

Pagnini+23
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 Gravity (and heating mechanisms by exotic DM particles)


 Dynamical friction


 Mass loss

In galaxies, GCs experience:

Dwarf-MW 
mergers

Pagnini+23

A challenging problem:

Resolution requirements make this presently impossible to 
do in direct calculations that track the formation of 

individual stars

D
ow

nl
oa

de
d 

fro
m

 w
w

w
.a

nn
ua

lre
vi

ew
s.

or
g.

  G
ue

st
 (g

ue
st

) I
P:

  9
0.

79
.1

77
.1

00
 O

n:
 T

ue
, 2

9 
O

ct
 2

02
4 

15
:1

1:
38

AA61CH11_Crain ARjats.cls July 26, 2023 16:47

CIE: collisional
ionization equilibrium

Interparticle distances within:

Scales treated with subgrid routines

Scales treated num
erically in simulations of the galaxy population  

Scales too large to treat b
aryon physic
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um
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ly

Intergalactic
medium
~102 cm

Interstellar
medium
~100 cm

Circumgalactic
medium
~1024 cm

Interstellar
medium
structure
~1021 cm

Stars
~10–8 cm

Stellar radii
~1011 cm

Galaxies
~1023 cm

Galaxy clusters
~1025 cm

Star clusters
~1020 cm

Black hole
accretion discs

~1015 cm

Separation
of binary stars

~1016 cm

Large-scale
structure of

the observable
Universe
~1028 cm

Separation
of field stars

~1018 cm

Figure 2
Schematic illustration of the extreme dynamic range of the length scales of the physical processes influencing the formation and
evolution of galaxies. Cosmological, hydrodynamical simulations are able to follow cosmic structure formation up to O(100 Mpc) scales
and have to resort to subgrid models on small scales. Future simulations of the galaxy population will push both of these boundaries,
increasing their dynamic range, but the need for subgrid models will remain for years to come.

scale need to occupy these large core counts for prohibitively long periods (often several months).
The challenge of accommodating the germane physical processes into simulations is illustrated
schematically by Figure 2, which shows their characteristic length scales and highlights that
subgrid models remain a critical component of simulations of the galaxy population for the
foreseeable future. We review the key physical processes treated with subgrid methods below.

2.3.1. Radiative processes in cosmic gas. Radiative processes enable cosmic gas to dissipate
its internal energy. In the absence of an incident radiation field, the ionization balance and cool-
ing rate of diffuse cosmic gas is governed by two-body processes (e.g., collisional excitation and
ionization, collisional recombination, and free–free emission). The cooling rate due to these pro-
cesses scales as the square of the gas density, and the contribution of each elemental species scales
linearly with its abundance, enabling convenient tabulation of collisional ionization equilibrium
(CIE) cooling rates as a function of temperature and composition (e.g.,Dalgarno&McCray 1972).

www.annualreviews.org • Simulations of the Galaxy Population 481

Crain+23

 Spatial resolution ~ sub-pc


 Mass resolution ~ 1 M☉


 Cosmological context: large range of space (pc - Mpc) 
and time-scales (Myr - Gyr)
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GC MULTI-PARAMETIC MODEL 

 5

z=2-3 z=0

Progenitor Milky Way

(Position,Velocity)

(Mass, Metallicity 
Size)

Kruijssen et al. +11 
model

GALPY 
Bovy +15

Doppel et al. +22 
method

Globular cluster        Star

Large statistic : 200 galaxies, 40 000 globular clusters, z=3 à z=0, 5 physical parameters

The E-MOSAICS project 4317

Figure 1. Visualization of the E-MOSAICS simulations. The main panel shows the dark matter distribution at z = 0 from the EAGLE Recal-L025N0752
simulation. Yellow circles highlight the positions of the 10 L⋆ galaxies that we have resimulated, where solid lines show the two haloes in the inset on the
right. Radii of the circles show the virial radii of the galaxies. The three panels on the right show successive zoom-ins of Gal004: the top panel shows gas
density coloured by temperature in the zoom simulation; the lower two panels show mock optical images of face-on and edge-on views of the galaxy (blue
for young stars (<300 Myr), brown for dense star-forming gas). The bottom panel also shows the locations of massive star clusters (>5 × 104 M⊙) coloured
by their formation location (in situ or accreted). The five panels in the bottom row show the formation history of the galaxy and its star cluster population,
where grey-scale shows the gas surface density and the points show positions of star clusters (with masses >5 × 104 M⊙) coloured by metallicity (yellow for
[Z/H] = 0.5, blue for [Z/H] = −2.5) and with point area scaling with cluster mass.

many of these are also uncontaminated by boundary particles. The
bonus galaxies are mostly sub-L⋆ with M∗ ∼ 108–109 M⊙, although
the Gal000 simulation also contains an uncontaminated elliptical
galaxy with M200 = 1012.7 M⊙ and M∗ = 1010.6 M⊙, located at a
distance of 3 Mpc from the targeted galaxy at z = 0. Each L⋆ galaxy
is the most massive galaxy within a distance of 1 Mpc.

The star formation histories of the 10 targeted galaxies are shown
in Fig. 2. The histories are similar and typically reach a peak SFR
at redshifts 2 ! z ! 3. Gal006 and Gal007, however, peak much
later at z < 1. The maximum SFRs achieved are between 2 and

10 M⊙ yr−1, and the galaxies that peak earlier achieve higher peak
SFRs. For reference, the MW SFR determined from a chemical
evolution model by Snaith et al. (2014, 2015), normalized such that
the total MW mass at z = 0 is 5 × 1010 M⊙ (Bland-Hawthorn &
Gerhard 2016) and accounting for stellar evolution mass-loss, is
shown by a solid black line. The grey shaded region shows the stan-
dard deviation of the model. We do not show data from >13 Gyr
as the SFR is poorly constrained due to a lack of stars. The simu-
lations are in good agreement with the MW SFR and sSFR. With
the exception of the brief dip at z ≈ 1, which is required to fit

MNRAS 475, 4309–4346 (2018)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/475/4/4309/4693863 by Institut d'astrophysique de Paris user on 25 July 2023

Cosmological simulation

z=2-3
Mission 

Gaia 

170 GCs 
3D positions + 
3D velocities 
Mass, 
Metallicity & 
Size

Tagging method

Flexible semi-analytical model in post-processing of simulations

 Using existing cosmological simulations


 Computationally inexpensive


 Statistics
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Despali, G., et al.: A&A, 697, A213 (2025)

Meneghetti et al. 2023). In both cases, the observed lensing
signal is inferred to be stronger than predicted, and the sub-
halo concentrations required to explain it are outliers within the
CDM model. It is thus still uncertain if simulated CDM predic-
tions can be brought completely into agreement with observa-
tions by modifications of baryonic feedback and other aspects of
the subgrid physics in simulations or if these discrepancies point
towards new physics in the dark sector.

Many previous works have addressed the aforementioned
tensions, with some developing a theoretical and computational
framework especially suited for warm dark matter (WDM) and
self-interacting dark matter (SIDM). These models were origi-
nally motivated by models of the satellite population of galax-
ies (for WDM), the profiles of dwarf galaxies, and merging
clusters (for SIDM). While these e↵ects are certainly among
the most relevant, the most stringent constraints on the WDM
particle mass are derived from observations of the Lyman-
↵ forest (Iršič et al. 2024) and flux-ratio anomalies of lensed
quasars (Gilman et al. 2020a), while the self-interaction cross-
section is strongly constrained at the scale of massive elliptical
galaxies and galaxy clusters (Meneghetti et al. 2001; Peter et al.
2013; Despali et al. 2019, 2022; Eckert et al. 2022; Shen et al.
2022; Mastromarino et al. 2023). In general, any dark matter
model that aspires to explain observations should be challenged
with reproducing the halo and galaxy properties spanning many
decades in mass and not only in a narrow range of scales. This is
the fundamental aim of the AIDA-TNG project.

The majority of the work in the field of alternative dark
matter is based on zoom-in simulations of limited samples
of objects (Zavala et al. 2013; Rocha et al. 2013; Fry et al.
2015; Robles et al. 2017; Creasey et al. 2017; Despali et al.
2019, 2022; Bhattacharyya et al. 2022; Nadler et al. 2023;
O’Neil et al. 2023; Ragagnin et al. 2024). These simulations can
have the advantage of high spatial and mass resolution, but they
lack the required statistics to test models on multiple scales
and fully understand potential biases in the sample selection.
At the same time, the inclusion of baryonic physics is fun-
damental for studying small scales, but only a limited num-
ber of available alternative dark matter (ADM) hydrodynamical
simulations are of cosmological scale (see Fig. 1). For WDM,
Oman et al. (2024) recently presented two cosmological runs
that use the Eagle galaxy formation model: one 25 Mpc box
where the WDM model considers a 1.5 keV thermal relic can-
didate and one 34 Mpc box reproducing the e↵ect of 7.1 keV
sterile neutrinos. In SIDM, the EAGLE-SIDM (Robertson et al.
2018, 2021; Forouhar Moreno et al. 2022) and BAHAMAS-
SIDM (Robertson et al. 2019) simulations have been the first
to include both self-interactions and baryonic physics on cos-
mological scales. This set includes elastic self-interactions with
constant cross-sections �/m� = [0.1, 1] cm2 g�1 and a model
with a mild velocity dependence peaking at �/m� = 3 cm2 g�1.
More recently, the TANGO-SIDM simulations (Correa et al.
2022, 2024) explored velocity-dependent SIDM models in 25
Mpc volumes, including the SWIFT-EAGLE physics model
(Schaller et al. 2024; Bahé et al. 2022; Borrow et al. 2023).
Finally, the THESAN-HR (Shen et al. 2024) simulations include
di↵erent dark matter variations; however, given their focus on
the epoch of reionisation, they only follow a ⇠6 Mpc box until
z = 6.

The AIDA-TNG project advances the field of ADM simula-
tions by providing a consistent set of high-resolution cosmolog-
ical boxes simulated with the same galaxy formation model and
multiple WDM and SIDM models, in addition to CDM. We pro-
vide a large simulated sample of galaxies and break the degen-

Fig. 1. Available cosmological simulations for ADM models, compared
in volume (x-axis) and resolution (y-axis), to the AIDA-TNG flag-
ship runs (yellow stars) introduced in this paper. Grey symbols show
DMO runs (Schneider et al. 2012; Rocha et al. 2013; Bose et al. 2016;
Stücker et al. 2022; Fischer et al. 2022, 2024), while the simulations
including baryonic physics are shown in colour (Robertson et al. 2018,
2019; Forouhar Moreno et al. 2022; Shen et al. 2024; Correa et al.
2024; Oman et al. 2024). The present work introduces the 50 and 100
Mpc AIDA runs, while the highest-resolution 20 Mpc box will be pre-
sented in an upcoming paper.

eracy between baryonic and dark matter e↵ects at small scales.
In this work, we present simulations evolving two cosmologi-
cal volumes of 51.7 and 110.7 Mpc on a side evolved with the
AREPO code (Springel 2010) in di↵erent dark matter scenarios
and in the TNG galaxy formation model (Weinberger et al. 2017;
Pillepich et al. 2018a).

We present the first results from the AIDA-TNG suite, pro-
viding an overview of the multiple e↵ects of ADM models. In
Sect. 2, we describe the set-up of the AIDA simulations and dis-
cuss the considered dark matter models and their properties. We
then present our main results in Sects. 3 to 6. We start by dis-
cussing the halo and stellar mass function in Sect. 3 and their
evolution with redshift. Section 4 focuses on the e↵ects of ADM
on the distribution of dark matter and baryons within haloes,
exploring the density profiles and concentration-mass relation.
We then look at the properties of galaxies in Sect. 5. Finally,
Sect. 6 presents measurements of the matter power spectra of
the di↵erent mass components and their evolution in time. In
Sect. 7, we summarise our results and present our conclusions.

2. The AIDA simulations

The AIDA-TNG simulations, Alternative Dark Matter in the

TNG universe (AIDA for short, hereafter), consist of three cos-
mological volumes of increasing resolution and decreasing size
simulated in cold and ADM models, with and without bary-
onic physics. In this work we present the two largest boxes of
110.7 and 51.7 Mpc on a side and the first results obtained from
their analysis, while a smaller (and higher resolution) 20 Mpc
box will be introduced in an upcoming work. The uniqueness
of the AIDA set lies in the fact that we run the same cosmolog-
ical volumes in multiple dark matter scenarios, spanning cold,
warm and self-interacting dark matter. Moreover, we create both

A213, page 2 of 20

Despali+25

TNG collaboration

A lot of cosmological simulations are available 

CDM ADM
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How to constrain DM? Why globular clusters? 
How to simulate their dynamics?

I) Our approach: GC semi-analytical model in 
post-processing of cosmological simulations

II) Origin of our Galactic GCs

III) GC dynamics in FDM universe: impact of the 
DM core profi

IV) GC dynamics in FDM universe: impact of 
FDM dynamical friction

Future works

 P. Di Matteo, LIRA  C. Laporte, LIRA  A. Szpilfi

 O. Agertz, Lund Observatory  S. Khoperskov, AIP

 J. Bovy (GALPY PI), University of Toronto

Boldrini, Di Matteo, Laporte et al. +25, submitted to A&A 
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170 Milky-Way GCs: 6D phase space & masses
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Figure 9. Classification results for the Galactic GCs in the [Fe/H]–�A space (left column) and IoM space (right column). The results are combined from various
classifiers using a Bayesian approach, as detailed in the text. All panels show the in-situ population as red squares. This population is the same for all rows
because our classification of in-situ vs. ex-situ GCs is robust. The top row shows the #g = 2 classification of all ex-situ GCs without prior knowledge, i.e., purely
unsupervised clustering. We mark the group associated with GS/E as blue triangles. For comparison, we also show the GCs unambiguously assigned to the
Sagittarius dwarf (cyan), Helmi streams (green), and Sequoia galaxy (magenta) by Massari et al. (2019, M19) as open circles. In the middle row, we incorporate
prior knowledge by excluding the classifiers that put more than 1 unambiguous GC from any of the three progenitors to GS/E. Based on this classification, we
again split the remaining GCs into two groups (bottom row). We highlight the group corresponding to the Sagittarius dwarf as cyan triangles. For reference,
we plot the circular angular momentum !circ in the IoM space as the dashed curves. We also show the classification boundary by Belokurov & Kravtsov (2024,
BK23) in the IoM space as the solid curve for comparison.

Chen+24

EX-SITU

IN-SITU
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Figure 9. Classification results for the Galactic GCs in the [Fe/H]–�A space (left column) and IoM space (right column). The results are combined from various
classifiers using a Bayesian approach, as detailed in the text. All panels show the in-situ population as red squares. This population is the same for all rows
because our classification of in-situ vs. ex-situ GCs is robust. The top row shows the #g = 2 classification of all ex-situ GCs without prior knowledge, i.e., purely
unsupervised clustering. We mark the group associated with GS/E as blue triangles. For comparison, we also show the GCs unambiguously assigned to the
Sagittarius dwarf (cyan), Helmi streams (green), and Sequoia galaxy (magenta) by Massari et al. (2019, M19) as open circles. In the middle row, we incorporate
prior knowledge by excluding the classifiers that put more than 1 unambiguous GC from any of the three progenitors to GS/E. Based on this classification, we
again split the remaining GCs into two groups (bottom row). We highlight the group corresponding to the Sagittarius dwarf as cyan triangles. For reference,
we plot the circular angular momentum !circ in the IoM space as the dashed curves. We also show the classification boundary by Belokurov & Kravtsov (2024,
BK23) in the IoM space as the solid curve for comparison.
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Results: the E - Lz space
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Chen+24 Pagnini+23

EX-SITU

IN-SITU Mixture of  
ex-situ  

and in-situ  
GCs

Previous studies found a clear separation between the two GC populations 

and it is based only on quantities at z=0!


What is missing? 

1) Long-term evolution of the MW

2) Cosmological context

EX-SITU IN-SITU
Formed in 

satellite galaxies
Formed within  

the MW

170 Milky-Way GCs: 6D phase space & masses
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Nelson et al. Computational Astrophysics and Cosmology             ( 2019)  6:2 Page 3 of 29

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

50 Mpc

TNG-50

1726 A. Pillepich et al. 

MNRAS 535, 1721–1762 (2024) 

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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 Combined with orbit integrations with GALPY of 

18,000 globular clusters from redshift z = 3 to 0

 Track mass loss and dynamical friction in evolving 
galactic environments.

198 MW systems, 18 000 GCs, from redshift z=3 to z=0, 3 physical properties

 Galactic spherical potentials are extracted from 

TNG50 cosmological simulations containing 198 
Milky Way-like galaxies.

 GCs are tagged between z=3 and 2 according to       
Burkert & Forbes+20 relation

Boldrini+25a



New classification of the two GC populations in our Galaxy
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Key results:
Mixing

zone

New

ex-situ

 frontier

New

in-situ


 frontier

Mixture of the two GC populations —> Challenges previous separation methods

Boldrini+25a

Boldrini+25a
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Key results:

New

ex-situ

 frontier

New

in-situ


 frontier

 New classification: 79 in-situ versus 81 ex-situ GCs 
— more ex-situ than previously thought.


 Kinematics alone are insufficient to trace GC origins 
—> chemical abundance could provide additional 
constraints (see Pagnini+25b).  


 Full cosmological modeling is essential to understand 
the globular cluster population’s assembly history.

ex-situ to 

in-situ 


number 
ratio

Our work Belokurov+24

1.02 0.52 0.6

Chen+24 Sun+23

1.2

Boldrini+25a
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How to constrain DM? Why globular clusters? 
How to simulate their dynamics?

I) Our approach: GC semi-analytical model in 
post-processing of cosmological simulations

II) Origin of our Galactic GCs

III) GC dynamics in FDM universe: impact of the 
DM core profile

IV) GC dynamics in FDM universe: impact of 
FDM dynamical friction

Future works

 P. Di Matteo, LIRA  C. Laporte, LIRA  A. Szpilfi

 O. Agertz, Lund Observatory  S. Khoperskov, AIP

 J. Bovy (GALPY PI), University of Toronto

Boldrini & Di Matteo +25, in prep. 



GC dynamics in fuzzy dark matter universe [1/2]
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 A different DM halo density profile, with a central core instead 
of a cusp

 A suppression of small-scale structure formation compared to 
CDM

 A fluctuating potential that induces dynamical heating of 
infalling objects —> Dynamical friction

SR simulation of FDM Model 3

Figure 1. 2D visualization of the LR, HR, and SR density distributions for both FDM and LCDM. The central rows show a slice of the enter 20 Mpc simulations,
while the top and bottom rows show zoomed in portions of those simulations. The zoomed in locations are indicated with the blue boxes on the central panels.
The upper half of the figure is showing the Fuzzy Dark Matter simulations, while the lower half is showing the Cold Dark Matter simulations.

3 RESULTS

3.1 Visual impression

Fig. 1 shows slices of the dark matter density distributions for both
LCDM and FDM at all resolutions. We show both a slice through
the whole box as well as a smaller region centered on the most

massive halo in the volume. Visually the HR and SR distributions
for FDM tend to display less small scale structure as indicated by
fewer smaller clumps of particles than the distributions for LCDM
as expected from the different models. The LR simulations for both
FDM and LCDM are very similar in appearance however, and we
shall see in Section 3.2 that the most of the extra fluctuation power in

MNRAS 000, 1–7 (2022)
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Figure 1. 2D visualization of the LR, HR, and SR density distributions for both FDM and LCDM. The central rows show a slice of the enter 20 Mpc simulations,
while the top and bottom rows show zoomed in portions of those simulations. The zoomed in locations are indicated with the blue boxes on the central panels.
The upper half of the figure is showing the Fuzzy Dark Matter simulations, while the lower half is showing the Cold Dark Matter simulations.

3 RESULTS

3.1 Visual impression

Fig. 1 shows slices of the dark matter density distributions for both
LCDM and FDM at all resolutions. We show both a slice through
the whole box as well as a smaller region centered on the most

massive halo in the volume. Visually the HR and SR distributions
for FDM tend to display less small scale structure as indicated by
fewer smaller clumps of particles than the distributions for LCDM
as expected from the different models. The LR simulations for both
FDM and LCDM are very similar in appearance however, and we
shall see in Section 3.2 that the most of the extra fluctuation power in

MNRAS 000, 1–7 (2022)

Deviations from CDM at galaxy scales

CDM FDM

5 Mpc/h

Sipp+22

m22 = mχ /10−22 eV

Amorisco+18a, Chiang+23b

Iršic+17, Kobayashi+17, Nori+19, Armengaud+17, Rogers+21

Review:  Eberhardt & Ferreira+25

 Free parameter: FDM particle mass 

 m22 = 0.1 - 100

 Low m22 —> Maximise FDM effects

 High m22 —> CDM

 Galactic constraints: m22 = 0.5 - 1.5 


streams, MW disc 

 Cosmological constraints: m22 = 7 - 20


Lyman-α forest 
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GC dynamics in FDM universe: impact of DM core

 Solitonic core + NFW 

 TNG50 Milky Way mass growth

 198 MWs


FDM MW-like galaxies from TNG50

ρ(r) =
ρ0(z, rc, m22)

(1 + 0.091 (r/rc(z, Mh, m22))2)8

Boldrini+25b

Schive+14
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GC dynamics in FDM universe: impact of DM core

 Solitonic core + NFW 

 TNG50 Milky Way mass growth

 198 MWs


FDM MW-like galaxies from TNG50

ρ(r) =
ρ0(z, rc, m22)

(1 + 0.091 (r/rc(z, Mh, m22))2)8

In-situ globular cluster population

FDM parameter space

198 MW systems, 7709 GCs, from redshift z=2 to z=0, 3 physical properties

 7709 GCs tagged at z=2 within MW progenitor according to Burkert & Forbes+20 relation 

 Initially located within the stellar half-mass radius of each galaxy and have disc-like distribution (Lz > 0.6 Lcirc)

 Absence of dynamical friction but mass loss 

 Four different FDM particles masses: m22 = 0.3, 1, 7 and 30

Boldrini+25b

tfric ∼ (Mgal(r)/MGC) × tdyn

Schive+14
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SIDM 
Collisional dark matter

WDM 
High velocity dark matter

FDM 
Quantum wave-like nature

Density profile Dynamical friction Satellite population  
(low mass halos)Deviation from CDM

Similar to CDM

Massive galaxies Dwarf galaxiesMassive galaxies Dwarf galaxies

Reduced by the 
presence of a  

DM core

Erased or reduced by 
quantum fluctuations 

Hui+17

Less abundant in WDM 
 Bullock+17 , Marsh+15

DM core with size depending on the  
DM free parameter

Inefficient due to  
the huge mass ratio 

with GC

GC dynamics in FDM universe: impact of DM core

Boldrini+25b

if Mh ↘ or m22 ↘ ⇒ Core size ↗



22

GC dynamics in FDM universe: impact of DM core

FDM (m22=0.3) FDM (m22=7.0)CDM

Initial conditions

 Distributed equivalently of 
normalized E-Lz


 Fair comparison between DM 
potentials (core vs cusp)
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GC dynamics in FDM universe: impact of DM core

FDM (m22=0.3) FDM (m22=7.0)CDM

FDM (m22=0.3) FDM (m22=7.0)CDM
Initial conditions Time evolution in

 Distributed equivalently of 
normalized E-Lz


 Fair comparison between DM 
potentials (core vs cusp)

 Low m22: steepest slope in the E(Lz) is explained by the dominant baryonic 
contribution in the central regions of the galaxy


 Energy barrier to escape the central region is harder to overcome in FDM     

—> orbital confinement

Boldrini+25b
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GC dynamics in FDM universe: impact of DM core

FDM (m22=0.3) FDM (m22=7.0)CDM

FDM (m22=0.3) FDM (m22=7.0)CDM
Initial conditions Time evolution in

 High m22: DM core becomes more compact and denser and the relative 
contribution of baryons to the total potential decrease.


 The accessible area in the (E,Lz) plane expands in FDM                                   

—> orbital expansion

Boldrini+25b
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GC dynamics in FDM universe: impact of DM core
Mass of GC systemSurviving GCs Half-mass radiusAt z=0:

 m22 < 7: Fewer and individually less massive GCs. 

GC system —> less massive and more spatially concentrated than in CDM


 m22 ∼7: Similar to CDM, both in terms of total mass and spatial distribution. 


 m22 >7: Larger number of surviving clusters, generally more massive. 

GC system —> more massive and more extended than in CDM

3 regimes for the in-situ GC population

Boldrini+25b
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GC dynamics in FDM universe: impact of DM core
Mass of GC systemSurviving GCs Half-mass radiusAt z=0:

 m22 < 7: Fewer and individually less massive GCs. 

GC system —> less massive and more spatially concentrated than in CDM


 m22 ∼7: Similar to CDM, both in terms of total mass and spatial distribution


 m22 >7: Larger number of surviving clusters, generally more massive. 

GC system —> more massive and more extended than in CDM

3 regimes for the in-situ GC population

Favored by galactic constraints

Favored by cosmological constraints

Boldrini+25b
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How to constrain DM? Why globular clusters? 
How to simulate their dynamics?

I) Our approach: GC semi-analytical model in 
post-processing of cosmological simulations

II) Origin of our Galactic GCs

III) GC dynamics in FDM universe: impact of the 
DM core profi

IV) GC dynamics in FDM universe: impact of 
FDM dynamical friction

Future works

 P. Di Matteo, LIRA  C. Laporte, LIRA  A. Szpilfidel, LIRA

 O. Agertz, Lund Observatory  S. Khoperskov, AIP

 J. Bovy (GALPY PI), University of Toronto

Szpilfidel, Boldrini, Bovy, Di Matteo +25, in prep. 
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SIDM 
Collisional dark matter

GC dynamics

WDM 
High velocity dark matter

FDM 
Quantum wave-like nature

Dynamical friction Satellite population  
(low mass halos)Deviation from CDM

Similar to CDM

Massive galaxies Dwarf galaxies

Reduced by the 
presence of a  

DM core

Erased or reduced by 
quantum fluctuations 
Hui+17, Lancaster+19

Less abundant in WDM 
 Bullock+17 , Marsh+15

Inefficient due to  
the huge mass ratio 

with GC

GC dynamics in FDM universe: impact of specific dynamical friction

Density profile

Massive galaxies Dwarf galaxies

DM core with size depending on the  
DM free parameter
Lopsidedness from dynamical friction 3

Non−bound DM
Galaxy DM
Stellar distribution
Passing particles

0

Figure 1. Illustration of the density wake’s production in case of low (left panel) and high (right panel) velocity dispersion of the DM
particles. The trajectory of a sample of DM particles is shown in blue, and the red arrow indicates the direction of motion of the galaxy.

2.1 Framework and nomenclature

In the classical formula for DF, the cause of the potential
is a point source. In the present study we forfeit this as-
sumption and describe the matter distribution that causes
the DF using an extended gravitational potential �(x). The
potential is related to the density distribution via the Pois-
son equation. In the present study we are not interested in
the e↵ect of the DF to the overall source of the potential
(e.g. galaxy), but to massless test-particles that co-exist in
that potential (e.g. stars in the disc of a galaxy). The accel-
eration of these test-particles depend on their exact position
inside the galaxy. Positions, velocities and accelerations of
test-particles are denoted as x?, v?, and a?, respectively. For
simplicity, we assume that the centre of the reference frame
is located at the centre of the potential �(x).

Positions, velocities and accelerations of passing parti-
cles (carriers of added momenta) are denoted as x, v, and a,
respectively. Notice that all the coordinates are time depen-
dent. The mass of these particle is m, and their acceleration
is calculated from the gravitational potential,

a(x) = �r�(x). (1)

Thereafter, their coordinates x and velocities v are found by
calculating their orbits from the equations of motion:

dx
dt

= v (2)

dv
dt

= a(x), (3)

with initial conditions given by x(t = �1) = x0, |x0 | = 1,
and v(t = �1) = v0 (where t is time). The second boundary
condition means that the passing particles are not bound to
the system (i.e. galaxy).

2.2 Response to a single passing particle

In this section we estimate how a test-particle, that co-exist
in the potential �(x), responds to an event of particle pass-
ing. In the present case we assume that the positions of
test-particles change only very little per event and can be
ignored. Thus, the only e↵ect results from the increase of its
velocity.

A test-particle is accelerated by the gravitational force
created by the passing particle. This acceleration can be
calculated as

a0?(x?, x) = �Gm(x � x?)
|x � x? |3

, (4)

corresponding to the acceleration created by a point source
at time t. Here G is the gravitational constant, and x? and v?
are the position and velocity of the test-particle, respectively.

The change in the velocity of the test-particle (i.e. �v) is
calculated by summing all instantaneous accelerations dur-
ing the passing event. Quantitatively, it is found by integrat-
ing the force along the orbit of the passing particle:

�v =
1π

�1
a0?(x?, x(t))dt. (5)

The quantity �v describes the response of a test particle to
a single passing event. The next step is to include all the
passing particles and their relative importance. This is done
in the next section.

2.3 Cumulative response to passing particles

Now we calculate the overall e↵ect on a test-particle due to
all encounters. The overall acceleration of a test-particle can
be found by including all possible events, or equivalently by
multiplying the velocity increased per event (i.e. �v) by the

MNRAS 000, 1–14 (2015)

Kipper+20

tfric ∼ (Mgal(r)/MGC) × tdyn

⃗F DF



x

29

GC dynamics in FDM universe: impact of specific dynamical friction

 A. Szpilfidel, LIRA

New public Galpy package for FDM dynamical friction

 Implementation in both Python and C of Lancaster+20 formulation in GALPY


 Documentation available at https://docs.galpy.org/en/latest/reference/potentialfdmdynfric.html


 Included in the next release of galpy in November 26 


 Very efficient: 1000 GCs over 10 Gyr  —> 0.01 CPU hour

⃗F CDM = − 4πG2M2
GC ρ(r)

⃗v
v3

𝒞(r, v)

𝒞CDM(r, v) =
1
2

ln(1 + Λ2)[erf ( v

2σ ) −
2v

2πσ
e− v2

2σ2 ]
𝒞FDM(r, v, m22, Mσ)

CDM:

FDM: (2 regimes depending on the velocity dispersion of the FDM medium) 

https://docs.galpy.org/en/latest/reference/potentialfdmdynfric.html
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GC dynamics in FDM universe: impact of specific dynamical friction

x

Why dynamical friction is reduced in FDM galaxies?

 Not intrinsically reduced in the sense of a vanishing frictional 
force

 Persistent stochastic density fluctuations of the FDM halo 
dynamically heat the GC

 This heating counteracts the energy loss due to DF by 
injecting kinetic energy into the GC

 Heating stronger as GCs approach the galactic center

 Low m22 —> no dynamical friction

 High m22 —> CDM dynamical friction

if Density ↗ or m22 ↘ ⇒ Heating ↗

Szpilfidel+25
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GC dynamics in FDM universe: impact of specific dynamical friction

m22=0.2

m22=6.0

m22=80

m22=0.2

m22=6.0

m22=80

CDM 109 M☉ halo
 GCs: 106 M☉ , half-mass radius of 10 pc, N=4500, initially 
uniformly distributed in log space between 0.1 and 10 rs, 


   populated the E-Lz space


 Halo: 109  (dwarfs) - 1012 M☉ (MWs), rs from cosmological   
simulations, fixed potential


 10 Gyr of evolution


 3 models

Szpilfidel+25FDM only friction = NFW + FDM DF

CDM = NFW + DF

FDM = Core + FDM DF
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GC dynamics in FDM universe: impact of specific dynamical friction

DF efficiency =
2 rDF

apo − rno DF
apo

rDF
apo + rno DF

apo
> 5 %

Szpilfidel+25

321

1 2 3

FDM (only friction)

 Classical DF: above a mass ratio of 7 ×104, friction 
becomes negligible

 Regime of interest for significant FDM signatures:   dwarf 
galaxies
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x

DF efficiency =
2 rDF

apo − rno DF
apo

rDF
apo + rno DF

apo
> 5 %

Szpilfidel+25

321

1 2 3

FDM (only friction)

 Classical DF: above a mass ratio of 7 ×104, friction 
becomes negligible

 Regime of interest for significant FDM signatures:   dwarf 
galaxies


 Zone 1: FDM DF is highly inefficient —> orbital stalling


 Zone 2: Effective but reduced compared to CDM


 Zone 3: Converge back to CDM

FDM stalling mechanism challenges the 
expected galactic cannibalism of GCs
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x

 stalling mechanism from quantum heating counteracting DF 

and from the presence of a DM core

 —> implications for the galactic cannibalism of GCs

 Artificially construct in-situ and an ex-situ GC populations


Szpilfidel+25

Impact of FDM GC system demographics in dwarfs

 In-situ:  

 Ex-situ:

rinit
apo < rs

3rs < rinit
apo < 10rs

After 10 Gyr of evolution 
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GC dynamics in FDM universe: impact of specific dynamical friction

x

 stalling mechanism from quantum heating counteracting DF 

and from the presence of a DM core

 —> implications for the galactic cannibalism of GCs

 Artificially construct in-situ and an ex-situ GC populations


 CDM: indiscernible mixture of populations


 FDM: In-situ survived in the central regions, whereas ex-situ 
clusters remain at larger radii

 Absence of galactic cannibalism 


—> bimodal radial distribution for m22 < 6

Szpilfidel+25

Impact of FDM GC system demographics in dwarfs

 In-situ:  

 Ex-situ:

rinit
apo < rs

3rs < rinit
apo < 10rs

After 10 Gyr of evolution 

Presence or absence of this bimodal signature in dwarf GC population

=


 sensitive indicator of the nature of DM
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SIDM 
Collisional dark matter

GC dynamics

WDM 
High velocity dark matter

FDM 
Quantum wave-like nature

Density profile Dynamical friction Satellite population  
(low mass halos)Deviation from CDM

Similar to CDM

Massive galaxies Dwarf galaxiesMassive galaxies Dwarf galaxies

Reduced by the 
presence of a  

DM core

Less abundant 
 Bullock+17 , Marsh+15

Inefficient due to  
the huge mass ratio 

with GC

Conclusions

DM core with size depending on the  
DM free parameter

2 regimes: 
resilient to 

galactic 
cannibalism 

and absence of 
mixing 

Szpilfidel+25

Orbital 
confinement 
or expansion 
depending on 

m22 
Boldrini+25b
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mixing 

Szpilfidel+25

Orbital 
confinement 
or expansion 
depending on 

m22 
Boldrini+25b

 Density profile: SIDM produces larger and less dense cores than FDM - WDM cores have higher central densities 
than SIDM and are similar to FDM, but never exceed NFW profile —> MWs


 Dynamical friction: Similar to CDM in SIDM and WDM —> dwarfs
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Thank you!


