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Why study compact objects?

Relics of galaxy  
formation and evolution 

Products of extreme  
formation environments

An interconnected  
ecosystem

How do they form?How do galaxies assemble? How do they interact?
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 Formation channels
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Golden age for these compact objects

Malhan et al. (2022)

Context: Globular clusters (GCs)

Credits: ESO

‣Tracers of the hierarchical formation of galaxies

Soutenance de Giulia Pagnini - Meudon, 25 September 2024

Gravitationally bound 
Massive: 

Compact: size  few pc 
Old: age > 10 Gyr

∼ 105 M⊙
∼
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Mathias Urbano et al: Euclid view of diffuse stellar structures and globular clusters in the Dorado group of galaxies

 

Fig. 2: Euclid surface brightness maps in the IE band with a scale in mag arcsec→2 indicated to the bottom. Colour images made by co-adding the
IE, the YE, and the HE bands using Astropy (Astropy Collaboration: Robitaille et al. 2013; Astropy Collaboration: Price-Whelan et al. 2018, 2022)
are super-imposed in the inner regions of the main galaxies. Top: Whole FoV (↑ 56 arcmin2) of the ERO-D observations. Lower-left: 300↓↓ ↔ 300↓↓
cutout around IC 2058 and the dwarf galaxy PGC 75125. Lower-right: 600↓↓ ↔ 600↓↓ cutout around NGC 1546. In this figure, north is up, east is to
the left.

Article number, page 5 of 26
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Half-million extragalactic  
GC and NSC candidates 

in 4000 galaxies 

within <100 Mpc


ERO data: ~7000 GCs in dwarf galaxies 
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6D phase space


Urbano+25Malhan+22 JWST

~ 2000 compact stellar clumps 
in Abell 2744 and AbellS1063 


galaxy clusters

Vanzella+22

LISA

104 -107 M☉ (from 2035)

Tremmel+18



Why now?

7

 Gravity

 Dynamical friction

 Mass loss

 Tidal stream formation

BH
GC NSC

During a merger, compact objects experience:

Pagnini+23

 Spatial resolution ~ sub-pc


 Mass resolution ~ 1 M☉


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

A challenging problem:

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

individual stars
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Globular clusters

Nuclear star clusters

not resolved in cosmological simulations —> below the mass and spatial resolution


Needed to resolve 

GCs and NSCs


TNG collaboration
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Globular clusters

Nuclear star clusters

If resolved

High-resolution cosmological simulations —> limited to high redshift (z=3-5)

Idealized high-resolution galaxy simulations—> limited to a few galaxies (1-2)
Young massive clusters in galaxy mergers 3

Figure 1. Bound GMCs and YMCs identified in the simulated merger of two Milky Way-sized galaxies after the first passage at C = 0.25 Gyr. Panel (a): Gas
surface density of the merging pair. Strong tidal features, such as tidal tails and bridges, are clearly present. Panel (b): Zoom-in view of the gas distribution
in the central region of the host galaxy (upper), in the tidal tail (middle), and in the gas bridge (lower). The identified GMC candidates more massive than
5 ⇥ 105 M� are labeled as blue circles. Panel (c): the same three zoom-in regions as panel (b) but for the distribution of stars. The identified YMCs more
massive than 105 M� are labeled as red stars.

ISM structure, generates galactic fountain flows self-consistently,
and maintains feedback-regulated ine�cient star formation that is
consistent with observations.

2.2 Initial conditions

In L20, we studied the physical properties of the GMCs in an isolated
galaxy, which consisted of a stellar bulge and disc, a gaseous disc,
and a dark matter halo, with masses similar to the Milky Way. The
physical parameters of the initial conditions in this isolated disk
are described in L20. In the current work, we construct new initial
conditions of the galaxy merger by putting two identical isolated
galaxies together in a pre-merger state. We specify the spin axis
of each disc with parameters \ and q in spherical coordinates for
each galaxy. We follow the work done by Cox et al. (2006); Hopkins
et al. (2013) and choose to simulate a near-prograde merger with the
disc spin parameters (\1, q1, \2, q2) = (30�, 60�,�30�, 45�). This
type of merger represents a strong resonant interaction so that the
resulting tidal features are strongly developed. Note that the goal of
this experiment is to explore the e�ects of mergers on the formation
of GMCs and YMCs, not to fully explore all merger configurations.
Therefore, here we only consider equal-mass major mergers with
a parabolic orbit (e.g. Benson 2005; Khochfar & Burkert 2006).
Systematic studies of di�erent merger configuration can be found in
Naab & Burkert (2003); Cox et al. (2006); Robertson et al. (2006);
Cox et al. (2008); Burkert et al. (2008); Jesseit et al. (2009).

The mass resolution for both gas and stars is ⇠ 1.4 ⇥ 103 M� ,
which allows us to resolve GMCs and YMCs more massive than
4⇥104 M� with more than 30 resolution elements. The gravitational
softening for gas cells is fully adaptive with a minimum softening
of 3.6 pc. We use this same value for the softening length of the star
particles as well.

2.3 Cloud and cluster identification

In L20, we used the ����������� algorithm (Rosolowsky et al.
2008) to identify GMCs in 2D molecular gas surface density maps of
the simulated disk galaxies. That method mimics the observational
analysis used for sub-mm observations and is crucial when the goal
is to closely compare simulations with observations in order to
distinguish di�erent model parameters. In contrast, the goal of this
paper is to investigate the physical e�ects of galaxy mergers on the
spatially-resolved properties of GMCs and YMCs. Therefore, we
are more interested in the actual clouds in 3D rather than the ones
that are identified in 2D projections.

We identify GMCs from all gas cells via a modified version
of SUBFIND (Springel et al. 2001) that take into account adaptive
softening lengths when estimating gravitational boundness. We also
identify SUBFIND groups of star particles and obtained the bound
YMC candidates in each snapshot of both the isolated and merger
simulations. We remove GMCs or YMCs that contains less than 30
resolution elements as these low mass objects su�er low number

MNRAS 000, 1–16 (2022)
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Fig. 1. Face on view of the stellar surface density of all simulations. Each panel shows the last snapshot of the simulation (t = 1 Gyr). There is a
notable increase in the number of visible star clusters in simulations with less feedback, compare, e.g., SNe and SNe+wind+radiation.

3. Results

Throughout this section, we investigate the properties of young
star clusters as a population. Unless otherwise stated, we search
the outputs for clusters using a friends-of-friends (FOF) algo-
rithm on the positions of stars younger than 25 Myr with a link-
ing length of 4 pc. The FOF groups are refined by removing stars
that are not gravitationally bound1 to the group and considering
the groups with at least five remaining members as clusters. We
show how our main result depends on di↵erent choices of these
parameters in Appendix A.

We present simulations executed from the same initial con-
ditions with di↵erent types of feedback activated (see Sect. 2).
Each simulation is labeled by what feedback mechanisms are
active during run time, with five di↵erent combinations: 1) no
feedback activated; 2) SNe only; 3) SNe and stellar winds; 4)
SNe and radiation; 5) SNe, stellar winds and radiation (see, e.g.,
Fig. 1 for an example of the labels). The main suite of simula-
tions runs for 1000 Myr with an output cadence of 25 Myr. Fur-
thermore, we omit outputs in the first 300 Myr to avoid spurious
e↵ects from the initial conditions.

Figure 1 shows the stellar surface density of the final out-
put in each simulation. In this figure, it is apparent that intro-
ducing more feedback decreases the number of visible clusters.
This result is persistent throughout the simulation, and, as we
will show later, this is primarily the case for more massive star
clusters.

3.1. Cluster formation efficiency

The upper panel of Fig. 2 shows the SFR and cluster forma-
tion rate (CFR), while the lower panel shows their ratio (CFE =
SFR/CFR) to demonstrate how simulations with more feed-
back result in galaxies with fewer clusters. We measure both
these quantities on the same timescale (25 Myr). For simulations
including feedback, the CFE remains roughly constant in each
1 We define particles to be gravitationally bound to the cluster if their
mutual specific gravitational energy (epot,i =

P
j,i Gmj/|r j � ri|) exceeds

their specific kinetic energy.

Fig. 2. Rate and fraction of stars formed in clusters. Top: SFR (filled
line) and CFR (dotted line) as a function of time for all simulations.
Both these quantities are measured on the same timescale (25 Myr).
Bottom: the CFE as a function of time for all simulations. Dashed hor-
izontal lines indicate the fractions of cluster mass to total stellar mass
formed after 300 Myr (outside gray shaded region).

model, albeit with a large short-term variation. With radiation
feedback, the mean CFE is ⇠15%, in stark contrast to the simu-
lations with only SNe and SNe+winds, where the mean CFE is
⇠65% and ⇠55%, respectively. Without radiation, stellar winds
suppress the CFE compared to only SNe. However, radiation
dominates over stellar winds, resulting in similar CFE in the two
simulations with radiation and with or without stellar winds. In
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Figure 4. An x–y projection of the stellar and gaseous structure around the central cluster formation region at a simulation
time of t ⇠ 160 Myr, before the first massive cluster blows out the super-bubble. The top and middle rows show the stellar
surface density and gas surface density around the two most massive star formation region at that time. The left and right
bottom panels show the bound cluster particles (colored points) and unbound stellar particles (gray) within the respective
regions. All cluster positions are shown with red points in the middle panel of the bottom row. The left and right columns show
80 pc by 80 pc by 80 pc zoomed slices of the regions shown in the middle column, which spans a 800 pc by 800 pc by 800 pc
slice centered at the first forming massive cluster.

Li+22 Lahen+20Andersson+24

1 dwarf over 1 Gyr 2 dwarfs over 0.3 Gyr2 MWs over 1 Gyr

in the preferential location of higher metallicity clusters to-
ward the center, in agreement with observations (Djorgovski
& Meylan 1994; van den Bergh 2003).

Note that although the high-redshift GCs form in dense
gaseous disks, the subsequent accretion of their parent galaxies
along filaments will lead to tidal stripping and disruption. For
example, analysis of the evolution of Milky Way–size pro-
genitors (Kravtsov et al. 2004) shows that most of the dwarf-
size systems that are located within P3 virial radii from the
progenitor at z > 4 accrete early and are disrupted before the
present-day epoch. This includes most of the objects hosting
GCs in Figure 2. The disrupted systems form a diffuse DM halo
and contribute to the stellar halo of the host (Bullock et al.
2001). Their clusters would share the fate of the stripped stars
and should therefore have spatial distribution at z ¼ 0 similar to
the stellar halo stars. Direct observational evidence of disrup-
tion is provided by the extended tidal tails around GCs (e.g.,
Odenkirchen et al. 2003; Sohn et al. 2003), around dwarf satel-
lite galaxies (Freeman & Bland-Hawthorn 2002 and references
therein), and the possible association between the two (Lynden-
Bell & Lynden-Bell 1995). We will investigate the dynamical
evolution and the present-day spatial distribution of the GC pop-
ulation in our model in a future study.

3.2. Molecular Clouds in the Dense High-Redshift Disks

The globular clusters in our model form in the high-density
cores of giant molecular clouds of the high-redshift galaxies
(Fig. 1). It is therefore important to consider the properties of
the molecular clouds in connection with the properties of GCs
and host galaxies. Figure 3 shows the evolution of density and
metallicity in the central cell of the most massive disk shown in
Figure 1. Although this cell has the highest gas density and is
located at the bottom of the potential well, the overall evolution is
common for all cells. The gas density exhibits several promi-
nent peaks associated with the fast episodes of accretion. Cold

metal-poor gas is delivered to the center of the disk by both
merging of smaller galaxies and direct accretion of gas along a
filament that reaches inside the disk region. The rapid increase
of the density and pressure in the cell during the accretion
events can trigger the collapse of the molecular cloud. The gas
density saturates at lower redshifts (z P 5) as the accretion on
the center of the disk slows down.
The bottom panel of Figure 3 shows the evolution of met-

allicity due to the SN ejecta (the contribution of SNe Ia to the
metallicity is negligible at these epochs). The metallicity quickly
increases to about 10% of solar and then evolves slowly. Note
that the events of accretion of the fresh low-metallicity gas may
lower the mean metallicity, even in the very central region. If
a series of globular clusters forms between z ¼ 8 and 4 in this
region, the younger ones are not necessarily more metal-rich
than the older ones. The age difference of these clusters would,
however, be less than 2 Gyr.
Overall, the galaxies in the simulation exhibit a well-defined

correlation between the stellar mass and the average metallicity
of stars, Z / M 0:5

" , similar to the correlation observed in nearby
dwarf galaxies (Dekel &Woo 2003). There is also a significant
spread in gas metallicity even within a single object, which
indicates that mixing of metals is rather inefficient. The wide
range of gas metallicity in star-forming regions eliminates any
clear age-metallicity correlation for high-redshift clusters. For
instance, stars formed at the same epoch can have metallicities
different by up to 2 orders of magnitude. This may also at least
partially explain the well-known ‘‘second parameter problem’’
(e.g., Carney 2001).
The efficiency of GC formation, i.e., the ratio of the GCmass to

the mass of the molecular, baryonic, or DM system containing it,
depends on the averaging scale. Within the cores of giant mo-
lecular clouds the local efficiency is of the order unity (x 2.4). Av-
eraged over the whole molecular cloud, however, the efficiency is
much lower becausemost of themolecular gas is not participating

Fig. 1.—Gas density (left) and temperature (right) in the most massive disk at z ¼ 4. The projected density is in cm#2, while the density-weighted average
temperature is in kelvins. The vectors in the right panel show gas velocities; the thick vertical vector in the lower left corner of the panel corresponds to 200 km s#1. The
density and temperature are projected over a 3.5 kpc slice centered on the cell of the maximum gas density (the center of the plot). The figure shows a nearly face-on disk
with prominent spiral arms in the process of very active accretion and merging. In our model the globular clusters form in the densest regions of the disk corresponding
to the darkest knots in the temperature map. The globular clusters identified in the disk at this epoch are shown by circles in the left panel. The radius of the circles
corresponds to the mass of each cluster.
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Figure 4. The formation process of a proto-GC formed in z5m11c_hr_G18 (see the box in panel D of Fig. 3), which has a final mass of Mcl = 1.4⇥ 107 M�
by the end of the simulation. Each panel is 2 kpc along each side showing the projected image of a 500 pc-thick slab of the ISM, centered on the median
position of all cluster members (and/or their progenitor gas particles). The color (grey) maps in the first/third (second/fourth) rows show the gas surface
density. The vector fields in the first/third rows ate the gas motion relative to the center of mass of cluster members (and/or their progenitors). The blue points
in the second/fourth rows show all star particles in the slab, while the red points highlight the cluster members. The formation time is when half of the cluster
members have formed (t = 0). Panels A and B show a gas flow sweeping across the slab from top right to the bottom left. The dense gas entrained in the flow
will collide with the dense gas along its path, forming a high-surface-density cloud at the center of panel C. Most cluster stars form (panels C–E) when the
cloud maintains a surface density above 104 M� pc�2. This is sufficiently high that feedback fails to overcome the self-gravity of the cloud and almost all the
gas in the cloud turns into stars within a cloud free-fall time. In the meanwhile, the cloud is fed by a large-scale flow from the left side of the frame, so the
cloud can survive for a few Myrs. Feedback from the cluster finally blows out the surrounding gas in panel F.

is defined as the epoch when half of the cluster’s member particles
have formed (i.e. cosmic time t = 1.121 Gyr, redshift z = 5.172 for
this cluster). Each column shows a slab (2kpc⇥2kpc⇥500pc, the
third dimension refers to the direction perpendicular to the page) in
the ISM at the given time centered on the median coordinate of all
cluster members (and/or their parent gas particles). The color (grey)
maps in the first/third (second/fourth) rows represent the projected
gas surface density (⌃=

R
⇢dl). These images show the gas distri-

bution in the ISM and highlight the dense structures in this region.

We checked our results are not sensitive to the thickness of the slab
as long as it is larger than the typical size of these dense structures
(a few 10 pc to 100 pc). The vector fields in the first/third rows show
the direction of gas motion with respect to the center of mass of all
cluster members (and/or their progenitors). The blue points in the
second/fourth rows show all star particles in the slab, regardless of
their formation time. The red points highlight the cluster members
(after they turn into stars).

c� 0000 RAS, MNRAS 000, 1–18

6 Sameie et al.

Figure 2. Analogous to Fig. 1 but for the bound stellar cluster formed in m10i galaxy at I = 10.8. Unlike the cluster in m10l, there is no cloud-cloud collision
inducing the formation of the cluster. In this case, it is filamentary gas accretion, coupled with compression due to supernova feedback, that pushes gas to
⌃gas = 104 M� pc�2. In this case, the cluster formation happens at such an early epoch that there is barely even a “host galaxy" to speak of, and the stellar mass
formed as a result of the cluster formation far exceeds the pre-existing stellar content of the halo.

pletely soon after C50. We find a range of C50 values, from ⇠100 Myr
to 2.5 Gyr (see Table 1). The longest-lived clusters are those that
form at the greatest distances from the center of their host halos,
indicating the importance of tides — coupled with numerical e�ects
— in disrupting the clusters in our simulations. Notably, only one
cluster forms within its host galaxy’s half-mass radius and that some
form at > 4 A1/2,h, e�ectively completely outside of the galaxy.

In Fig. 4, we show the time evolution of the stellar mass profile
of the (merged) m10l cluster over 2.5 Gyr after its formation. For
the first ⇠1.3 Gyr, corresponding to over 100 crossing times, the
cluster’s inner mass profile is remarkably stable, while secular mass
loss outside of A1/2 reduces the cluster mass by ⇠ 30%. Over this
period, the cluster completes approximately 13 regular orbits around
its host galaxy, with stable apocenters of ⇡ 1.1 kpc and pericenters
of ⇡ 200 pc. Subsequently, the mass loss accelerates and the clus-
ter eventually dissolves after ⇠2.5 Gyr. The half-mass radius of the
cluster remains nearly constant over the cluster’s entire evolution.
Although our simulations do not have the ability to accurately track
the orbits of stellar particles over a Hubble time — which would
require a direct #-body integrator, not the softened force algorithm
employed by G���� — and the force softening adopted here pre-
cludes the formation of clusters with ⇠pc-scale half-mass radii, these

results indicate that the clusters forming in these simulations are
long-lived and are plausible progenitors of present-day GCs that are
observed in some dwarf galaxies.

3.3 Connections between stellar clusters and their host halos

The last 6 columns of Table 1 contain information about the dark
matter halo within which each cluster forms and the properties of
the central galaxy of each halo at the time of cluster formation. As
expected for halos that have "vir (I = 0) = 1010 M� , the progenitor
halos at high redshifts – when the clusters form – are approximately
an order of magnitude lower in mass, "⇠(0.5�1.5)⇥109 M� , and the
maximum circular velocity of the host at the time of cluster formation
is 30�40 km/s. These numbers indicate that these GCCs are forming
at high redshift in halos that are a factor of ⇠10 more massive than
the atomic cooling limit of )vir = 104 K $ +halo = 17 km/s (or
"vir ⇡ 108 M� at I⇠8).

At the time the clusters form, the halos typically have very low
stellar content: the most massive “galaxy" — defined as the stellar
mass within 0.1 Avir prior to the formation of the cluster — is 105 M� ,
and in some cases, only 104 M� of stars exist near the center of the
halo prior to the time of cluster formation. In this sense, the formation

MNRAS 000, 1–14 (2022)
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Resolved but

Black holes

BH particles are artificially repositioned toward the local potential minimum

—> Prevents numerical scattering and enables efficient subgrid modelling of BH 
accretion and feedback 

Unresolved dynamical friction is treated using subgrid prescriptions 
—> BH dynamics down to sub-kpc scales 

Interactions between BHs and nuclear star clusters are not modeled 
—> insufficient spatial and mass resolution
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Overcoming these numerical limitations?
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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
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Other DM theories
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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

TNG-50
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Cosmological simulation

TNG50

200 MW-like galaxies

Reconstructing the evolving 
cosmological environment

Φenv(t) = Φhost(t) + ∑
i

Φsat,i(t)

Galaxy profiles: 

 Global shape

Spherical potentials: Non-spherical potentials:

ρDM(r) =
ρ0

( r
rs ) (1+

r
rs )

2
ρDM(x, y, z) =

ρ0

(m /rs)α (1 + m /rs)β−α

Internal shape


Cuspy profile 

(CDM)

Core profile 

(baryons or 

FDM)

Besnard+26
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Cosmological simulation

TNG50

200 MW-like galaxies

Reconstructing the evolving 
cosmological environment

Φenv(t) = Φhost(t) + ∑
i

Φsat,i(t)

Galaxies are modeled:

 between z=3 and z=0

 via analytical spherical potentials for dark matter and stars 
extracted from the simulation

 with their merging satellite galaxies represented by moving 
potential

Boldrini+26
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Cosmological simulation

TNG50

200 MW-like galaxies

Reconstructing the evolving 
cosmological environment

Φhost(t) + ∑
i

Φsat,i(t)

Tagging 
compact  
objects

Tagging methods:

 in post-processing —> no need to rerun simulations

 already done in cosmological simulations such as 
Illustris TNG-50, FIRE, EAGLE, AURIGA, … 
 new: first time on a large statistical sample (200 MWs)

 new: compact stellar systems and black holes

Pfeffer+17, Reina-Campos+22, Grudic+23, Creasey+18, Ramos+20, 
Halbesma+20, Park+22, Rodriguez+23, Doppel+23, Chen+23, +24 

X(t0), V(t0), M(t0)
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Cosmological simulation

TNG50

200 MW-like galaxies

Reconstructing the evolving 
cosmological environment

Tagging

compact 

objects

Following their dynamics

Physics:

 Orbital integrations

 Dynamical friction (3)

 Mass loss (1)

 Tidal streams

X(t), V(t), M(t)X(t0), V(t0), M(t0)Φhost(t) + ∑
i

Φsat,i(t)

Bovy+15
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Following their dynamics

Dynamical friction (3):

 Chandrasekhar formulation for spherical systems 

 Binney formulation for non-spherical systems

 Dynamical friction in alternative DM theory (Fuzzy Dark Matter)

Boldrini+26

Szpilfidel+25

Assuerus in prep.

Petts+15
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Cosmological simulation

TNG50

200 MW-like galaxies

Reconstructing the evolving 
cosmological environment

Tagging

compact 

objects

Following their dynamics

X(t), V(t), M(t)X(t0), V(t0), M(t0)Φhost(t) + ∑
i

Φsat,i(t)
18000 GCs

+ 200 BHs


+ 200 NSCs

Statistical predictions  
to compare with 

observational data



Our approach

18

OutputsStatistical predictions 

to compare with 

observational data

18000 GCs

+ 200 BHs


+ 200 NSCs

Orbits Mass

Streams

BH

GCs

NSC

X(t), V(t), M(t)

Boldrini+26
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Cosmological 

simulation

Cosmological 

environment

Tagging

objects Dynamics Statistical


predictions

 Using any existing cosmological simulations (no need to rerun)


 Complete cosmological environment (host + satellites)


 Computationally inexpensive (400 CPU hours - 2 days on my laptop)


 Statistics (well suited for Gaia, JWST, and Euclid data)

publicly available on GitHub

Flexible semi-analytical model in post-processing of simulations

 LIRA, Observatoire de Paris: P. Di Matteo, D. Katz, C. 
Laporte, L. Casamiquela, M. Assuerus 
 Sapienza (Italy): M. Montuori 
 University of Vienna (Austria): G. van den Ven

Boldrini+26
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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.

X (kpc)

KINEMATICALLY HEATED UP 
TO POPULATE THE HALO!

MW ONLY T = 0 GYR

Purely circular orbits

In-situ globular 
clusters mix with 
accreted ones

Milky Way’s 
globular clusters 
acquire a halo-like 
kinematics during 
the merging 
process…

Results: the E - Lz space
‣How the Milky Way reacts to the merger

T = 5 GYR

Soutenance de Giulia Pagnini - Meudon, 25 September 2024

Pagnini et al. 2023, A&A, 673, A86
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Pagnini+23

EX-SITU

IN-SITU

Previous studies found a clear separation between the two GC populations 

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

Origin of the 171 MW GCs:

 In situ: formed within the MW

 Ex situ: formed within satellite galaxies

Chen+24

Mixture of  
ex-situ  

and in-situ  
GCs
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TNG-50

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

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

Φhost(t) + ∑
i

Φsat,i(t)

 GCs are tagged at z=3 according to Burkert&Forbes+20 
relation


 18,000 globular clusters from redshift z = 3 to 0 by 
incorporating dynamical friction and mass loss


 198 Milky Way-like galaxies from z=3 to z=0


 DM halo (NFW profile) + stellar component 
(Hernquist profile) —> spherical potentials


 Cosmological environment: 
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Key results:
Mixing


zone in MW GCs

New

in-situ


 frontier

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

Boldrini+25a

Boldrini+25aNew

ex-situ

 frontier

Application 1: Origin of MW globular clustersApplication 1: Origin of MW globular clusters
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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 
abundances could provide additional constraints (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

Application 1: Origin of MW globular clustersApplication 1: Origin of MW globular clusters

 LIRA, Observatoire de Paris: P. Di Matteo, C. Laporte 
 Lund University (Sweden): O. Agertz 
 AIP (Germany): S. Khoperskov 
Observatoire de Strasbourg: G. Pagnini
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Euclid space telescope
GC detection and identification: 

 Deep imaging

 High spatial resolution 
 Optical + NIR photometry

Large sky coverage —> Large sample of galaxies

 Observatoire de Strasbourg: A. Lançon, T. Saifollahi 
 CRAL, Lyon: A. Claeyssens 
 Euclid working group: Extragalactic Globular Clusters (EGC)
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Euclid Early Release Observations (ERO) data
Fornax galaxy cluster at 20 Mpc Perseus galaxy cluster at 73 Mpc

Spatial resolution: 10-20 pc

Cuillandre+24

35-70 pc
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Euclid Early Release Observations (ERO) data
Fornax galaxy cluster at 20 Mpc

Where are the GCs?

Saifollahi+24
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Euclid Early Release Observations (ERO) data
Fornax galaxy cluster at 20 Mpc Perseus galaxy cluster at 73 Mpc

30 dwarf galaxies, 47 GC candidates

Cuillandre+24

826 dwarf galaxies, 6553 GC candidates
Saifollahi+24 Saifollahi+25

 -11.2 < VIS Magnitude < -7

 GC catalogues: > 90% and 
> 80% complete 


 1-30 x 105 M☉
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Euclid Early Release Observations (ERO) data

Set of selection criteria:

 VIS Magnitude < -8 —> More massive GCs

 Exclude objects with galactocentric radius below 0.2 kpc  —> Remove NSC candidates

Observed properties: 

 GC projected distance

 GC mass

 Galaxy stellar mass

Saifollahi+24

A sample of 4500 GC candidates
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Euclid GCs at z=0

2.2 2.5

Fornax cluster 

(39)

Perseus cluster

(4487)

We should not go forward in time, but backward …

Euclid: Boldrini+26
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Integrating GC trajectories backward in time within realistic dwarf galaxy potentials

Backward orbital integrations effectively reverse the role of dynamical friction —> energy gain

 Identified dwarf analogues based on the stellar mass

 Time-evolving potential between z=3 and z=0 
 Account for the evolution of dwarf galaxies within the 
TNG cluster environment

TN
G

 c
ol

la
bo

ra
tio

n

TNG50 most massive galaxy cluster (1014 M☉)

848 dwarfs (106 -109.5 M☉)

Backward in time Forward in time
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Integrating GC trajectories backward in time within realistic dwarf galaxy potentials

Different mass-evolution scenario in galaxy cluster environment

Time-evolving potential between z=3 and z=0 
 Account for the evolution of dwarf galaxies within the 
TNG cluster environment

TN
G

 c
ol

la
bo

ra
tio

n

TNG50 most massive galaxy cluster (1014 M☉)

848 dwarfs (106 -109.5 M☉)

Euclid: Boldrini+26
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Euclid GCs from z=0 to z=3

2.2 2.5

Fornax cluster 

(39)

Perseus cluster

(4487)

Euclid: Boldrini+26
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2.2 2.5

Fornax cluster 

(39)

Perseus cluster

(4487)

Euclid GCs from z=0 to z=3

Perseus cluster

at z=3

4.02.5

Dynamical friction

Euclid: Boldrini+26

GCs would have been located at much larger galactocentric distances
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What do the simulations tell us?

Euclid: Boldrini+26

2.5

Simulations

EDGE (184)

FIRE-2 (7)

Perseus cluster

at z=3

Euclid: Boldrini+26

Discrepancy between simulations and reconstructed Euclid data?

Elmegreen+97, Kruijssen+15

Taylor+25 
Sameie+23

 Most GCs should form within 1 kpc of the galaxy centre
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Normalised by the galaxy size

Discrepancy between simulations and reconstructed Euclid data?

Euclid: Boldrini+26

Simulations

EDGE 8<z<2

FIRE-2 z>4

Perseus cluster

at z=3

189 12

???
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JWST data on GC birth radii
Abell 2744 galaxy cluster

573 galaxies between z=0.7 and z=10 
—> 1956 compact stellar clumps

Claeyssens+25

N
AS

A/
ES

A

Set of selection criteria:


 0.2 kpc < R < 10 kpc —> excluding both NSCs and distant outliers

 z > 2 —> high-redshift systems

 Size < 40 pc —> removing overly extended structures


 Mass > 6 × 106 M☉ —>  massive compact star-forming regions

45 regions potentially hosting the formation of one or several GCs
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Perseus cluster

at z=3

JWST (45)

3 18

Even stronger discrepancy, as the peak of the distribution lies very close 

to the present-day Euclid distribution 

???

JWST data on GC birth radii

Euclid: Boldrini+26
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Combined action of several of these processes operating simultaneously over cosmic time

Problem: tension between the backward-integrated positions 
of Euclid Perseus GCs and the expected birth locations inferred 
from simulations

Solution 1: survivorship bias inherent to z=0 GCs 

 Largely dominated by ex situ GCs —> Extreme scenario

 Estimated missing in situ population: 9000 in situ—> high probability of sinking 

 Only 27% of Perseus dwarfs host an NSC

 67% of dwarfs have not experienced a merger in TNG50 galaxy cluster

Solution 2: reduce or counteract dynamical friction

 Allow GCs to leave the central region after their formation

 Expected mixed population of in situ and ex-situ, as in MW 
 Candidates: DM mass loss, DM subhalo-GC interactions, non-spherical 
potential, mergers, core profile, alternative DM theory (FDM), …

Boldrini+26
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Futur work [1/2]

New observational data:
 Euclid ERO: 39 GCs in Fornax galaxy clusters —> DR1: several thousand new GCs


 45 star forming regions of GCs in Abell 2744 —> NEW: 23 in AbellS1063


CosmoDyn 2.0:

Claeyssens+26

Leaman+17

Hernquist&Ostriker+92

 GCs tagged based on DM halo mass and distribution functions                                                                                                             

—>  NEW: incorporating physically motivated GC-formation models

 Fixed analytical density profiles                                                                                                                      

—> NEW: basis-function expansion method from particles of the simulation
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Futur work [2/2]
Applying the model to CDM simulations:

Applying the model to ADM simulations:

 A. Maccio

 Fuzzy dark matter simulations —> Fuzzy Gasoline

( dwarf galaxies + hydrodynamic)


Nori+24

2.0

Khoperskov+23

 Local group simulation —> Hestia 2

 How did MW-like galaxies form and assemble 
over cosmic time? 
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Thank you!
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If resolved

High-resolution cosmological simulations —> limited to high redshift (z=3-5)

Idealized high-resolution galaxy simulations—> limited to a few galaxies (1-2)

Not resolved in cosmological simulations —> below the mass and spatial resolution 

Black holes

Globular clusters

Nuclear star clusters

Overcoming these numerical limitations?

Lahen+20,  Li+22,  Andersson+24, Deng+24, … 

Kravtsov +05, Li +17, Kim +18, Ma +20, Meng +22, Sameie +22, … 

Artificially repositioned toward the local potential minimum —> in many simulations 

Dynamical friction prescriptions —> limited to kpc scales 

Interactions between BHs and nuclear star clusters —> not modeled

Chen+22

Bahé+21


