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ABSTRACT

We present a first analysis of the dynamics of in situ globular clusters (GCs) in Milky Way (MW)-like galaxies embedded in fuzzy dark
matter (FDM) halos, combining cosmological assembly histories from the TNG50 simulation with dedicated orbital integrations and
analytical models. GC populations were initialized with identical distributions in normalized E-Lz in matched cold dark matter (CDM)
and FDM halos. In a universe dominated by FDM, we identified three distinct regimes for the in situ GC population depending on the
particle mass m22 ≡ mχ/10−22 eV. For m22 < 7, baryons dominate the inner potential, which remains steep and centrally concentrated,
confining GC orbits to a narrow region and producing less massive, more compact systems than in CDM. For m22 ∼ 7, GC properties
resemble those in CDM, with similar mass and spatial distributions. For m22 > 7, the dark matter becomes both compact and globally
dominant, generating a deeper and more extended gravitational potential that supports a wider range of stable GC orbits, resulting
in more massive and spatially extended GC systems. Finally, we extended our framework to make predictions for GC populations in
alternative dark matter models, including warm dark matter and self-interacting dark matter, in both MW-like and dwarf galaxies.
Our findings demonstrate that in situ GC systems offer a sensitive and independent probe of the underlying DM physics, opening new
avenues for observational constraints with the upcoming Euclid mission.
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1. Introduction
Although its existence is firmly established through its gravi-
tational effects on baryonic matter, the nature of dark matter
(DM) remains unknown. The standard cosmological model,
cold DM (CDM), continues to face challenges on galactic
scales (see Bullock & Boylan-Kolchin (2017); Boldrini (2021)
for reviews), thereby motivating alternative models such as
warm DM (WDM) (Bond et al. 1980; Dodelson & Widrow
1994; Hogan & Dalcanton 2000; Abazajian 2006; Viel et al.
2005), self-interacting DM (SIDM) (Spergel & Steinhardt 2000;
Carlson et al. 1992; de Laix et al. 1995), fuzzy DM (FDM)
(Goodman 2000; Hu et al. 2000), or even primordial black holes
(see Carr & Kuhnel (2025) for a review). In this context, globu-
lar clusters (GCs) are particularly valuable as probes of galactic
dynamics. These compact stellar systems are essentially DM-
free, relatively low in mass, and roughly an order of magnitude
more numerous than satellite galaxies (171 Milky Way GCs ver-
sus 11 classical satellites). In contrast to satellite galaxies, GCs
also span a wide range of galactocentric distances, from 0.7 to
200 kpc in the Milky Way (MW). These ancient relics encode
key information about the assembly history of the MW and are
strongly influenced by the gravitational effects (Reina-Campos
et al. 2022a,b) and intrinsic properties of DM by extension.

European space missions such as Gaia (Gaia Collaboration
2021), and more recently Euclid (Euclid Collaboration: Mellier
et al. 2025), have revolutionized our ability to study GCs. Gaia
has provided full six-dimensional phase-space information for
⋆ Corresponding author: pierre.boldrini@obspm.fr

nearly all Galactic GCs (Vasiliev & Baumgardt 2021). Euclid,
whose first observations were recently released (Urbano et al.
2025; Massari et al. 2025; Kluge et al. 2025; Saifollahi et al.
2025a,b), is expected to transform our understanding of GC pop-
ulations in nearby galaxies, with the anticipated detection of up
to half a million extragalactic GCs out to 100 Mpc (Lançon
et al. 2021; Voggel et al. 2025). Thanks to its high spatial res-
olution, Euclid will characterize an unprecedented number of
GCs around galaxies of all types, in both high- and low-density
environments, including MW-like galaxies in the local Universe.
Early observations in the Fornax cluster have already recovered
over 95% of the known GCs, and resolved GCs as compact
as rh = 2.5 pc at 20 Mpc (Saifollahi et al. 2025b). This large
dataset offers a unique opportunity to place new constraints on
the nature of DM.

In this study, we focus on the FDM model, proposed as a
viable alternative to CDM (see Eberhardt & Ferreira (2025) for
a review). DM is then assumed to be an ultra-light scalar field
with no self-interaction in the nonrelativistic limit, referred to
as FDM. This scalar field is assumed to be made up of very
light particles with a mass of mχ = 0.1–30 × 10−22 eV. Galactic
studies, such as the analysis of the thickening of cold stellar
streams (Amorisco & Loeb 2018), suggest m22 > 1.5, while stud-
ies of the MW disk indicate a boson mass around m22 ∼ 0.5–0.7
(Chiang et al. 2023). These results are in tension with some of
the more stringent constraints derived from the Lyman-α for-
est, which limit the mass to the range m22 = 7–20 (Iršič et al.
2017; Kobayashi et al. 2017; Nori et al. 2019; Armengaud et al.
2017; Rogers & Peiris 2021). However, they rely on sensitive
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assumptions regarding the intergalactic medium, and their valid-
ity remains debated, especially due to the neglect of effects such
as radiative transfer (Hui et al. 2017; Bar-Or et al. 2019; Garzilli
et al. 2019; Schutz 2020; Chiang et al. 2023; Pozo et al. 2024).
Such ultra-light DM particles have a characteristic wavelength
called the de Broglie wavelength:

λB = 1.19 m−1
22

(
100 km/s
vrel

)
kpc, (1)

where vrel is the characteristic velocity of infalling objects and
m22 = mχ/10−22 eV. Equation (1) shows that wavelengths of a
few kiloparsecs are of an astrophysical scale, where quantum
effects become significant. As a result, they can alter the clas-
sical dynamical properties predicted by CDM (Hu et al. 2000;
Woo & Chiueh 2009; Böhmer & Harko 2007). In essence,

if m22 ↘ ⇒ λB ↗, (2)

meaning that quantum effects extend over increasingly larger
regions of the galaxy as the particle mass decreases.

Integrating FDM into cosmological simulations remains a
major challenge due to its intrinsic wave-like nature (Schive
et al. 2014, 2016; Mocz et al. 2020; Veltmaat et al. 2020;
May & Springel 2021; Mina et al. 2020; Chan et al. 2022;
May & Springel 2023; Nori et al. 2023). FDM simulations
are significantly more computationally demanding than their
CDM counterparts, primarily because they require solving the
Schrödinger–Poisson equations that govern FDM dynamics. One
of the key limitations arises from the time step ∆t, which scales
quadratically with spatial resolution. As a result, increasing the
resolution leads to prohibitively small time steps. Moreover, the
spatial resolution must be fine enough to resolve the de Broglie
wavelength (see Equation (1)), regardless of the particle veloc-
ity. Failing to meet this condition results in substantial numerical
errors, such as an incorrect halo mass function. These stringent
numerical requirements restrict full FDM simulations to rela-
tively small cosmological volumes (e.g., 1.4 Mpc/h−1 at z = 0
in Schive et al. (2014)) and often to high redshifts only (e.g.,
z = 3 for a 10 Mpc/h box in May & Springel (2021, 2023)),
making robust statistical studies difficult. For instance, a simula-
tion with a grid size of 81923 cells evolved down to z = 0 would
require at least 107 CPU hours and would still be limited to box
sizes smaller than 10 Mpc/h for the relevant mass range (May &
Springel 2021).

Despite the growing interest in FDM, studies explicitly
coupling its dynamics with that of baryonic systems such as
galactic disks, GCs, or stellar streams (Amorisco & Loeb
2018; Chiang et al. 2023) remain scarce, largely due to the
numerical challenges discussed above. These limitations hinder
the development of a statistically robust understanding of GC
dynamical evolution within a fully consistent FDM framework.
To overcome these difficulties, we adopt a post-processing
approach applied to cosmological simulations, inspired by
the methodology developed by Boldrini et al. (2025). This
long-term strategy aims to build statistically meaningful GC
models that can fully leverage the upcoming observational
potential of the Euclid mission. Our method combines existing
cosmological simulations with orbital integration techniques to
study the hierarchical assembly of GC populations. We use tag-
ging techniques, where GCs are “tagged” at high redshift within
galaxies based on physically motivated prescriptions. Using this
approach, Boldrini et al. (2025) follow the trajectories of approx-
imately 18 000 GCs across a sample of 198 MW–like galaxies

extracted from the hydrodynamical cosmological simulation
TNG50 (Nelson et al. 2019b,a; Pillepich et al. 2019), tracing their
evolution from formation to z = 0. This post-processing method
is particularly advantageous due to its low computational cost,
enabling the study of large statistical samples of galaxies.

In this paper, we investigate the impact of FDM on the
dynamics of in situ GCs in MW-like galaxies, from redshift z = 2
to z = 0. Our approach combines orbital integration techniques
and analytical models with realistic cosmological assembly his-
tories extracted from the TNG50 simulation, enabling us to track
the long-term evolution of GC populations in time-dependent
galactic potentials. We focus exclusively on the in situ GC pop-
ulation, those clusters formed within the main progenitor of
the host galaxy, as tracers of FDM-induced dynamical effects.
In particular, we explore how GC survival and orbital struc-
ture depend on the FDM particle mass m22, which governs the
shape and depth of the central potential. The paper is orga-
nized as follows. Section 2 reviews the relevant properties of
FDM at galactic scales. Section 3 describes the construction of
time-evolving FDM galactic potentials based on TNG50 mass
accretion histories. In Section 4, we detail the initial conditions
for the GC populations and the orbital integration scheme used to
evolve them forward in time. Section 5 presents our first results
on the evolution of GC systems across different DM scenarios.
Section 6 examines the dependence of GC survival, and spatial
and mass distribution on m22, identifying three distinct regimes
for the in situ GC population at z = 0. In Section 7, we general-
ize our approach to alternative DM models, including warm dark
matter (WDM) and self-interacting dark matter (SIDM), and
explore their implications for GC populations in both MW-like
and dwarf galaxies. Finally, Section 8 summarizes our main con-
clusions and discusses the prospects for testing these predictions
with current surveys such as Euclid.

2. FDM physics at galaxy scales

To simulate the dynamics of GCs in galaxies composed of FDM,
it is essential to account for the specific properties of FDM that
distinguish it from the standard CDM model (Marsh & Niemeyer
2019; Hui et al. 2017; Lancaster et al. 2020; Amorisco & Loeb
2018; Chiang et al. 2023; Schive et al. 2014, 2016). In summary,
the dynamics of GCs in an FDM context may be affected by:

– a different DM halo density profile, with a central core
instead of a cusp,

– a fluctuating potential that induces dynamical heating of
infalling objects,

– a substantial modification of dynamical friction due to the
wave-like nature of FDM via its intrinsic density fluctuations
(granules),

– a significantly reduced population of low-mass subhalos.
These factors directly impact the local gravitational potential,
orbital energy dissipation, and tidal forces, all of which are
critical for modeling the long-term evolution and survival of
GCs.

2.1. FDM distribution

Unlike the predictions of CDM, which generally features cen-
tral density cusps in halos, where the density sharply increases
toward the center and is often modeled by an NFW pro-
file (Navarro et al. 1997), FDM halos are characterized by
a dense, nearly constant-density central core known as a
soliton. It represents a stable, lowest-energy solution of the
Schrödinger–Poisson equation, which describes the behavior of
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FDM under the combined influence of gravity and quantum pres-
sure. Cosmological simulations of FDM have shown that the
density profile of the innermost central region of DM halos at
redshift z follows the form (Schive et al. 2014):

ρ(r) =
ρ0(

1 + 0.091 (r/rc)2)8 , (3)

where the central density is given by:

ρ0(z, rc,m22) =
0.019 × 109

(1 + z)3 m−2
22 r−4

c M⊙ kpc−3, (4)

and the core radius is defined as:

rc(z,Mh,m22,Ωm) =
1.6
√

1 + z

(
ζ(z,Ωm)
ζ(0,Ωm0)

)−1/6 ( Mh

109

)−1/3

m−1
22 , (5)

with the redshift-dependent virial overdensity:

ζ(z,Ωm) =
18π2 + 82(Ωm − 1) − 39(Ωm − 1)2

Ωm
. (6)

The presence of this central core is a key feature of FDM in
galaxies. The properties of the core, in particular its size (rc) and
central density (ρ0), strongly depend on the FDM particle mass
(m22) and the host halo mass (Mh). Ultimately, this exotic DM
scenario imposes the following relation:

if Mh ↘ or m22 ↘ ⇒ rc ↗ . (7)

However, when the de Broglie wavelength λB is negligible com-
pared to the galactocentric distance under consideration, DM
particles can be treated as a classical system. Indeed, at larger
radii (r ≫ λB), quantum coherence is broken, and the outer
regions of FDM halos behave similarly to CDM, with a density
profile well approximated by an NFW profile (Schive et al. 2014).
Thus, the full density profile of an FDM halo can be expressed
as:

ρ(r) = Θ(rt − r) ρc + Θ(r − rt) ρNFW, (8)

where Θ is the Heaviside step function, and rt is the transition
radius marking the boundary between the central solitonic core
and the outer NFW-like profile.

2.2. FDM dynamical friction

By perturbing the matter distribution within a galaxy, an orbit-
ing object generates a gravitational overdensity or wake on its
trajectory. The gravitational attraction from this wake exerts a
back-reaction on the object, gradually slowing it down. The
dynamical friction experienced by a GC, satellite galaxy or a
black hole moving through an FDM background differs from
the classical Chandrasekhar (1943) formula, which applies to
CDM. This difference arises from the wave-like nature of FDM
particles. Quantum interferences of FDM waves within the
halo produces ubiquitous, stochastic density fluctuations, often
referred to as granules. Constructive and destructive interference
creates regions of higher (granules) and lower density. The typ-
ical size of these granules is on the order of the de Broglie
wavelength, λB. Therefore, if the characteristic size of the sys-
tem l ≪ λB, dynamical friction is modified due to oscillations
in the gravitational wake density. Overall, dynamical friction in
FDM results in a reduction of the force compared to classical

Chandrasekhar estimates. Conversely, when l ≫ λB, the classi-
cal dynamical friction regime is recovered. A convenient way to
decide which regime applies in an FDM universe is to consider
the quantum Mach number (Lancaster et al. 2020):

MQ = 44.56
(
vrel

1 km s−1

) (
Msat

105M⊙

)−1

m−1
22 , (9)

where Msat is the mass of the infalling object. The regime
of interest is MQ ≫ 1, while the classical dynamical friction
description corresponds toMQ ≪ 1 (Hui et al. 2017; Lancaster
et al. 2020; Bar-Or et al. 2019).

2.3. DM halo mass cut

The FDM model also predicts a suppression of small-scale
structure formation compared to CDM. This is attributed to
a cut-off in the initial power spectrum, which arises from an
effective pressure induced by the wave nature of FDM. This pres-
sure counteracts gravity below the Jeans length, preventing the
growth of density fluctuations on smaller wavelengths. Conse-
quently, there exists a minimum halo mass below which FDM
halos or subhalos either do not form or are significantly less
abundant (Marsh & Silk 2014; Mocz et al. 2017; Chiang et al.
2021; Dutta Chowdhury et al. 2021):

Mhalo,min = 4.4 × 107(1 + z)3/4
(
ζ(z,Ωm)
ζ(0,Ωm0)

)1/4

m−3/2
22 M⊙. (10)

Thus, the abundance of low-mass subhalos is significantly
reduced in FDM compared to CDM. However, it is important
to note that the precise characterization of the FDM subhalo
mass function at the low-mass end still presents significant
uncertainties and potentially conflicting results between differ-
ent modeling approaches or numerical simulations (Schive et al.
2016; May & Springel 2023; Chan et al. 2022). Nevertheless, the
overall suppression of low-mass subhalos is a well-established
feature of the FDM model.

2.4. Heating by FDM

Dynamical heating caused by fluctuations in the gravitational
potential is the last distinctive features of FDM (Hui et al. 2017;
Bar-Or et al. 2019; El-Zant et al. 2020; Dutta Chowdhury et al.
2021). In this alternative DM model, these fluctuations mainly
arise from a turbulent density field within FDM halos, charac-
terized by the presence of density granules. Unlike the stochastic
and rare perturbations caused by subhalos in CDM, FDM fluc-
tuations are continuous and recurrent, leading to a diffusive
heating process that can eventually disrupt GCs over time:

tdis =
840 Gyr

frelax

(
vGC

200 km s−1

)2
(

MGC

3 × 105 M⊙

)
×

(
0.01 M⊙ pc−3

ρ

)2 (
30 pc

a

)3

m22,

(11)

where ρ is the FDM halo density, and vGC and MGC are the GC
velocity and mass respectively. a denotes the GC core radius.
For MW GCs, the median core radius is typically a = 3 pc
(Baumgardt & Hilker 2018). For instance, this FDM-induced
heating can cause the thickening of cold stellar streams from
dissolving GCs in the MW (Amorisco & Loeb 2018), or it
may explain the observed thickening of the Galactic disk over
a Hubble time (Chiang et al. 2023).
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3. FDM Milky Way-like galaxies

In Boldrini et al. (2025), we constructed time-evolving gravita-
tional potentials that take into account both the evolution of the
MW and its environment, particularly through the accretion of
satellite galaxies. More specifically, Pillepich et al. (2024) pro-
vide the masses and half-mass radii at various redshifts for 198
MW analogs in CDM, as well as for their associated satellites.
These satellites were modeled using a Hernquist (1990) pro-
file for the stellar component and an NFW profile for the DM
(Navarro et al. 1997), with parameters calibrated based on prop-
erties extracted from TNG50. These MW-like potentials evolve
over time, with the mass evolution and characteristic radii inte-
grated into our model. Our current goal is to transform these
TNG50 MW analogs from CDM into similar galaxies modeled
in the FDM framework, mainly by modifying the density profile
while assuming a mass growth comparable to that observed in
CDM. In the following, we justify the relevance of this approach.
The focus of our study on the in situ populations of GCs within
MW-type galaxies allows for certain simplifications in modeling
the effects of FDM, as previously presented.

3.1. FDM Milky Way halo potential over time

To model an FDM halo, we combined a central solitonic core
with an outer power-law envelope. The final FDM profile is
thus constructed as the sum of two components using the
TwoPowerSphericalPotential profile available in galpy: a
solitonic profile approximated by a power law:

ρ(r) =
ρ01

4πr3
c1

[
1 +

(
r

rc1

)]−β
, (12)

and an outer pseudo-NFW envelope, ensuring a physical tran-
sition and matching the CDM halo outside the core region,
approximated by:

ρ(r) =
ρ02

4πr3
c2

[
1 +

(
r

rc2

)]−3

. (13)

We optimized the parameters (ρ01, ρ02, rc1, rc2) by minimizing
the quadratic error to reproduce the combined soliton + NFW
envelope density expected from Equation (8). Our approximate
FDM profiles are shown in Figure 1 for halos of 1010 M⊙ as
in Safarzadeh & Spergel (2020). Indeed, our profile combina-
tion ensures a transition between the core and the NFW envelope
with a slope of −1 as predicted by FDM. Ultimately, our FDM
potential is approximated by a sum of existing galpy potentials,
which offers a good compromise between accuracy and perfor-
mance since they are already implemented in C and thus faster
than a newly implemented potential not yet optimized for galpy.

3.2. TNG50 Milky Way mass growth

In our study, we took into account the mass growth of the MWs
via the merging of satellites predicted by TNG50, but the sup-
pression of low-mass halos predicted by FDM could affect this
mass growth. Figure 2 shows that the halo mass cutoff depends
on the value of m22, but remains negligible for the overall popu-
lation of merged satellites. Indeed, the cutoff for m22 = 0.3 (1.0)
removes 6.4% (1.12%) of the total satellites of the 198 MWs
between z = 2 and z = 0. Furthermore, for m22 ≥ 7, no halos
are removed (see Figure 2).
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Fig. 1. DM profiles of a 1010 M⊙ halo at z = 0 for different values of m22
as in Safarzadeh & Spergel (2020). The dashed lines show the central
solitonic profiles. The blue line shows the NFW profile of a 1010 M⊙
halo at z = 0. The solid lines show our model for the full halo profile,
which is a combination of the FDM profile transitioning to an NFW
profile, described by Equations (12) and (13). The vertical lines indicate
the size of the FDM core radius. The green solid line corresponds to
the typical stellar density profile for this halo mass, extracted from the
TNG50.
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Fig. 2. FDM halo mass cut for TNG50 merged satellites: DM mass as
a function of time for all merged satellites in the entire TNG50 sample.
The hexagonal bins represent at least one satellite. The solid lines rep-
resent the low halo mass cutoff for different values of m22. The cutoff
for m22 = 0.3 (1.0) removes 6.4% (1.12%) of all satellites between z = 2
and z = 0. For m22 ≥ 7, no halos are removed.

Moreover, dynamical friction is also expected to differ in
FDM compared to CDM, which could affect the infall of merged
satellites within the MWs and modify the mass growth. To
quantify this, we computed the quantum Mach number (see
Section 2.2) for the merged satellites of the entire TNG50 MW
sample between z = 2 and z = 0, which informs us whether
dynamical friction is in the FDM or classical regime. In paral-
lel, we measured the relative difference between two trajectories
of the same satellite integrated with and without dynamical fric-
tion to assess the importance of the latter. It is defined at each
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DF
efficient

FDM regime

CDM regime

DF
inefficient

Fig. 3. Dynamical friction of merged satellites: quantum Mach num-
ber as a function of the relative orbital distance for all merged satellites
in the entire TNG50 sample between z = 2 and z = 0 for m22 = 0.3.
The hexagonal bins represent regions containing at least one satellite.
The red dashed line shows the adopted boundary between the FDM
and CDM regimes, based on the quantum Mach number defined in
Equation (9). The orange dashed line indicates the threshold where DM
dynamical friction becomes efficient, as defined in Equation (14). The
magenta box highlights the region of interest where FDM dynamical
friction must be taken into account, but this only concerns 1.8% of the
satellites.

time by:

δnorm(DF − no DF)(t) =
2 |rDF(t) − rno DF(t)|

rDF(t) + rno DF(t)
, (14)

where rDF and rno DF are the orbital distances of the satellite
from the galactic center with and without dynamical friction
in the galactic potential, respectively. Figure 3, combining this
relative orbital distance and the quantum Mach number (see
Equation (9)), shows that only 1.8% for m22 = 0.3 of all merged
MW satellites within TNG50 between z = 2 and z = 0 are in
a critical region (magenta square) where FDM dynamical fric-
tion is effective and must be taken into account. This percentage
decreases as m22 increases; for example, we find 0.45% for
m22 = 1.0. This allows us to assume that the mass growth of the
MWs will not be affected by neglecting FDM dynamical friction.

Assuming the TNG50 mass growth for each MW, we can
construct an evolving potential between z = 2 and z = 0 for
the DM halo using redshift-dependent Equations (4) and (5) by
injecting them into the profile described by (12). However, this
relation may present significant uncertainties and scatter depend-
ing on the halo concentration and cosmological parameters. As
in Boldrini et al. (2025), we modeled the potentials of the MW-
like galaxies by using a Hernquist (1990) profile for the stellar
component with parameters computed based on properties found
in TNG50. This hypothesis is naturally adopted because of the
lack of data on the stellar distribution within this exotic DM
framework. Detailed studies investigating the interplay between
stars and FDM remain limited (Mocz et al. 2020; Veltmaat et al.
2020). Owing to the computational complexity of these numeri-
cal simulations, these efforts have been limited to a small number
of galaxies, within relatively small volumes (approximately 1.7–
2.5 Mpc h−1) and restricted redshift ranges (up to a maximum of
z = 4), considering only a single FDM particle mass. Neverthe-
less, since the stellar distribution in the CDM paradigm generally

aligns with observations, similar results can be expected for
FDM at least at low redshift although the underlying baryonic
physics differs. We update the potential 75 times during the orbit
integrations. For comparison, we retained the CDM version of
the MW potentials used in Boldrini et al. (2025).

4. In situ globular clusters in FDM Milky Ways

Here we describe how the in situ GC system was assigned to
each MW progenitor at z = 2. The initial number of GCs in
each galaxy is defined using the relation from Burkert & Forbes
(2020), which correlates NGC with the virial mass of the halo:

⟨log NGC⟩ = −9.58 ± 1.58 + (0.99 ± 0.13) log
(

Mvir

M⊙

)
. (15)

We include uncertainties as random noise in our modeling. We
note that applying this relation calibrated on nearby galaxies to
systems at z = 2 introduces some level of uncertainty. This limi-
tation clearly motivates future zoom-in simulations to study GC
formation in high-redshift galaxies, as done by Sameie et al.
(2023) in the CDM framework. Indeed, FDM could perturb the
compressive shocks of gas and cloud-cloud collisions in the
multiphase interstellar medium, thus affecting cluster formation
compared to CDM. We derive the initial positions and velocities
of in situ GCs from stellar distribution functions based on our
sample of progenitor galaxies. As in Boldrini et al. (2025), we
use the publicly available code AGAMA1 to construct equilibrium
galaxy models composed of a stellar bulge and a DM halo for
our z = 2 MW progenitor (Vasiliev 2019). Once equilibrium is
reached, we sample the corresponding phase-space distribution
to generate the positions and velocities of stellar particles, which
serve as proxies for GCs in our analysis. We also impose that
the NGC clusters are initially located within the stellar half-mass
radius of each galaxy and have angular momentum Lz > 0.6 Lcirc,
where Lcirc is the angular momentum of a circular orbit with
the same energy. While GCs are placed on disk-like orbits, our
Galactic potentials do not include a disk component. In this
work, our MWs are only modeled with DM and stellar spheri-
cal components. Although these components have been studied
in TNG50, they were not catalogued in the same way as the
other components for our MW sample to be incorporated into our
study (Sotillo-Ramos et al. 2022). This simplification may affect
the dynamics of in situ GCs, for example, by underestimating the
mid-plane restoring force.

Regarding the initial conditions of GCs in FDM MWs, we
choose to distribute them equivalently in terms of relative grav-
itational binding energy E/ |Emin| and relative angular momen-
tum Lz/Lcirc

z (E) across the different DM models, as shown in
Figure 4. In other words, the clusters were created with equiv-
alent orbital parameters in each potential. This disc-like initial
configuration for the in situ population ensures a fair comparison
between gravitational potentials that have very different struc-
tures (cores versus cusps). This approach guarantees that the
GCs probe dynamically similar regions in each model, allowing
us to isolate the impact of the DM nature on their orbital evo-
lution and mass loss. In our modeling, we do not assign a mass
or size to the GCs. Instead, we treat them as test particles, since
dynamical friction is negligible over our integration timescale
(∼11 Gyr) due to the large mass ratio between the enclosed MW
mass and typical GC masses. This allows us to omit the specific

1 Available at https://github.com/
GalacticDynamics-Oxford/Agama
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FDM (m22=0.3) FDM (m22=7.0)CDM

Initial conditions Time evolution in

Fig. 4. Confined-orbit versus expanded-orbit GCs. Initial conditions in left panels: normalized total energy as a function of the normalized z
component of angular momentum at z = 2 for in situ GCs (points), used as initial conditions in two different MW host galaxies (IDs 529365 and
572328), under various DM models. The energy is normalized to the absolute value of the minimum of the gravitational potential, and the angular
momentum is normalized to the absolute value of that of a circular orbit at the NFW scale radius rs. The colored curves represent the orbital limits
allowed by the gravitational potentials in the CDM (blue), FDM with m22 = 0.3 (orange), and FDM with m22 = 7.0 (purple) models. Time evolution
in right panels: galactocentric distances of GCs as function of time from z = 2 to z = 0, shown for the three DM models for two MW-like galaxies.

implementation of FDM dynamical friction, which will be nec-
essary for modeling the ex situ population. For the mass loss
calculation, each GC is initially assigned a mass of 106 M⊙.
The mass decay applied in post-processing does not impact GC
orbits, since dynamical friction is negligible. We also neglect
dynamical heating of GCs induced by density fluctuations in
FDM galaxies. Indeed, Figure A.1 shows that this disruption pro-
cess is exceedingly slow for MW GCs, even in the central region,
with timescales ranging from 30 to 400 Gyr within the inner 1
kpc, assuming m22 = 0.3 for an FDM halo with a total mass of
1012 M⊙. We computed this disruption time using Equation (11)
for the 171 GCs in the MW as provided by Gaia (Vasiliev &
Baumgardt 2021), assuming a relaxation efficiency factor frelax
that must be less than or equal to 1 (Hui et al. 2017). In addition,
the timescale of the process increases with the boson mass m22.
It is important to note that, for field stars in the MW, this heating
will be particularly effective, given that their masses are 3 to 4
orders of magnitude lower than those of GCs.

In this study, we perform GC orbital integrations for our
sample of 198 MW-like galaxies across cosmic time, within
time-evolving FDM MW potentials, for four different FDM par-
ticle masses: m22 = 0.3, 1, 7, and 30, using the publicly available
code galpy2 (Bovy 2015). We also account for mass loss of our
7709 GCs for each DM model. At each MW potential update,
GC mass loss is computed using the model of Kruijssen et al.
(2011), which includes contributions from stellar evolution, two-
body relaxation, and tidal shocks. Our orbital integration time
resolution is set to 2 Myr (500 steps per Gyr), using the fast C
integrator dop853_c implemented in galpy. This is an explicit
Runge–Kutta method of order 8(5,3), which offers high accuracy
and efficiency for evolving complex dynamical systems. Regard-
ing computational performance, orbital integrations from z = 2
to 0 for m22 = 1 take approximately 6 CPU hours.

2 Available at https://github.com/jobovy/galpy

5. FDM confined or expanded-orbit mechanism

Figure 4 illustrates how the orbits of in situ GCs evolve over time
depending on the DM model, based on two example MWs. The
initial distribution is shown in the normalized energy–angular
momentum space at z = 2 in the left panels. We highlight that
the orbital decay of the clusters, in the absence of dynamical
friction, is caused by the time evolution of the MW potential.

Compared to the orbits in CDM, those in FDM with m22 =
0.3 are significantly contracted from the very first Gyr. A persis-
tent trapping below r < 2–3 kpc is observed after only a few
Gyr, due to the steep slope in the E(Lz) curve for the FDM
m22 = 0.3 model (see left panels of Figure 4), which may seem
counter-intuitive. Indeed, FDM with m22 = 0.3 exhibits a large,
low-density DM core, in contrast to the cuspy NFW profile
(see Figure 2). However, the steepness of the E(Lz) relation is
explained by the dominant baryonic contribution in the central
regions of the galaxy. The stellar profile, modeled with a highly
concentrated Hernquist potential, generates a deep central poten-
tial well that strongly affects low-radius orbits, inducing a rapid
variation of energy with angular momentum. This steep slope
means that a GC must gain significantly more energy to increase
its angular momentum and move to a wider orbit. In other
words, the energy barrier to escape the central region is harder
to overcome in FDM (m22 = 0.3): GCs are more “trapped” than
in CDM. We refer to this phenomenon as orbital confinement
throughout the paper. At larger radii, the baryonic density drops
rapidly, allowing DM to dominate. In the case of FDM with
m22 = 0.3, the extended and diffuse core results in a gradual
flattening of the E(Lz) curve (see Figure 4). We also note that
the orbital space in the E-Lz diagram (region of bound and sta-
ble orbits) is relatively restricted, despite the presence of a deep
baryonic potential. This is further reinforced by the fact that the
total stellar mass is much smaller than the DM mass. Although
baryons dominate locally, they cannot, on their own, sustain a
deep and extended gravitational potential.
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Fig. 5. Last apocenter in FDM as a function of the last apocenter in
CDM for in situ GCs across our entire MW sample for different DM
models. The three colors represent different FDM models, with m22 =
0.3 (orange), 1.0 (red), and 7.0 (violet). The lines indicate the median
values.

In contrast, in FDM with m22 = 7.0, GCs can reach galacto-
centric distances that are even larger than in CDM, as shown in
right panels of Figure 4. As m22 increases, the DM core becomes
more compact and denser, altering the gravitational balance (see
Figure 2). As a result, the relative contribution of baryons to the
total potential decreases, and DM takes over a larger fraction of
the galaxy. The global potential thus becomes deeper and more
extended, allowing for a wider range of accessible orbital ener-
gies. This enables the existence of stable orbits over a broader
range of angular momenta, even far from the baryonic center.
Consequently, the accessible area in the (E, Lz) plane expands.
In FDM with m22 = 7.0, GC orbits are more extended than in
CDM. We refer to this as orbital expansion.

In summary, at low m22, baryons dominate a short and steep
central potential, which confines the orbital space to a narrow
region. At higher m22, DM becomes both compact and globally
dominant, supporting a deeper and more extended gravitational
potential that allows for a wider variety of stable orbits. A natu-
ral consequence of these orbital behaviors is that GCs confined
near the center are much more susceptible to tidal effects and,
ultimately, to disruption unlike those that can migrate to larger
galactocentric distances and remain protected from strong tidal
forces.

To verify these two regimes of orbital behavior across our
entire MW sample, Figure 5 compares, for the 7709 simulated in
situ GCs, the last orbital apocenter reached in an FDM MW to
that reached in CDM. The apocenter directly captures the effects
of orbital contraction and expansion. The downward deviation of
the curves for m22 = 0.3 and 1 from the diagonal shows that, for
an equivalent initial orbit in the E-Lz space, a GC evolving in an
FDM MW remains more spatially confined than in CDM. This
effect is more pronounced at lower m22 values. For m22 = 0.3,
apocenters in FDM are up to a factor of 3–5 smaller than in
CDM over a wide range of orbits. Conversely, for m22 = 7.0,
the behavior is similar to CDM, with deviations at large dis-
tances where the apocenter first increases before decreasing (see
Figure 5). We also verified that for FDM with m22 = 30, there
is a pronounced increase in apocenter in the central region that
diminishes at larger distances. The reduction or increase of the
apocenter in FDM as a function of m22 confirms that clusters
enter two distinct regimes. Either they fail to explore the outer
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Fig. 6. Probability density of GC mass at z = 0 for different DM mod-
els. Solid lines show the median trends, with shaded regions indicating
the 25th and 75th percentiles. The black dashed line corresponds to the
observed GC population in the MW, although it includes both in situ
and ex situ clusters.

regions of MW-like galaxies, which limits their orbital disper-
sion and increases their dynamical vulnerability, or they can
reach more distant regions, thereby enhancing their chances of
survival within the galaxy.

6. FDM impact on the in situ GC population at z = 0

Our first investigations have shown that FDM not only alters halo
structure through core formation, but also profoundly modifies
the orbital dynamics of clusters by either restricting or enhanc-
ing the radial extent of their orbits. This confinement for m22 ≤ 1
or expansion for m22 > 1 appears as a clear dynamical signature
of the FDM effect. This motivates us to examine whether these
orbital behaviors have significant consequences on the GC dis-
tribution at z = 0, which could not only distinguish FDM from
CDM, but also constrain the free parameter m22 through obser-
vations. We anticipate that orbital confinement or expansion will
directly affect both the survivability and the spatial distribution
of the in situ GC population. For this reason, we have selected
specific metrics to quantify these effects as a function of the
stellar mass of the MWs in our sample.

6.1. GC mass distribution

Figure 6 shows the probability density distribution of in situ GC
masses at z = 0 for different DM models. For all FDM mod-
els with m22 ≤ 1, the distribution is tightly clustered around
log(MGC/M⊙) ≈ 5.6. In contrast, CDM and FDM models with
m22 > 1 exhibit narrower and more peaked distributions centered
around log(MGC/M⊙) ≈ 5.8. Moreover, the models differ signif-
icantly in the low-mass end of the distribution. CDM and FDM
models with m22 ≥ 7 show a clear deficit of low-mass clusters
(log(MGC/M⊙) < 5). On the other hand, FDM models with lower
m22 values (especially m22 = 1.0 and 0.3) produce broader dis-
tributions, with a significant number of low-mass clusters. This
behavior is explained by the fact that in these models, GCs are
more vulnerable to tidal effects, particularly when trapped in the
central regions of the galactic potential, which is a typical out-
come for FDM with low m22. In contrast, the m22 = 30 model
shows the highest peak in the distribution, as clusters on more
extended orbits can avoid the strong tidal field of the central
regions.
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Fig. 7. FDM impacts at z = 0: Left panel: ratio of the number of in situ GCs between z = 2 and z = 0 as a function of MW stellar mass at z = 0.
Middle panel: total mass of the in situ GC system at z = 0 as a function of MW stellar mass. Right panel: half-mass radius of the in situ GC system
at z = 0 as a function of MW stellar mass. Each panel compares our different FDM models (m22 = 0.3, 1.0, 7.0, and 30) to CDM for the 198
MW-like galaxies. Solid lines and their associated shaded regions represent the median and 68% confidence intervals within a moving bin along
stellar mass. The confidence intervals are estimated from 1000 bootstrap realizations, each using 95% of the original sample size.

Thus, from an observational perspective, a narrow mass dis-
tribution dominated by massive clusters would be difficult to
reconcile with low-m22 FDM models, while an excess of sur-
viving low-mass clusters would be a strong indicator in favor
of fuzzy DM with low m22. Comparing these predictions to the
observed mass distribution in the MW could therefore offer a
direct test of the nature of DM once the in situ and ex situ GC
populations are properly separated. This is challenging, how-
ever, because the observed population is a mixture of both
in situ and ex situ GCs (Pagnini et al. 2023; Boldrini et al.
2025).

Furthermore, our current results suggest that reproducing the
observed GC mass distribution in the MW requires distinct prop-
erties for the ex situ population depending on the value of m22.
For low m22, ex situ clusters must be predominantly low-mass,
with log(MGC/M⊙) ≲ 5.4, in order to compensate for the lack
of light in situ GCs. In contrast, for high m22, the ex situ pop-
ulation must fill the deficit across the entire mass range, from
log(MGC/M⊙) ≈ 4.5 to 6.2, and therefore must dominate the total
GC population.

6.2. In situ GC survival, mass, and extent in FDM

We analyze the impact of FDM by measuring the number of sur-
viving clusters, the total mass, and the half-mass radius of the
in situ GC system at z = 0, relative to CDM. The left panel of
Figure 7 shows the fraction of surviving in situ GCs, i.e., those
not destroyed by tidal effects between z = 2 and z = 0 in various
MW potentials from CDM and FDM models with m22 = 0.3,
1.0, 7.0, and 30. In the CDM model, the survival fraction of
in situ GCs remains relatively high, exceeding 95% for galax-
ies with stellar masses below log(M∗/M⊙) ≈ 11, and dropping
below 90% for more massive systems. FDM models with high
m22 values (e.g., m22 = 7 or 30) display similar behavior to
CDM. In contrast, for FDM with m22 = 1, the survival fraction
drops below 90% already at log(M∗/M⊙) = 10.7, and falls below
80% for log(M∗/M⊙) > 11.0. The most extreme case occurs for
m22 = 0.3, where the fraction is already below 85% in low-mass
galaxies and drops below 70% in the most massive ones (see left
panel of Figure 7). This result indicates that more massive galax-
ies destroy in situ GCs more efficiently. Indeed, the stronger tidal
forces in the central regions of more massive systems increase

the likelihood of disruption. In addition, FDM models with low
m22 amplify this effect by confining clusters more tightly to the
central regions, where tidal forces are most destructive.

The middle panel of Figure 7 depicts the total mass of the in
situ GC system at z = 0 as a function of the MW stellar mass.
Overall, in all models, the total GC mass tends to decrease with
increasing stellar mass. In the CDM model, low-mass galax-
ies with log(M∗/M⊙) < 10.7 typically host in situ GC systems
more massive than 4× 106 M⊙, whereas for log(M∗/M⊙) > 11.0,
the GC mass drops below 4 × 106 M⊙. The FDM model with
m22 = 30 exhibits systematically higher GC masses than CDM,
reaching ∼6× 106 M⊙ in low-mass galaxies and remaining above
4 × 106 M⊙ even in the most massive systems. Conversely, FDM
models with m22 = 0.3 or 1 show much lower in situ GC masses:
below 3×106 M⊙ in small galaxies, and falling under 2×106 M⊙
for the most massive ones (see Figure 7). This confirms that the
destruction of in situ GCs is more severe in more massive halos,
and that low-m22 FDM models further enhance this destruction,
likely due to the prolonged confinement of clusters in the central
regions of the potential.

The right panel of Figure 7 presents the evolution of the
half-mass radius of the in situ GC system at z = 0, as a func-
tion of the stellar mass. A general increasing trend is observed
across all models. More massive galaxies host spatially more
extended GC systems. However, the different DM models pre-
dict systematically different sizes. FDM models with high boson
mass (m22 = 7 or 30) produce more extended systems than
CDM, reaching approximately 1.2 to 1.5 kpc for log(M∗/M⊙) >
11.0, as shown in Figure 7. The CDM model shows intermedi-
ate sizes, with half-mass radii ranging from about 0.9 kpc for
log(M∗/M⊙) < 10.7 to ∼1.5 kpc in the most massive galaxies. In
contrast, low-m22 FDM models (m22 = 0.3 or 1.0) produce sig-
nificantly more compact systems. For instance, in the m22 = 0.3
model, the half-mass radius never exceeds 1 kpc across the entire
stellar mass range (see Figure 7). This behavior arises because
low-m22 FDM MWs tend to confine GCs more tightly within the
central regions of the galaxy, reducing the spatial extent of the
GC system at z = 0. Conversely, for high m22 values, the oppo-
site effect is observed. The orbital space accessible in the E-Lz
plane widens, allowing GCs to reach more distant regions than
in CDM. This implies that, observationally, a compact in situ
GC system could be a signature of an FDM model with low m22,
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while more extended systems are consistent with high-m22 FDM
models.

In a universe dominated by FDM, we identify three regimes
for the in situ GC population, depending on the value of m22:

– For m22 < 7: the GC population consists of fewer and
individually less massive clusters. The resulting system is
therefore less massive and more spatially concentrated than
in the CDM scenario.

– For m22 ∼ 7: the properties of the GC systems are similar
to those obtained in the CDM model, both in terms of total
mass and spatial distribution.

– For m22 > 7: the population includes a larger number of
surviving clusters, generally more massive. The resulting
system is thus more massive and more extended than in the
CDM scenario.

7. Extension to self-interacting and warm dark
matter theories

Over the past decades, a wide range of alternative DM mod-
els have been proposed. Among them, three major classes have
primarily been explored through simulations: warm DM, self-
interacting DM and FDM. Our approach focuses on the impact
of the DM distribution modified by FDM on the dynamics of
in situ GCs. Our study shows that deviations from the CDM
scenario, combined with baryonic effects, significantly modify
the orbital phase space accessible to GCs, resulting in clear
signatures in the energy–angular momentum E-Lz diagrams. In
principle, a similar analysis could be carried out for SIDM and
WDM models, since these frameworks also predict the formation
of DM cores whose properties depend on a free DM parame-
ter. However, unlike FDM, where redshift-dependent evolution
equations for halo structure exist (see Equations (4) and (5)), no
such time-evolving description is currently available for SIDM
and WDM. As a result, it is presently difficult to construct cos-
mologically consistent models in these scenarios. We therefore
propose to extrapolate the results obtained in the FDM case to
SIDM and WDM, based on a comparison of the E-Lz diagrams
at z = 0, where the dynamical properties of these models are
reasonably well understood. The goal is to motivate future dedi-
cated simulations in these alternative DM theories, despite their
high computational cost, by first reducing the dimensionality of
the relevant parameter space (free theory parameter, galaxy mass
range). Indeed, the main limitation of these alternative models
lies in the introduction of an additional free parameter such as
particle mass (FDM, WDM) or interaction cross-section (SIDM)
compared to CDM, which must be explored systematically.

7.1. Predictions for FDM, SIDM, and WDM

To enable a more direct comparison between alternative DM the-
ories and to predict their impact on the dynamics of in situ GCs,
we introduce the following metric: the relative orbital index, Iorb.
It corresponds to the normalized area of the bound region in the
E–Lz space, relative to the CDM case. This area represents the
region of allowed orbits below a fixed energy threshold Eth in
the E(Lz) diagram. The threshold energy is defined as the energy
of a circular orbit in the CDM model at the scale radius rs. The
relative orbital index is then defined as:

Iorb = A(pDM)/ACDM, (16)

where A(pDM) is the orbital area for the alternative DM model
characterized by the parameter pDM, and ACDM is the corre-
sponding area in CDM. This calculation is performed for two

100 101 102

Dark matter parameter pDM

0.6

0.8

1.0

1.2

1.4

1.6

1.8

Re
la

tiv
e 

or
bi

ta
l i

nd
ex

 I o
rb

FDM
SIDM
WDM

109M
1012M

Fig. 8. Relative orbital index as a function of the DM parameter pDM for
FDM, WDM, and SIDM, shown for a 109 M⊙ dwarf-like galaxy (dotted
lines) and a 1012 M⊙ MW-like galaxy (solid lines). The relative orbital
index is defined in Equation (16). The parameter pDM, characterizing the
strength of the deviations from CDM, corresponds to the FDM particle
mass m22, the WDM particle mass mν (in keV), and the SIDM cross-
section σm (in cm2/g). Simulation results for FDM with m22 = 0.3, 1,
7, and 30 are shown as orange markers. Downward (upward) arrows
indicate orbital confinement (expansion) of in situ GCs relative to CDM.
An equal sign indicates that we recover a CDM-like orbital behavior at
m22 = 7. The red shaded region for the FDM dwarf-like galaxy marks
the regime where FDM dynamical friction significantly deviates from
that in CDM.

representative halo masses: 109 M⊙ (dwarf galaxies, dotted lines)
and 1012 M⊙ (MW galaxies, solid lines), across the WDM,
SIDM, and FDM theories.

Figure 8 shows how the relative orbital index varies as a func-
tion of the DM parameter pDM, which captures the strength of
the deviation from the CDM case. According to our results, val-
ues of Iorb > 1 correspond to an enlarged phase space, allowing
a greater number of orbital configurations and favoring orbital
expansion. Conversely, Iorb < 1 indicates a reduced phase space,
limiting the available orbital configurations and leading to orbital
confinement. In the case of FDM (red curves), the DM parameter
is the boson mass m22. Moving leftward on the horizontal axis
thus corresponds to lighter bosons, which leads to an increase
in the DM core size, as described by Equation (5). For SIDM
(green curves), the relevant parameter is the self-interaction
cross-section per unit mass σ/m. Moving rightward corresponds
to a higher interaction rate, which results in a larger DM core (see
Figure B.1). In the case of WDM (blue curves), the DM param-
eter is proportional to the WDM particle mass mν. Rightward
shifts correspond to lighter particles, which likewise increase the
core size (see Figure B.1).

7.2. MW regime

For a MW-like halo, the FDM, WDM, and SIDM curves dis-
play clearly distinct behaviors. The orbital index in Figure 8
highlights the three regimes identified previously for FDM. We
overplot the results of our FDM simulations for m22 = 0.3, 1,
and 7 using orange markers. Downward (upward) arrows indicate
orbital confinement (expansion), while the equal sign denotes
behavior similar to CDM. Based on our simulation results,
we define a gray band representing the parameter space where
orbital behavior is indistinguishable from CDM according to our
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specific metrics shown in Figure 7. Using this calibration, we
predict the orbital behavior of in situ GCs in WDM and SIDM in
MW-like galaxies. For WDM, the relative orbital index remains
within the gray band across the full range of pDM, implying that
the GC orbital dynamics are essentially indistinguishable from
CDM. By contrast, in SIDM with σm = 1–10 cm2/g, the orbital
index rises above the gray band with an amplitude comparable to
that of the FDM simulation with m22 = 30 (see Figure 8). This
suggests that GCs in SIDM may reach more extended orbits, with
consequences for the in situ GC population at z = 0. In summary,
only FDM and SIDM are expected to leave a potential dynam-
ical imprint on the in situ GC population in MW-like galaxies.
Unlike SIDM, which only induces orbital expansion relative to
CDM, FDM can produce either orbital confinement or expansion
depending on the value of its free parameter, m22.

7.3. Dwarf galaxy regime

Considering the dwarf galaxy regime also allows us to evalu-
ate the impact of halo mass in each alternative DM theory. For
FDM and WDM models, the size of the DM core increases as
the halo mass decreases, while the opposite trend is observed
in the SIDM scenario, where the core size is reduced in low-
mass halos. In this low-mass regime, dynamical friction becomes
effective again, in contrast to what is observed in MW-like galax-
ies. Indeed, the characteristic timescale for significantly altering
a GC’s apocenter through dynamical friction is inversely propor-
tional to the mass ratio between the GC and its host galaxy, which
is smaller in dwarf galaxies. Compared to CDM, dynamical fric-
tion is expected to be weaker due to the presence of a DM core,
which lowers the central density. In addition, theory-specific
effects may further reduce friction: in FDM, intrinsic density
fluctuations can suppress dynamical friction, while in SIDM,
self-interactions have a similar effect. These effects can be quan-
tified by the quantum Mach number (FDM) and the Knudsen
number (SIDM), which characterize regimes where dynamical
friction is significantly reduced. In contrast, aside from the pres-
ence of a core, dynamical friction in WDM remains broadly
similar to CDM. Finally, it is worth noting that in dwarf galaxies,
heating of GCs due to FDM quantum fluctuations becomes even
less efficient than in MW-like systems, owing to the tdis ∼ ρ

−2

dependence, which leads to much longer disruption times in
low-density environments.

To model a dwarf galaxy, we considered a 109 M⊙ DM
halo and a stellar distribution described by a Hernquist pro-
file. The stellar mass and half-mass radius were estimated by
fitting the stellar masses and sizes of satellite galaxies of MW
at z = 0 in TNG50, as identified by Engler et al. (2021).
According to Figure 8, GCs in FDM dwarf galaxies behave
similarly to those in CDM, except in the range m22 = 0.4–2.
In this boson mass interval, the orbital behavior is expected
to mimic the expansion observed in our FDM simulation with
m22 = 30. Additionally, we highlight that FDM dynamical fric-
tion becomes non-negligible in this range (see the red shaded
region in Figure 8). To quantify this effect, we computed the
quantum Mach number (see Equation (9)) for a circular orbit
at the scale radius. A threshold of MQ = 100 was adopted to
identify the MQ ≫ 1 regime, where classical dynamical fric-
tion is no longer valid. FDM progressively suppresses dynamical
friction as m22 decreases. Overall, for m22 = 0.4–1, we pre-
dict a modified orbital behavior compared to CDM, due to the
combined effects of orbital expansion and reduced dynamical
friction. These mechanisms are expected to enhance the survival
of GCs in dwarf galaxies relative to the CDM case.

For WDM and SIDM, the orbital behavior changes sig-
nificantly compared to the MW regime (see dashed lines in
Figure 8). For SIDM, the orbital index increases with σm, reach-
ing values up to ∼1.8. This indicates that as the DM core grows in
size, the dwarf galaxy becomes increasingly favorable to a wider
range of orbits. As a result, SIDM dwarf galaxies are expected
to host GC systems that are spatially more extended and retain
masses close to their initial values, since tidal forces are weaker
at large distances. Regarding dynamical friction, the Knudsen
number Kn (Koda & Shapiro 2011), which ranges from 19 to 311
for σm = 100–0.2 cm2/g, suggests that the system remains in
the classical regime, where gravity dominates over scattering if
Kn ≫ 1 (Fischer & Sagunski 2024). Despite a dynamical friction
comparable to CDM, our analysis predicts that the amplitude of
SIDM’s impact on GCs is generally stronger than in the FDM
scenario across nearly the entire parameter space pDM. In the
case of WDM, the orbital index in dwarf galaxies exceeds 1.5
for mν < 1 keV and rapidly decreases toward the gray band for
higher particle masses (see Figure 8). This means that for large
DM cores in dwarfs, WDM can induce significant orbital expan-
sion relative to CDM when mν < 1 keV – with an amplitude even
greater than in our FDM simulation with m22 = 30.

In summary, except within a very narrow range of m22 values,
no significant deviation is expected between FDM and CDM in
dwarf galaxies. In contrast, we anticipate substantial differences
in the GC population of dwarfs for WDM when mν < 1 keV and
for SIDM across nearly the entire range of σm. Based on these
predictions, we expect the ex situ GC population — that is, clus-
ters accreted during satellite mergers — to be affected differently
in the WDM and SIDM models compared to CDM. Outside
of regimes where the effects are negligible and orbital distri-
butions remain close to CDM expectations, satellite accretion
onto MW-like galaxies should result in an in situ/ex situ mixture
whose dynamical properties depend strongly on the underlying
DM model. This leads to three distinct scenarios:

– FDM: the GC population of a MW-like galaxy is composed
of a perturbed in situ component, whose orbits may be either
confined or extended depending on the value of m22, and an
ex situ component whose dynamics remains globally similar
to the CDM case.

– WDM: the population is dominated by an ex situ component
strongly affected by a more pronounced orbital expansion
mechanism than in the FDM case, while the in situ compo-
nent remains very close to the CDM prediction.

– SIDM: both the in situ and ex situ components undergo
orbital expansion compared to CDM, driven by the self-
interactions of DM.

7.4. Constraints on the DM free parameter

Here, we discuss the implications of our results in light of the
existing constraints on the free DM parameters of the three the-
ories. According to Figure 8, galactic-scale constraints favor
the confinement of GCs, whereas large-scale constraints favor
orbital expansion of clusters in MW-like galaxies. For dwarf
galaxies, only galactic constraints are consistent with a modi-
fication relative to CDM in the dynamics of GCs.

In order to alleviate the cusp-core problem while also sat-
isfying observational constraints across different mass scales,
SIDM models must feature a velocity-dependent cross-section
that decreases with halo mass (Kaplinghat et al. 2016). A compi-
lation of such constraints is presented in Fischer et al. (2024).
Correa (2021) established that dwarf galaxies (109 M⊙) allow
for SIDM cross-sections in the range σ/m ∼ 30–100 cm2/g. In
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contrast, for MW-like galaxies (1012 M⊙), the allowed range is
more constrained, typically σ/m ∼ 1–10 cm2/g (Correa et al.
2025). These results confirm the necessity of adopting a velocity-
dependent self-interaction cross-section in SIDM models to
remain consistent with observations across different mass scales.
According to Figure 8, these constraints define the specific
regimes where the orbital dynamics of GCs are expected to devi-
ate most significantly from CDM predictions, both in dwarfs and
MW-like galaxies. Therefore, GCs remain a viable probe of the
nature of DM.

For WDM, an upper limit of 2 keV (2σ) has been imposed
by Lyman-α forest observations (Viel et al. 2005; de Souza et al.
2013; Markovič & Viel 2014). According to Figure 8, this con-
straint corresponds to a regime in which the orbital dynamics
of GCs in WDM are expected to be very similar to those pre-
dicted by the CDM model. However, Lyman-α forest constraints
rely on sensitive assumptions about the intergalactic medium as
well as the resolution of the simulations used (Paduroiu 2022).
A more complete modeling of the physical properties of WDM,
particularly the role of quantum pressure, could allow for a more
nuanced and accurate interpretation of these results (Paduroiu
2022).

8. Conclusion

In this paper, we presented the first systematic study of the
dynamics of in situ GCs in MW-like galaxies embedded in
FDM halos. Our approach combined cosmological mass accre-
tion histories from the TNG50 simulation with time-dependent
FDM potentials and dedicated orbital integrations, allowing us
to follow the long-term evolution of cluster populations from
z = 2 to z = 0. This strategy provided a computationally efficient
yet physically motivated framework to explore the dynamical
consequences of alternative DM models on GC systems. Our
analysis reveals that the orbital structure and survivability of
in situ GCs depend sensitively on the FDM boson mass m22.
We identify three distinct regimes: low-mass regime (m22 < 7):
baryons dominate the inner potential, confining clusters into
compact and tidally fragile configurations. The resulting sys-
tems are less massive and spatially concentrated compared to
CDM, with a broader GC mass distribution extending to lower
masses; Intermediate regime (m22 ∼ 7): the orbital space, mass
distribution, and spatial extent of in situ clusters closely match
those found in CDM, producing nearly indistinguishable systems
at z = 0; high-mass regime (m22 > 7): the DM halo becomes
more compact and globally dominant, supporting a deeper and
more extended potential that allows clusters to explore wider
orbits. Surviving systems are more massive, more extended, and
depleted in low-mass clusters relative to CDM. These dynamical
regimes reflect a fundamental competition between baryonic and
DM components, which directly imprints on observable quan-
tities such as the survival fraction, total mass, and half-mass
radius of in situ GC populations. The predicted differences are
of sufficient amplitude to offer a new avenue to constrain the
nature of DM, provided that in situ and ex situ clusters can
be observationally disentangled. Future work should focus on
incorporating the ex situ population, accreted during satellite
mergers, by explicitly accounting for hierarchical assembly pro-
cesses and adopting more realistic initial conditions for GCs, as
proposed in Boldrini et al. (2025). This comprehensive model
could then be constrained using the present-day mass function of
MW GCs provided by Baumgardt & Hilker (2018). Such a cal-
ibration would yield crucial implications for the demographics

of the high-redshift cluster population in both CDM and FDM
scenarios, ultimately paving the way for stringent tests against
forthcoming JWST observations (Claeyssens et al. 2025).

Extending our framework to SIDM and WDM models shows
that these scenarios can also alter orbital phase space, but with
distinct signatures. In particular, SIDM halos tend to induce
orbital expansion without confinement, while WDM halos leave
GC dynamics largely unchanged relative to CDM at MW scales.
This highlights the confinement orbital mechanism as a unique
dynamical signature of FDM. Moreover, our generalized orbital
index provides a compact metric to compare alternative DM sce-
narios across different mass scales. Unlike FDM, where redshift-
dependent evolution equations for halo structure exist, no such
time-evolving description is currently available for SIDM and
WDM. However, these models are numerically less demanding
to simulate than FDM, and large-volume cosmological runs with
box sizes comparable to TNG50 already exist (e.g., Darkium
simulation for SIDM (Fischer et al. 2024)). In addition, the treat-
ment of dynamical friction in SIDM and WDM does not require
a specific formulation, as it closely resembles that in CDM.

These results underscore the potential of GC systems as
dynamical probes of DM physics. The ongoing Euclid mission
will be able to provide the half-mass radius of GC popula-
tion across its unprecedented coverage of galaxies, spanning
stellar masses from 109 M⊙ (dwarfs) to 1012 M⊙ (MW-like sys-
tems) in the nearby Universe (<100 Mpc), by detecting half a
million extragalactic GCs (Lançon et al. 2021; Voggel et al.
2025; Saifollahi et al. 2025a). This wealth of data will enable
statistical tests of the regimes identified here, in particular the
predicted compactness of in situ systems at low m22 and their
expansion at high m22. A finer metric to normalize the GC dis-
tribution could be the half-mass radius of field stars in MW-like
galaxies detected by Euclid. Indeed, the dynamical heating of
stars, induced by exotic DM properties such as self-interactions
(SIDM) or density fluctuations (FDM), affects the surrounding
gas and stars, promoting the formation of more extended galaxies
(Correa et al. 2025). Unlike GCs, the FDM heating timescale is
shorter for field stars. The half-mass radius ratio between GCs
and stars could therefore be crucial to constrain FDM, given
the in situ stellar populations identified in MW-like galaxies. In
the case of SIDM, this behavior arises where baryons dominate
the central gravitational potential (Correa et al. 2025), which
occurs only for low m22 in FDM. If similar heating beahavior
occurs in FDM, we expect the GC-to-stellar half-mass radius
ratio to be generally lower for low m22 compared to CDM. Con-
versely, for high m22 where DM dominates the central region,
the opposite behavior is expected: the ratio should increase rela-
tive to CDM, as the GC distribution is more extended while the
stellar half-mass radius remains similar or larger than in CDM.

Data availability

The data underlying this article is available through reasonable
request to the author. The code and GC data will be available at
the following URL: https://github.com/Blackholan.
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Fig. A.1. Disruption time due to FDM fluctuation-induced heating as a
function of orbital distance for the 171 GCs in the MW, as provided by
Gaia (Vasiliev & Baumgardt 2021). The disruption time was computed
using Equation (11), assuming m22 = 0.3 for an FDM halo with a total
mass of 1012 M⊙. The disruption process is exceedingly slow for MW
GCs, even in the central region, with timescales ranging from 30 to 400
Gyr within the inner 1 kpc. In addition, the timescale of the process
increases with the boson mass m22
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Appendix B: Structure of DM halos and on the
orbital phase space of FDM, SIDM, WDM models

All plots in Figure B.1 correspond to an example MW with
Mhalo = 1012 M⊙ at z = 0. The stellar distribution is modeled
using a Hernquist profile, whose mass and half-mass radius were
estimated by fitting the stellar masses and half-mass radii as a
function of halo mass at z = 0 based on our TNG50 MW sample.
The upper left panel of Figure B.1 shows the density profiles of
FDM halos for different values of the particle mass m22. As the
boson mass decreases, the profiles become increasingly cored,
with lower central densities and a flat core extending over several
kpc. For m22 < 1, the central density is up to 3–4 orders of mag-
nitude lower than that of the cuspy CDM profile (see Figure B.1).
In contrast, for m22 > 5, FDM halos become denser than the clas-
sic NFW profile. A gradual convergence toward the NFW shape
is also observed outside the central region. The E-Lz diagram for
FDM, computed in the total gravitational potential (DM + stars)
(see lower left panel of Figure B.1), displays the same behav-
ior previously identified. For low m22, the orbital phase space
is reduced compared to CDM, which enhances GC trapping in
the central regions. Conversely, for higher m22, GCs can access
a much broader range of orbital energies.

Appendix B.1. Self-interacting dark matter

Another promising alternative is SIDM, proposed to address
small-scale problems (Spergel & Steinhardt 2000; Carlson et al.
1992; de Laix et al. 1995). In this scenario, DM particles are
assumed to undergo isotropic elastic scatterings with a velocity-
independent interaction cross-section. Self-interactions are usu-
ally quantified in terms of the cross-section per unit particle
mass, σm, in units of cm2/g. A generic prediction of SIDM is
the formation of central DM cores whose size depends on the
value ofσm (Kaplinghat et al. 2016). In the upper middle panel of
Figure B.1, we show the SIDM halo profiles computed using the

analytical model3 from Jiang et al. (2023). In our calculations,
we assumed a constant, velocity-independent cross-section.
Figure B.1 reveals that the DM core size is inversely propor-
tional to σm. SIDM produces larger and less dense cores across
the range of model parameters than FDM. In addition, the E–Lz
diagram clearly shows that the sole dynamical impact of the DM
core—combined with the baryonic component is a widening of
the central valley as σm increases (see bottom middle panel of
Figure B.1). In contrast to FDM, SIDM does not confine GCs
but rather allows them to occupy more extended orbits.

Appendix B.2. Warm dark matter

Sterile neutrinos with masses in the keV range are a promising
WDM candidate. Unlike CDM, WDM particles have a non-
negligible thermal velocity. These velocities are large enough for
particles to escape from small initial overdensities, thereby sup-
pressing the formation of small-scale structures. This results in
a cutoff in the matter power spectrum, where structures below a
certain scale are erased (Bond et al. 1980; Dodelson & Widrow
1994; Hogan & Dalcanton 2000; Abazajian 2006; Viel et al.
2005). Another important feature of this fermionic DM scenario
is the natural emergence of cored matter density profiles (Colín
et al. 2000; Bode et al. 2001; Schneider et al. 2012; Macciò et al.
2012; Shao et al. 2013; Lovell et al. 2014). To model WDM den-
sity profiles, we used the CORENFW profile from Read et al.
(2017), where the DM core size was computed using the ana-
lytical formula from Macciò et al. (2012) (see Figure B.1). The
profile parameters were calibrated to match the simulation results
of Macciò et al. (2012). In contrast to the other two alternative
DM models (FDM and SIDM), for high particle masses on the
order of 10 keV, WDM profiles converge entirely to NFW at
all radii. Since large particle masses yield cuspy profiles, WDM
produces extremely small DM cores—comparable in size to the
largest SIDM cores. As a result, WDM cores have higher central
densities than SIDM and are similar to FDM, but never exceed
the central density of an equivalent NFW profile. The E–Lz
diagram in Figure B.1 shows very little deviation from CDM.
The phase-space structure is nearly indistinguishable (see bottom
right panel of Figure B.1). Indeed, in the presence of baryons,
WDM has virtually no effect on the orbital dynamics of in situ
GCs in massive halos like those of MW analogs. Our results also
showed that the orbital confinement phenomenon observed for
GCs is absent in both SIDM and WDM, and thus appears to be
a unique dynamical signature of FDM.

3 Available at https://github.com/JiangFangzhou/SIDM
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WDMFDM SIDM

Fig. B.1. Comparison of the effects of different DM models (FDM, SIDM, WDM) on the structure of DM halos and on the orbital phase space
accessible to in situ GCs in an MW-like potential with Mhalo = 1012 M⊙. Top row: DM density profiles for different parameter values of each model
(m22 for FDM, σ/m for SIDM, and mν for WDM), in the absence of baryons. The red and orange dashed lines represent the CDM and baryonic
profiles, respectively. Bottom row: Normalized E–Lz diagrams computed in the total gravitational potential (DM + stars) using the same parameters
as in the top row. These diagrams describe the orbital phase space accessible to in situ GCs at z = 0, which varies depending on the DM model
parameter.
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