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ABSTRACT

We present a new implementation of fuzzy dark matter (FDM) dynamical friction within the galpy framework, enabling orbital
integrations of globular clusters (GCs) across a broad range of halo-to-GC mass ratios and boson masses. In this alternative DM
scenario, dynamical friction is reduced or even suppressed by heating induced by FDM density granules. We further quantified the
role of baryons and solitonic cores, which are natural consequences of FDM in galaxies, on the efficiency of orbital decay and the
long-term survival of GCs. The most significant deviations from the cold DM (CDM) paradigm arise in the dwarf-galaxy regime,
where FDM dynamical friction can stall the inspiral of GCs over Hubble time, thereby preventing them from sinking into galactic
centres and halting the canonical galactic cannibalism of clusters. Importantly, our FDM-only friction model should be regarded as a
conservative lower bound, since the inclusion of realistic FDM cores can only strengthen the survival of GCs through core stalling.
This stalling mechanism not only preserves in situ populations that would otherwise be erased in CDM, but also strongly limits the
mixing of in situ and ex situ clusters, yielding a bimodal radial distribution of GCs. Our results show that the demographics of GC
systems encode a distinct dynamical signature of FDM in dwarfs. These predictions open a new pathway to constrain the boson mass
parameter with upcoming Euclid DR1 observations of extragalactic GCs, while simultaneously offering a natural explanation for the
long-standing Fornax timing problem.
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1. Introduction

Dynamical friction (DF) is a fundamental mechanism of energy
loss in galactic dynamics. It plays a crucial role in the evolu-
tion of massive objects such as star clusters, black holes, satel-
lite galaxies, and globular clusters (GCs) (Binney & Tremaine
2008). Consider a massive object of mass Mobj orbiting within
a gravitational potential generated by a background of particles
of dark matter (DM) or stars with individual mass mp. In the
regime where Mobj � mp, such as a GC (Mobj ∼ 106 M�) mov-
ing through a galaxy, the object gravitationally deflects nearby
background particles. Locally, the gravitational pull of the ob-
ject dominates over that of the surrounding potential, creating
an overdensity or gravitational wake behind it. This asymmetry
induces a net gravitational force opposing the object’s motion,
leading to deceleration and orbital energy loss. Over time, the
object spirals inwards towards the galactic centre. This process
is known as DF (Chandrasekhar 1943).

Since DF directly depends on the distribution of background
particles within the galaxy, its behaviour can serve as an indirect
probe of DM properties. It is therefore legitimate to investigate
how changes in the nature of DM may affect the strength and
character of DF. Among various alternative DM models, fuzzy
DM (FDM) has received increasing attention for addressing sev-
eral shortcomings of the standard cold DM (CDM) paradigm,
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particularly on small galactic scales (Bullock & Boylan-Kolchin
2017; Boldrini 2021). In this framework, DM is modelled as a
non-relativistic, ultra-light scalar field with no self-interaction
(Goodman 2000; Hu et al. 2000). The constituent particles of
FDM have extremely low masses, typically in the range mχ =

0.1–100 × 10−22 eV. Such low masses give rise to quantum me-
chanical effects on astrophysical scales. A key quantity char-
acterizing these quantum effects is the de Broglie wavelength,
λB = ~/(mχv), which defines the scale below which wave-like
behaviour dominates. For small FDM particle mass, λB can reach
kiloparsec scales, leading to significant modifications of the DM
density distribution on galactic scales. This results in distinctive
dynamical features: the suppression of low-mass subhalo for-
mation (Marsh & Silk 2014; Mocz et al. 2017; Chiang et al.
2021; Dutta Chowdhury et al. 2021; Schive et al. 2016; May
& Springel 2023; Chan et al. 2022), the emergence of solitonic
cores with approximately constant central density Schive et al.
(2014), and a dynamical heating caused by fluctuations in the
gravitational potential (Hui et al. 2017; Bar-Or et al. 2019; El-
Zant et al. 2020; Dutta Chowdhury et al. 2021). In this alter-
native DM model, these fluctuations mainly arise from a turbu-
lent density field within FDM halos, characterized by the pres-
ence of density granules. Unlike the stochastic and rare perturba-
tions caused by subhalos in CDM, FDM fluctuations are contin-
uous and recurrent, leading to a diffusive heating process. For
instance, this FDM-induced heating can cause the thickening
of cold stellar streams from dissolving GCs in the Milky Way
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(MW) (Amorisco & Loeb 2018), or it may explain the observed
thickening of the Galactic disc over Hubble time (Chiang et al.
2023; Hamilton 2024). More importantly, this distinctive feature
of FDM can lead to a reduction, or even a suppression, of DF
compared to the CDM case (Hui et al. 2017; Bar-Or et al. 2019;
Lancaster et al. 2020). We discuss this key aspect further in Sec-
tion 2.2.

This last point has important implications. The reduced effi-
ciency of DF in FDM core galaxy has been proposed as a mech-
anism to stall the orbital decay of GCs and black holes, poten-
tially allowing them to survive in galaxies over a Hubble time
(Hui et al. 2017; Bar-Or et al. 2019). The modelling of DF in
the FDM context has been progressively developed by Hui et al.
(2017), Bar-Or et al. (2019), and Lancaster et al. (2020). All
these studies are based on the Madelung formalism to describe
FDM as a fluid. This approach is crucial, as it allows the wave-
like nature of FDM to be treated within a hydrodynamical frame-
work. Lancaster et al. (2020) provide detailed information on DF
in FDM, combining analytical treatments (for point masses, ex-
tended mass distributions, and velocity-dispersed backgrounds)
with fully non-linear numerical simulations.

Globular clusters are excellent tracers of DF for several rea-
sons. These gravitationally bound stellar systems are both com-
pact and relatively massive (104–106 M�), which maximizes the
efficiency of this drag force. GCs also span a wide range of galac-
tocentric distances, and their diversity of orbits enables us to de-
termine how DF operates as a function of the local density. Fi-
nally, GCs are found in virtually all types of galaxies, across a
wide range of masses (Le & Cooper 2025), allowing us to in-
vestigate the behaviour of this force in different environments.
From an observational perspective, the third data release of the
Gaia mission provides full 6D phase-space information for all
Galactic GCs (Gaia Collaboration et al. 2021; Vasiliev & Baum-
gardt 2021), while Euclid is expected to revolutionize the num-
ber of detections in nearby galaxies thanks to its unprecedented
coverage of galaxies spanning stellar masses from 109 (dwarfs)
to 1012 M� (MW-like systems) (Voggel et al. 2025). This makes
GCs ideal natural probes for studying the efficiency of DF and
its dependence on DM properties.

For this study, we implemented the FDM DF formalism of
Lancaster et al. (2020) into the galpy library1 (Bovy 2015), with
the goal of exploring, through orbital integrations, the subtle dif-
ferences that arise from (i) the suppression of DF and (ii) the
presence of a DM core, in shaping the long-term dynamics of
GCs. These clusters were modelled as point-mass tracers of the
gravitational potential, allowing us to isolate and quantify the
individual contributions of these two key features of FDM. The
paper is structured as follows: Section 2 introduces the theoreti-
cal formulation of FDM DF and its implementation in the galpy
framework, together with tests of validity and an application to
the Fornax GC system. In Section 3, we present and discuss our
results, focusing on the efficiency of FDM DF across different
halo masses, the impact of baryons and solitonic cores, and the
resulting demographics of in situ and ex situ GC populations.
Finally, Section 4 summarizes our main conclusions.

2. Fuzzy dark matter dynamical friction

2.1. Formulation

The classical formulation of the DF force was derived by Chan-
drasekhar (1943), assuming a Maxwellian velocity distribution

1 https://github.com/jobovy/galpy
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Fig. 1. Computed FDM coefficient CFDM as a function of the dimension-
less parameter kr for different regimes, assuming a fixed Mσ = 2. The
dashed orange line represents the classical coefficient CCDM, calculated
with fixed Λ = 103. The dashed black vertical lines mark Mσ/2 and
2Mσ.

for the background particles:

FCDM = −4πG2M2
GC ρ(r)

u

v3 CCDM(r, v) , (1)

where the coefficent CCDM(r, v) is given by
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and the Coulomb factor Λ is expressed as

Λ =
r

max(rhm, bmin)
, (3)

where r is the galactrocentic distance of the GC, v its ve-
locity, MGC its mass, and ρ(r) the local density of the host
galaxy. Our dynamical friction implementation follows Petts
et al. (2015), which introduced a semi-analytic model based on
Chandrasekhar (1943) formalism, incorporating radially varying
minimum and maximum impact parameters. This approach pro-
vides excellent agreement with full N-body simulations for both
cuspy and core DM distributions without any parameter fine-
tuning and successfully reproduces the core stalling effect. The
CDM coefficient defined in Equation (2) is shown as a dashed or-
ange line in Figure 1, for a fixed value of Λ = 103. The parameter
bmin = GMGC/v

2 corresponds to the impact parameter leading to
a 90◦ deflection, while rhm is the half-mass radius of the clus-
ter (typically about 10 pc). G is the gravitational constant. The
formalism of Chandrasekhar (1943) was originally derived un-
der the assumption of an infinite, homogeneous background. De-
spite this limitation, our implementation accounts for the finite
size of GCs by incorporating their half-mass radius, rhm, into the
Coulomb logarithm. In addition, its effectiveness can be under-
stood because dynamical friction in real systems arises from res-
onant interactions that, when forming an effective continuum, re-
cover Chandrasekhar’s expression (Tremaine & Weinberg 1984;
Weinberg 1986). Indeed, Petts et al. (2015) implementation has
been extensively validated against N-body simulations, success-
fully reproducing the inspiral of GCs in spherical halos without
parameter fine-tuning. We therefore apply the formulation lo-
cally along the orbit, while noting that its validity is expected to
hold for approximately spherical systems, although extensions to
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strongly non-spherical environments, such as discs, remain un-
certain. The DF force is proportional to the mass squared of the
orbiting GC and to the local density of the host galaxy, imply-
ing that DF is more efficient for a massive GC moving through a
dense environment. Moreover, the characteristic timescale over
which the GC’s apocentre is significantly reduced by DF is ap-
proximately given by tfric ∼

(
Mgal(r)/MGC

)
× tdyn, where Mgal(r)

is the mass of the host galaxy enclosed at GC radius r, and tdyn
is the orbital time (Binney & Tremaine 2008; Bovy 2026). For
MW-like galaxies, the enclosed mass is typically much larger
than the mass of a GC, rendering DF inefficient on a Hubble
timescale. Additionally, inspecting the Coulomb logarithm, par-
ticularly its dependence on 1/rhm, shows that DF is less effective
for extended GCs: their mass is more spatially diffuse, which
results in a less dense gravitational wake.

The DF experienced by a GC infalling into a FDM galaxy
differs significantly from the classical formulation, which ap-
plies to CDM. This difference arises from the wave-like nature
of FDM particles. Quantum interference between FDM waves
throughout the halo generates persistent and stochastic density
fluctuations known as granules. These fluctuations create local-
ized over- and under-densities due to constructive and destruc-
tive interference, respectively. The typical size of these granules
is set by the de Broglie wavelength, λB. When the characteristic
size of the GC, l, satisfies l � λB, the DF is modified by oscil-
lations in the density of the gravitational wake. In this regime,
the frictional force is reduced compared to the classical Chan-
drasekhar estimate. Conversely, for l � λB, the classical CDM
regime is recovered. A useful diagnostic to distinguish between
these regimes in an FDM context is the quantum Mach num-
ber (Lancaster et al. 2020):

MQ = 44.56
(

v

1 km s−1

) (
MGC

105M�

)−1

m−1
22 , (4)

where m22 = mχ/10−22 eV, and mχ is the FDM particle mass. In
the regime whereMQ � 1, the DF force is well approximated
by (Hui et al. 2017; Lancaster et al. 2020; Bar-Or et al. 2019)

FFDM = −4πG2M2
GC ρ(r)

u

v3 CFDM(kr,Mσ) , (5)

which resembles the classical expression (see Equation 1), but
with a modified coefficient CFDM(kr,Mσ) that depends on two
dimensionless parameters. The first is the wave number, defined
as

k =
mχv

~
, (6)

where ~ is the reduced Planck constant.
Therefore, the amplitude of these deviations from the clas-

sical CDM DF depends directly on the free parameter of FDM
theory: the mass of the ultralight boson mχ. The second is the
classical Mach number, given by

Mσ =
v

σ
, (7)

where σ is the local velocity dispersion of the host galaxy.
The introduction of the classical Mach number, Mσ = v/σ,

allows one to distinguish between FDM halos with negligible
velocity dispersion (static backgrounds) and those with velocity-
dispersed backgrounds. In the limit Mσ � kr, the FDM medium
can be approximated as having no velocity dispersion, i.e. as a

static background with constant density. In this zero-velocity dis-
persion regime, the DF coefficient simplifies to (Hui et al. 2017;
Lancaster et al. 2020)

CFDM(kr) = Cin(2kr) +
sin(2kr)

2kr
− 1, (8)

where

Cin(z) =

∫ z

0

1 − cos(t)
t

dt (9)

is the cosine integral function. The FDM coefficient with zero-
dispersion defined in Equation (8) is shown as a cyan line in Fig-
ure 1. However, in more realistic scenarios, the FDM medium
is expected to exhibit a non-negligible velocity dispersion, cor-
responding to the regime Mσ � kr. In this case, the inhomo-
geneities induced by the FDM waves are smoothed out over
scales comparable to or smaller than the system size, and the
friction coefficient becomes (Bar-Or et al. 2019; Lancaster et al.
2020)

CFDM(kr,Mσ) = ln
(

2kr
Mσ

) [
erf

(
v
√

2σ

)
−

2v
√

2πσ
e−

v2

2σ2

]
. (10)

The FDM coefficient with dispersion defined in Equation (8)
is shown as a blue line in Figure 1, for a fixed value of Mσ = 2.
Our implementation of the Lancaster et al. (2020) formula-
tion for FDM DF is detailed in Section A.1, and correspond-
ing galpy documentation is already available2. We have also
performed tests to ensure the validity of our new implemen-
tations, which are described in Section A.2. This formulation
assumes that the perturber moves linearly through a collision-
less medium, as originally derived in the pioneering work of
Chandrasekhar (1943). More recently, DF has been derived by
Buehler & Desjacques (2023) for perturbers on circular orbits
in FDM backgrounds. Applying this framework to the Fornax
GCs, they showed that for clusters located within (outside) the
scale radius of Fornax (rs = 0.8 kpc), the classical FDM DF pre-
scription tends to underestimate (overestimate) the strength of
dynamical friction. We therefore note that the use of the classical
Chandrasekhar formulation in the FDM case should be regarded
as a caveat of our study.

2.2. Why dynamical friction is reduced in FDM galaxies?

Dynamical friction in an FDM universe does not intrinsically
decay in the sense of a vanishing frictional force, but its effect
on an infalling GC can diminish or even vanish as it approaches
the galactic centre. This behaviour is depicted in Figure 2, and
results from the persistent stochastic density fluctuations of the
FDM halo, which dynamically heat the GC. This heating pro-
cess, specific to the wave-like nature of FDM, counteracts the
energy loss due to DF by injecting kinetic energy into the clus-
ter. These FDM fluctuations can be modelled as effective ’quasi-
particles’ of mass meff , representing FDM granules (Bar-Or et al.
2019)

meff =
π3/2~3ρ(r)

m3
χσ3

, (11)

where ρ(r) is the local DM density. Notably, meff scales inversely
with mχ. As a GC spirals towards the centre of an FDM halo, the

2 https://docs.galpy.org/en/latest/reference/
potentialfdmdynfric.html
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Fig. 2. FDM dynamical friction: Orbital radius as a function of time for a 106 M� GC on circular (left panel) and radial (right panel) orbits within
a static NFW halo, shown for different values of the FDM particle mass m22. The dashed blue curve shows the evolution in the absence of any DF,
while the dashed orange curve corresponds to the classical Chandrasekhar friction.

Table 1. Fornax globular clusters

CDM τ FDM τ
Hui+17 Here Hui+17 Here Here

R MGC - - m22 = 3 3 20
[kpc] [105 M�] [Gyr] [Gyr]
1.85 0.37 112 25 215 393 176
1.21 1.82 9.7 2.56 12 59 26
0.50 3.63 0.62 0.30 2.2 19 11
0.28 1.32 0.37 0.24 10 24 13
1.65 1.78 21.3 5.08 31 74 34

Notes: From left to right, the columns report the observed projected
distances and masses of the five GCs, followed by a comparison be-
tween the infall times τ computed in this work and those from Hui et al.
(2017), under both CDM and FDM assumptions for the Fornax halo.
We have tested two fixed FDM particle masses of m22 = 3 and 20. The
infall times τ correspond to the time for the GC to fall below 0.14 kpc,
which corresponds to 10% of the core radius of the FDM halo.

local density ρ(r) increases, causing meff to grow substantially.
When the GC mass MGC becomes comparable to twice the ef-
fective mass of the FDM quasiparticles (MGC ∼ 2meff), the en-
ergy injected into the GC by the stochastic fluctuations becomes
comparable to the energy lost through DF (Bar-Or et al. 2019).
At this point, the inspiral effectively stalls: heating and DF bal-
ance out, and the net effect of DF drops to nearly zero. In our
modelling, this FDM heating is included in in the FDM dynam-
ical friction coefficients described by Equations (8) and (10).

Figure 2 illustrates the dependence of FDM DF on the FDM
particle mass m22, for both circular (left panel) and radial (right
panel) orbits in a static NFW halo. In the left panel of Figure 2,
for small values of m22 (more wave-like behaviour), the friction
is significantly suppressed and the GC remains at large radius
for more than a Hubble time. As m22 increases, the FDM be-
haviour approaches the classical CDM regime. The granules be-
come smaller, the quantum heating effect weakens, and the grav-
itational wake becomes more efficient. This leads to a progres-
sively shorter infalling time, and the orbits gradually converge
towards the classical friction result. At high m22, the GC reaches
the centre in 10 Gyr, similar to the dashed orange curve (see Fig-

ure 2). The right panel of Figure 2 shows the same analysis for
a radial orbit with a similar qualitative effect of m22. Low m22
values lead to prolonged survival and incomplete decay within
a Hubble time, while high m22 values allow the orbit to decay
rapidly, with the pericentre shrinking progressively with each os-
cillation. Starting from intermediate values of the FDM particle
mass (e.g., m22 ∼ 0.5), the apocentres of the orbit begin to ex-
hibit a clear plateau. In this regime, the orbital decay gradually
slows down and eventually stalls as the cluster approaches the
centre. This plateau indicates that the energy lost through DF is
effectively balanced by dynamical heating from FDM granules,
thereby preventing further infall. Figure 2 clearly demonstrates
the strong dependence of the effectiveness of FDM DF on the
particle mass. For low m22 (strong wave regime), the combina-
tion of dynamical heating can completely halt the infall. In con-
trast, for large m22 values, the FDM model reproduces classical
CDM-like friction. These results highlight the central role of m22
in determining the long-term survival of orbiting objects in FDM
halos, and provide a potential observational handle to constrain
the FDM parameter space.

Quantum interference in the FDM gravitational potential
also modifies the central density profile of DM halos. Instead of
forming a steep central cusp, as described by the NFW profile in
CDM, FDM halos develop a flat core. This structural difference
has two major consequences on the DF undergone by GCs. First,
the presence of a central core increases the mass of the FDM
quasiparticles. This is because in the central regions of a cored
halo, the ratio ρ/σ3 typically scales as 1/r3, whereas for a cuspy
NFW profile, it behaves as ρ/σ3 ∼ 1/r5/2. Since the effective
mass of quasiparticles scales as meff ∝ ρ/σ

3, this results in more
massive quasiparticles in the core-dominated regime, thereby en-
hancing the efficiency of dynamical heating. As a result, heating
becomes more effective at counteracting DF in the presence of
a core. Second, independently of this heating process, DF itself
is directly reduced in the core because the force depends lin-
early on the local density ρ(r), as seen in Equations (1) and (5).
The shallower central density profile in FDM halos leads to a
weaker gravitational wake and, consequently, a diminished fric-
tional force. Thus, both the enhanced heating and the suppressed
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friction contribute to the stalling of GC inspiral in the central
regions of FDM halos.

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, ap-
proximated 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. Our profile combination ensures a transition
between the core and the NFW envelope with a slope of −1 as
predicted by FDM. Ultimately, our FDM potential is approxi-
mated by a sum of existing galpy potentials, which offers a good
compromise between accuracy and performance since they are
faster than a newly implemented potential not yet optimized for
galpy .

2.3. Application to Fornax globular clusters

In order to test our new Python class
FDMDynamicalFrictionForce, we apply it to the case
of the Fornax dwarf spheroidal galaxy and its GCs. A well-
known paradox surrounding the Fornax system is that, under
standard CDM assumptions, DF should have caused all five
GCs to spiral into the galaxy’s centre within a Hubble time (Oh
et al. 2000). Yet, all of them are still observed orbiting even in
the dwarf central region. One way to alleviate this discrepancy
is to consider alternative DM models, such as FDM, which
modify the DF acting on the GCs and can significantly extend
their survival times. We have computed the infalling time τ
for the five Fornax GCs evolving in a static CDM and FDM
halo, by numerically integrating their orbits using galpy. For
the CDM halo, we adopt a NFW profile with a scale radius of
rs = 0.8 kpc and a halo mass of 1.98 × 108 M�. For the FDM
model, we use a cored profile with a larger core of rc = 1.4 kpc
and halo mass 8 × 108 M� (see Table 2 of Cole et al. (2012)).
For the Fornax case, we define the infalling time as the time
required for the apocentre of the GC’s orbit to fall below 10%
of the DM core radius. This contrasts with the approach taken
by Hui et al. (2017), who estimated falling times by solving the
orbital decay equation using constant friction coefficients. The
initial conditions for the GCs in our analysis are set by their
currently observed masses and projected galactocentric posi-
tions, assuming circular orbits. All infalling time calculations
presented here assume a fixed FDM particle mass of m22 = 3,
as in Hui et al. (2017). We have also investigated the impact of
adopting m22 = 20 on our results.

As shown in Table 1, the differences between the two ap-
proaches are substantial. For CDM, our integration consistently
yields shorter infalling times than those reported by Hui et al.
(2017). For example, for GC1 (GC3) at an initial radius of 1.85
(0.5) kpc, we find an infalling time of 25 (0.24) Gyr, compared
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Fig. 3. Stalling of Fornax GC3: Orbital radius of GC3 (third row of
Table 1) as a function of time, starting from its currently observed pro-
jected radius, assuming a circular orbit as the initial condition. Orange
curves show orbital integrations using the classical Chandrasekhar DF
formula, while green and magenta curves use the FDM DF model de-
veloped in this work. Solid orange and green lines correspond to orbits
integrated in a cuspy NFW halo, while dashed orange and solid magenta
lines represent orbits in a large-core halo model from Cole et al. (2012).

to 112 (0.62) Gyr in Hui et al. (2017) (see Table 1). Indeed, it ap-
pears that the farther the GC is from the galactic centre, the larger
the discrepancy between our results and previous estimates be-
comes. This is because our method accounts for the increasing
efficiency of DF as the GC approaches the denser central regions
of the NFW halo, where the local density ρ(r) increases signifi-
cantly. The contrast is even more striking in the FDM case. For
the same GC3, they estimated an infalling time of 2.2 Gyr, while
our full integration yields 19 Gyr. The infalling times in FDM
are systematically longer than in CDM, and significantly longer
than those obtained using the constant-coefficient FDM model
(see Table 1).

More precisely, Figure 3 illustrates how FDM alters the ex-
pected fate of GC3. We compared different configurations com-
bining two DM halo profiles and two prescriptions for DF. In the
NFW + CDM DF configuration (solid orange line), the cluster
rapidly loses energy and spirals into the galactic centre in less
than 0.5 Gyr. This is expected, as both the steep central density
cusp and the classical DF act efficiently to remove energy and
angular momentum from the orbit. In contrast, when the same
NFW halo is combined with the FDM friction (solid green), the
orbital decay is much slower. The cluster gradually falls over
several Gyr, but the decay effectively stalls around 0.05–0.1 kpc
after 15 Gyr. Contrary to the findings of Bar-Or et al. (2019) (see
their Figure 3), we show that stalling can occur even in the ab-
sence of a DM core, solely due to FDM DF (see Figure 3). We
reproduce results similar to theirs only when we artificially fix
the friction coefficient CFDM as a function of time, rather than
computing it self-consistently along the orbit. This suggests that
their approach, which relies on a Langevin formulation of the
Fokker–Planck equation, may underestimate the dynamical heat-
ing induced by FDM granules. One possible explanation is that
their method assumes circular orbits at each timestep, which pre-
vents them from properly capturing the FDM dynamical heat-
ing. For a core FDM-like profile (dashed curves in Figure 3), the
decay slows down further. In the case of a core halo combined
with CDM friction (dashed orange line), the infalling remains
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ongoing but is delayed compared to the cuspy halo case, sim-
ply because the lower central density reduces the strength of the
friction. Finally, in the most realistic FDM configuration (core
halo + FDM DF in solid magenta line in Figure 3), the orbital
decay is extremely inefficient. Even after 20 Gyr, the GC has not
reached the centre and stabilizes at a radius of about 0.2 kpc.
Our results clearly show that FDM DF enhances the stalling ef-
fect triggered by the presence of a DM core. The combined ef-
fect of a shallow core and FDM-induced heating can effectively
cancel the classical infalling. In particular, it shows that Fornax
GC3 can survive for more than a Hubble time without requiring
fine-tuned initial conditions. This reinforces the idea that FDM
is a natural explanation for the survival of Fornax’s GCs, which
remains a challenge in the standard CDM framework. Notably,
even for higher values of m22, such as m22 = 20 (see Table 1),
the timing problem remains alleviated.

In summary, semi-analytical estimates with fixed friction co-
efficients tend to underestimate the efficiency of DF in CDM and
overestimate it in FDM. Overall, our analysis confirms that full
orbital integration is essential for accurately estimating GC in-
falling times, particularly in alternative DM models. In FDM,
where heating effects, all the GCs can survive for several Hub-
ble times, even if their orbits lie deep within the halo. This has
strong implications for using GCs as probes of DM physics in
galactic cores.

3. Results

By galactic cannibalism of GCs we refer to the process in which
DF drives GCs towards the galactic centre, where they are ul-
timately destroyed by the strong tidal field. This canonical sce-
nario predicts the progressive disappearance of GCs in galaxies
over cosmic time. To investigate the impact of FDM DF on GCs
over 10 Gyr of evolution, and to identify possible FDM dynami-
cal signatures, we populate the energy-angular momentum space
of host halos spanning masses from 109 M� (dwarf galaxies) to
1012 M� (MW-like galaxies). For each halo, we generate 4500
GCs with initial galactocentric radii uniformly distributed in log
space between 0.1 and 10 rs, where rs is the scale radius of the
host halo. Given the present-day halo mass, rs is estimated from
cosmological N-body simulations (Dutton & Macciò 2014) us-
ing COLOSSUS (Diemer 2018). Velocities are assigned to popu-
late the E-Lz diagram, ensuring that all possible bound orbital
configurations are represented. All GCs are assigned a mass of
106 M� and a half-mass radius of 10 pc. This choice maximizes
the expected effect of DF which is more efficient for compact
and massive objects. For reference, 6 × 106 M� corresponds to
the upper limit of the stellar mass of Galactic GCs about 12 Gyr
ago (Baumgardt et al. 2019). In both CDM and FDM-DF-only
models, the host halo is modelled with an NFW profile, whereas
in the FDM case, the DM distribution is replaced with a cored
profile as described in Equations (12) and (13). The core radius
is computed using the Schive et al. (2014) relation at z = 0 based
on FDM cosmological simulations

rc(Mh,m22) = 1.6
( Mh

109

)−1/3

m−1
22 , (14)

where GC orbits are evolved in a fixed potential for 10 Gyr, with
integrations performed using fast C integrators dopr54_c and
dop853_c implemented in the publicly available code galpy
(Bovy 2015). Regarding the computational performance of our
model, orbital integrations over 10 Gyr for 4500 GCs require
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Fig. 4. Normalized total initial energy as a function of the normalized
initial z-component of the angular momentum at z = 0, colour-coded
by the infall time, for 106 M� GCs orbiting within 109 M� DM halos.
Results are shown for CDM (left panels), FDM with only DF (middle
panels), and FDM (right panels) with m22 = 0.2, 6, and 80. The infall
time is defined as the time at which the apocentre of the GC orbit drops
below rlim = 0.157 kpc (10% of the scale radius of a 109 M� NFW halo).
A total of 4500 gravitationally bound GCs were randomly initialized in
logarithmic radius between 0.1 and 10 rs. The energy is normalized to
the absolute value of the minimum of the gravitational potential, |Emin|,
and the angular momentum to the absolute value of the maximum angu-
lar momentum in our GC sample. The first column corresponds to the
CDM case with Chandrasekhar DF.

approximately 0.04 CPU hours. However, for our FDM-DF-
only and FDM models, Figure A.1 shows how the computa-
tional time depends on the FDM particle mass m22. The differ-
ence in computational time between both models is not due to
the use of the FDM core itself, but rather to the fact that the
TwoPowerSphericalPotential is not implemented in C.

3.1. FDM dynamical friction efficiency

Figure 4 shows the orbital evolution of our GCs in dwarf galaxy
halos of mass 109 M�, under different DM scenarios and FDM
particle masses. The panels display the normalized energy and
angular momentum as a function of the infall time towards the
galactic centre. The energy is normalized to the absolute value
of the minimum of the gravitational potential, |Emin|, and the an-
gular momentum to the absolute value of the maximum angular
momentum in our GC sample. Each point corresponds to a GC,
colour-coded by the time it takes for the apocentre of its orbit to
fall below rlim = 0.157 kpc (10% of the scale radius of a 109 M�
NFW halo). Yellow points indicate rapid infall (less than 2 Gyr),
dark blue points indicate slow infall (more than 8 Gyr), while
black points correspond to GCs that do not fall in within 10 Gyr.
The first column of Figure 4 corresponds to the CDM case with
Chandrasekhar DF. Here, friction is efficient and drives the rapid
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Fig. 5. Top panel: DF efficiency map for the FDM-DF-only model with halo-to-GC mass ratios between 103 and 105, and FDM particle masses
m22 ranging from 0.1 to 100. The secondary axis shows the corresponding halo mass assuming MGC = 106 M�. The map is computed on a 16× 16
grid, where each point corresponds to a NFW halo of a given mass and a DF force derived for a specific FDM particle mass. For each combination
of halo-to-GC mass ratio and FDM particle mass, the DF efficiency is evaluated using 1000 orbits in order to limit computational cost. There
were uniformly distributed in logarithmic space between 0.1 and 10 rs. The orange dashed and green solid lines indicate the 5% efficiency frontier
for CDM and FDM-DF-only models, respectively. Bottom panels: Orbital radius normalized to its initial value as a function of time, for GCs
integrated over 10 Gyr in a 109 M� NFW halo with classical DF (orange curves) and FDM DF (green curves) for m22 = 0.16, 4, and 63. For each
case, both radial and circular orbits are shown. Dashed white lines separate the three regimes of FDM DF: (1) absence of friction inducing orbital
stalling, (2) reduced friction, and (3) the classical regime.

infall of GCs on tightly bound, low-angular-momentum orbits,
while those with higher energies and angular momenta remain
on wide orbits. The second column of Figure 4 shows the case
of FDM with FDM-specific DF but assuming a standard NFW
potential. In this case, the friction is much weaker, especially
for m22 = 0.2, where no GC falls in at all. For m22 = 6.0, un-
like CDM, only the GCs with energies lower than −0.5 |Emin|

reach the galaxy centre within 10 Gyr (see Figure 4). Finally, for
m22 = 80, the results converge back to the CDM case. The third
column illustrates the FDM scenario with a central core mod-
elled with Equations (12) and (13). The flattened density pro-
file in the centre further reduces the efficiency of DF, such that
even low-energy GCs experience longer infall times (see FDM
m22 = 6.0 in Figure 4). As expected, smaller values of m22 gener-
ate larger cores, resulting in even weaker friction and an almost
complete absence of infall; conversely, for high m22, the profile
approaches that of a CDM halo and the behaviour becomes in-
distinguishable from the classical case.

For m22 = 6, the CDM column in Figure 4 clearly shows a
colour ridge pointing towards high energies: the infall time in-
creases with angular momentum Lz, as expected from standard
DF, because on nearly circular orbits (high Lz) GCs remain at
roughly constant radius where the density is lower and the rel-
ative velocity nearly constant, so energy loss is slow, whereas
on more radial orbits (low Lz) GC plunge through the dense cen-
tral regions where DF is strongest, leading to rapid orbital decay.
By contrast, in the FDM-DF-only case (m22 = 6) with an NFW
potential and even more so in the FDM core case, the colour dis-
tribution is nearly inverted, producing a ridge oriented towards
negative energies (see Figure 4). As shown for both gas dynam-
ical friction (Ginat et al. 2023; Eytan et al. 2025) and for FDM
gravitational atoms (Tomaselli et al. 2023), dynamical friction in
a steep density cusp tends to circularize orbits, while in a shallow
or nearly uniform density profile it instead drives orbits towards
higher eccentricity. In a cuspy profile, the strong density con-
trast between pericentre and apocentre causes energy loss to be
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Fig. 6. Impact of baryons: DF efficiency map for FDM-DF-only +
baryons model with halo-to-GC mass ratios between 103 and 105, and
FDM particle masses m22 ranging from 0.1 to 100. The secondary axis
shows the corresponding halo mass assuming MGC = 106 M�. Dashed
white lines separate the three regimes of FDM DF: (1) absence of fric-
tion, (2) reduced friction, and (3) the classical regime.

dominated by passages through the central regions, leading to a
preferential damping of radial motions and hence circularization.
In contrast, in a cored potential the density varies weakly along
the orbit. In the latter, the GC spends more time near apocentre
than near pericentre thus energy loss accumulated at apocentre
dominates, enhancing orbital eccentricity. The colour inversion
in Figure 4 suggests that at a given energy, eccentric orbits are
more strongly heated by FDM fluctuations, since the GC passes
close to the centre where heating efficiently counteracts DF. The
resulting stalling is therefore more effective than for circular or-
bits. This behaviour directly echoes our Figure 2, which clearly
shows that for a given m22 a GC starting from the same apocen-
tre takes longer to reach the centre on a circular orbit than on an
eccentric one. The presence of an FDM core therefore naturally
amplifies the inversion of the colour distribution, reinforcing the
tendency for eccentric orbits to stall more efficiently than circu-
lar ones.

We explored these behaviours for halo-to-GC mass ratios be-
tween 103 and 105, and for FDM particle masses m22 ranging
from 0.1 to 100. Rather than computing the infall time, which
would require an arbitrary choice of radius in the absence of
mass loss, we chose instead to calculate the efficiency of DF, de-
fined as the mean relative difference between the last apocentre
without DF and with the FDM DF. The advantage of this metric
is that it provides a robust measure of the impact of DF on orbital
evolution, independent of the GC initial conditions and the DM
distribution. We set a threshold at 5%. Below this value, DF is
considered no longer efficient, and this constitutes our efficiency
limit for all models.

Figure 5 illustrates the efficiency of FDM DF in an NFW
halo as a function of the particle mass m22 and the mass ratio
Mhalo/MGC, along with the typical orbital evolution for three rep-
resentative values of m22. For comparison, we also compute the
efficiency boundary for classical DF using Chandrasekhar’s for-
mula, which depends only on the mass ratio. We find that above
a mass ratio of 7×104, friction becomes negligible (shown as an
orange dashed line in Figure 5). The three lower panels in Fig-
ure 5 show the decay of the normalized orbital radius (relative to
its initial value) as a function of time for a GC in an NFW halo,

for three representative values of m22 corresponding to the iden-
tified regimes. Green curves correspond to the FDM-DF-only
model, orange to CDM. For each model, both radial and circular
orbits are shown. Similar to CDM, our results confirm that the
galactic regime of interest for significant FDM signatures cor-
responds to dwarf galaxies with Mhalo = 109 − 1010, where the
mass ratio between GCs and the host galaxy is lowest. In this
regime, the free parameter of FDM, m22, induces clear differ-
ences, which lead us to identify three distinct zones. (1) zone
1, to the left of the FDM DF efficiency boundary (green line in
Figure 5), highlights a regime where DF is negligible regardless
of the relative mass, meaning that on average GCs lose virtually
no orbital energy. Since significant DF effects are found below
a mass ratio of 104, we restrict this zone to m22 ≤ 0.44 (white
dashed line in Figure 5). For m22 = 0.16, FDM friction is so
weak that the orbit retains nearly constant radial amplitude over
10 Gyr, while the CDM case shows a clear decay. This illustrates
the DF stalling mechanism that naturally arises in our FDM-DF-
only model, even in the absence of DM core. (2) zone 2, be-
low the FDM DF efficiency boundary, corresponds to a regime
where friction remains effective but reduced compared to CDM.
The bottom middle panel with m22 = 4.0 confirms this with or-
bital decay in FDM, though less pronounced than in CDM. (3)
Finally, in zone 3, for m22 > 40, friction becomes increasingly
similar to classical DF, with total convergence towards m22 = 80.
For m22 = 63, the orbital decay is nearly identical to CDM, re-
flecting the recovery of the classical regime where quantum ef-
fects are negligible.

In summary, Figure 5 shows that in the dwarf regime, FDM
DF is highly inefficient for low m22 inducing orbital stalling, re-
duced for intermediate values (0.45 ≤ m22 ≤ 40) where DF
dominates over FDM granular heating, and converges back to
the CDM behaviour at high m22. The existence of such regimes
naturally leads to the emergence of a stalling mechanism: for
sufficiently low m22, GCs cease to lose orbital energy and re-
main on wide orbits, escaping the fate of infall. This mechanism
therefore directly challenges the expected galactic cannibalism
of GCs, and provides a pathway for their long-term survival in
dwarf galaxies.

3.2. Impact of baryons

Here, we aim to estimate how our results are affected by the
presence of baryons, which increase the central density of the
galaxy and thus enhance DF according to Equation (1). Given
the uncertainty in the stellar distribution within FDM halos, we
assume that it follows the CDM model at z = 0. Our goal is
therefore to provide a qualitative description of the impact of
baryons on the boundaries of FDM DF efficiency. The potential
of the stellar component is characterized by its mass and scale ra-
dius. We therefore assume the stellar-to-halo mass relation from
abundance matching (Behroozi et al. 2010) to estimate the bary-
onic mass of our galaxies using Halotools3 (v0.9, Hearin et al.
2017). The effective radius is then calculated following Equa-
tion 32 of Shen et al. (2003). The half-mass radius of the stellar
distribution is assumed to be rhm = 0.75 reff (Hernquist 1990;
Szomoru et al. 2013). In the case of classical DF, the efficiency
boundary is shifted from a mass ratio of 7 × 104 to 105 in the
presence of baryons (see Figures 5 and 6).

Figure 6 shows the impact of the baryonic component on
FDM DF. As in Figure 5, three regimes can be distinguished:

3 https://halotools.readthedocs.io/en/latest/index.
html
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Fig. 7. Impact of the DM core: Same as Figure 5 but for the FDM model
with halo-to-GC mass ratios between 103 and 105, and FDM particle
masses m22 ranging from 0.1 to 100. The secondary axis shows the cor-
responding halo mass assuming MGC = 106 M�. Dashed white lines
separate the three regimes of FDM DF: (1) absence of friction and (2)
reduced friction.

inefficiency for low masses (m22 < 0.44), reduced friction
(0.44 . m22 . 30), and convergence towards the CDM regime
for m22 > 30. Overall, the addition of baryons broadens the
range of mass ratios over which DF is efficient, since the ex-
tra central density enhances orbital energy losses. In particular,
convergence towards the CDM case is now reached at a mass ra-
tio of 105 for large m22. Moreover, the baryonic component en-
larges the CDM-like regime (zone 3) while reducing the extent
of zone 2, where DF is active but reduced.

3.3. Impact of the FDM core profile

Figure 7 shows the DF efficiency map in our FDM model, this
time including the FDM DF and the density profile modified
by the presence of a solitonic core. Compared to the FDM-DF-
only model, the introduction of the FDM core profile signifi-
cantly alters the dynamics in the central regions. In Figure 7,
the oscillation of the FDM boundary (purple line) around the
FDM-DF-only case (dashed green line) arises from the shape of
the FDM profile, which can be more or less dense than NFW
profile depending on the core radius and central density, them-
selves determined by m22 and Mhalo. Only two regimes can be
clearly distinguished as a function of m22. The inclusion of the
central core strengthens the DF inefficiency for dwarf galaxies
up to m22 = 0.7, and nearly suppresses the convergence towards
the CDM regime (zone 3) over the considered FDM mass range.
Instead, it substantially enlarges the regime in which DF is re-
duced by quantum heating. This implies that in a realistic FDM
scenario, accounting for both FDM DF and the solitonic core
structure, the expected outcome is a population of GCs much
more resilient to galactic cannibalism.

4. Demographics of GC systems

This stalling mechanism, arising both from quantum heating
counteracting DF and from the presence of a DM core, has di-
rect implications for the galactic cannibalism of GCs: by pre-
venting their orbital decay and subsequent tidal destruction near

the centre, it ensures the long-term survival of a significant frac-
tion of GCs. In other words, the properties of FDM may shield
GCs from the canonical cannibalism scenario expected in CDM
halos, thereby reshaping the predicted demographics of GC sys-
tems. To explore the impact of FDM on GC system demograph-
ics, we artificially construct an in situ and an ex situ GC popula-
tion within our galaxies, which should be regarded as a limiting
case. At the initial time, in situ GCs are defined as having apoc-
entres rinit

apo < rs, while ex situ GCs have 3rs < rinit
apo < 10rs. The

in situ population forms preferentially in the central regions of
galaxies, where the gas density—and thus the likelihood of mas-
sive cluster formation—is highest, whereas the ex situ popula-
tion consists of GC accreted through mergers, naturally residing
at larger distances from the centre. These GCs are selected from
our initial sample of 4500 clusters. For our orbital analysis, we
define a GC to have sunk to the centre once its apocentre falls
below 10% of the scale radius of its host halo. This criterion nat-
urally depends on the total halo mass: for example, in the MW ,
where the DM scale radius is about 16 kpc (Bovy 2015), no GC
is found within 700 pc. Moreover, in the Fornax dwarf galaxy,
no GC is found within 0.14 kpc, which corresponds to 10% of
the scale radius of a 8 × 108 M� DM halo. This criterion thus
allows us to determine whether a GC is destroyed, given that our
model does not include GC mass loss.

4.1. Absence of mixing of in situ and ex situ populations

Figure 8 illustrates the ratio of surviving in situ to initial in situ
GCs (left panel), and the ratio of ex situ surviving in situ to initial
ex situ GCs (right panel) within the central region of our galaxies
(inside the scale radius rs of the halos) as a function of their mass
ratio Mhalo/MGC, for different values of the FDM particle mass
m22. After 10 Gyr of evolution, both panels of Figure 8 again
reveal that the mass regime of interest is that of dwarf galaxies,
i.e. between 109 and 1010 M�, as this is where the strongest dis-
crepancies between FDM and CDM appear. This arises because,
in this regime, DF is maximized in both CDM and FDM, but
FDM heating can counteract it with an efficiency that depends
on m22. In the in situ case (left panel), GCs are subjected to par-
ticularly strong CDM DF as the mass ratio decreases, leading
to an almost complete disappearance of the in situ population
once Mhalo/MGC drops below 104 (see black dashed line in Fig-
ure 8). This behaviour is altered in FDM and strongly depends
on m22: for m22 < 4, DF is inefficient and most clusters sur-
vive; for 4 . m22 . 30, friction is enhanced and a large fraction
of clusters sink; finally, for m22 > 30, the regime tends to re-
cover the CDM behaviour, with a near extinction of the in situ
population in dwarfs. In the ex situ case (right panel), the major-
ity of GCs initially located beyond 3rs do not sink after 10 Gyr
and remain outside the central region of our galaxies (delimited
by rs) for mass ratios above 4. However, in the dwarf regime
(log(Mhalo/MGC) = 3 − 4), about 3% of GCs (75 GCs) pene-
trate the central region through DF and survive there in CDM.
Although the fraction of ex situ clusters populating the centre
appears small, they represent a non-negligible 20% compared to
the in situ clusters initially located at the centre (300 clusters at
t = 0). For m22 < 6, none at all, are found in the central region
due to friction being halted by quantum heating. A special case
arises for m22 ∼ 6, where friction is efficient enough to bring
clusters below rs, but once at the centre quantum effects become
strong enough to induce orbital stalling. This results in a GC ra-
tio (5%) higher than in CDM (3%).

For dwarf galaxies, our results therefore show that FDM
favours a dominance of in situ clusters in the central region,
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Fig. 8. Ratio of surviving to initial GCs within the central region of galaxies delimited by the scale radius rs of halos as a function of the mass
ratio Mhalo/MGC and for different FDM particle masses m22. The survival criterion corresponds to a final apocentre larger than 0.1 rs. The left panel
shows an in situ population (rinit

apo < rs) initially composed of about N0 = 300 GCs, while the right panel corresponds to an ex situ population
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apo < 10rs) initially composed of about N0 = 2100 GCs.
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Fig. 9. Limited mixing of the two GC populations: Radial probability
density distributions of GCs for the total population (in situ + ex situ)
in a dwarf galaxy with a mass ratio of 103. For low values of m22, the
total distribution exhibits a clear FDM signature with a bimodal shape,
characterized by two distinct peaks and a gap between them. This fea-
ture reflects the limited mixing between the in situ and ex situ popu-
lations induced by the FDM DF and the DM core. As m22 increases,
this bimodality progressively disappears and the distribution converges
towards the CDM case, indicating enhanced mixing of the two popula-
tions.

whereas CDM favours a dominance of ex situ clusters. The sur-
vival of in situ GCs and the near absence of ex situ clusters in
the central regions of dwarfs under FDM, compared to CDM,
highlights a crucial point. An unambiguous identification of in

situ clusters in dwarf galaxies would provide strong constraints
on the free parameter m22, whose value remains highly debated
between galactic and cosmological scales. Indeed, galactic stud-
ies, such as the analysis of the thickening of cold stellar streams
(Amorisco & Loeb 2018), suggest m22 > 1.5 and investigations
of the MW disc indicate a boson mass around m22 ∼ 0.5 − 0.7
and m22 > 1.3 by Chiang et al. (2023) and Hamilton (2024), re-
spectively. These findings are in tension with the more stringent
limits derived from the Lyman-α forest, which constrain the bo-
son mass to m22 = 7 − 20 (Iršič et al. 2017; Kobayashi et al.
2017; Nori et al. 2019; Armengaud et al. 2017; Rogers & Peiris
2021). According to Figure 8, galactic-scale constraints support
the idea that GCs may act as an effective probe to discriminate
between CDM and FDM, whereas large-scale constraints place
us in a regime where GCs show no significant deviations from
CDM.

Our results also demonstrate that the FDM scenario can nat-
urally reconcile the Fornax problem and its six GCs (Mackey &
Gilmore 2003) (Fornax GC1–5) and Pace et al. (2021) (Fornax
GC6). In the FDM framework, these GC could be in situ and sur-
vive over a Hubble time due to reduced or even suppressed DF.
In contrast, in CDM, the dynamical history of the GCs is more
complex. Most of Fornax’s GCs would need to be ex situ, which
would require a merger in Fornax’s history with a lower-mass
galaxy capable of delivering these GCs. Indeed, Deason et al.
(2014) found that 10% of satellite dwarf galaxies with M? > 106

M� within the host’s virial radius experienced a major merger
with a stellar mass ratio larger than 0.1 since z = 1. Although the
probability that this occurred specifically for Fornax is low, it is
notable that Fornax is the only one of the eleven classical MW
satellites to host GCs, pointing to a potential past merger.

Such a merger would have served two purposes. First, it
could have brought in ex situ clusters that could survive in a
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galaxy where tidal cannibalism is intense. Indeed, more than
50% of dwarf galaxies with M? < 2 × 107 M� do not host
GCs, and even if they do, it is rarely more than three for 107

M� (Chen & Gnedin 2023). Second, the merger could have trig-
gered orbital expansion of in situ clusters, allowing them to sur-
vive longer (Leung et al. 2020). However, this mechanism only
works for three clusters (GC1, GC2, GC3) among the five For-
nax GCs studied by Leung et al. (2020). The evidence for a past
merger therefore seems insufficient and may even bias our un-
derstanding, as it does not guarantee that the accreted galaxy
contributed any GCs to Fornax. Again, we emphasize that de-
termining the origin of the clusters could be a decisive metric to
address this timing problem.

4.2. Bimodality in the GC radial distribution

The FDM signatures in the GC dynamics shown in Figure 8 for
low m22 values leads to very limited mixing between the in situ
and ex situ populations in the central region, as would be ex-
pected in CDM. This contrasting behaviour of in situ and ex situ
populations in CDM and FDM scenarios demonstrates a poten-
tial signature in the radial distribution of clusters in an FDM uni-
verse within the dwarf galaxy regime, as illustrated in Figure 9.
This figure shows the total GC population after 10 Gyr of evo-
lution, artificially created in a dwarf galaxy with a mass ratio
of 103. Unlike in CDM, which shows an indiscernible mixture
of populations, the distinction between in situ and ex situ clus-
ters in FDM becomes increasingly clear as m22 decreases. In situ
GCs occupy the central regions of the galaxy, whereas ex situ
clusters remain at larger radii. This absence of galactic cannibal-
ism results, for the total population, in a bimodal radial distri-
bution when considering low FDM particle masses (m22 < 6).
Conversely, for higher values of m22, the distribution becomes
progressively smoother, gradually reproducing the behaviour ex-
pected in the CDM scenario, with a stronger overlap of the two
populations and a disappearance of the bimodal feature.

Thus, the presence or absence of this bimodal signature in
the total GC population could serve as a sensitive indicator of the
nature of DM. The ongoing Euclid mission will be able to pro-
vide the projected spatial distribution of GCs across its unprece-
dented coverage of galaxies, spanning stellar masses from 109

M� (dwarfs) to 1012 M� (MW-like systems) in the nearby Uni-
verse (< 100 Mpc), by detecting half a million extragalactic GCs
(Lançon et al. 2021; Voggel et al. 2025). In the dwarf regime, the
Euclid early release observations of the Perseus galaxy cluster
have already enabled the successful detection of 11370 candi-
date GCs (Saifollahi et al. 2025), associated with more than 1000
dwarf galaxies with stellar masses between 106 and 1010 M�
(Marleau et al. 2025). More statistics across the full stellar mass
range of dwarfs with the upcoming Euclid DR1 in autumn 2026
could be sufficient to investigate this signature. However, this
signature still needs to be confirmed by taking into account hi-
erarchical assembly with mass loss including contributions from
stellar evolution, two-body relaxation, and tidal shocks but also
and more realistic initial conditions for GCs, as in Boldrini et al.
(2025).

5. Conclusions

In this work, we have implemented the formalism of FDM DF in
the galpy framework, enabling for the first time full orbital inte-
grations of GCs under this alternative DM scenario. Our results
confirm that the wave-like nature of FDM fundamentally alters
the efficiency of DF compared to the standard CDM paradigm.

The efficiency of FDM DF sensitively depends on the boson
mass m22. We identified three regimes: (i) at low m22, DF is sup-
pressed and GCs remain at large radii; (ii) at intermediate m22,
DF is partially effective but reduced compared to CDM; and (iii)
at high m22, the classical CDM behaviour is recovered. These
regimes open a new pathway to constrain m22 on galactic scales,
in complement to cosmological probes such as the Lyman-α for-
est.

We show that stochastic heating by FDM density granules,
combined with the presence of solitonic cores, induces a stalling
mechanism that prevents the long-term orbital decay of GCs,
most notably in dwarf galaxies where classical DF is expected
to be most efficient. This process halts the canonical galactic
cannibalism expected in CDM, ensuring the survival of in situ
GCs over Hubble time and strongly limiting the mixing with ex
situ clusters. As a consequence, GC systems in FDM dwarf ha-
los naturally develop a bimodal radial distribution, with central
in situ clusters coexisting with outer ex situ ones. Future work
should focus on confirming this bimodality signature in dwarfs
by taking into account hierarchical assembly with mass loss, as
in Boldrini et al. (2025). Importantly, these predictions could
provide a robust explanation for the long-standing survival of
the Fornax GCs. From an observational perspective, our results
highlight GCs as powerful dynamical tracers of FDM physics.
With its unprecedented coverage, the Euclid mission will soon
deliver the first statistical census of extragalactic GCs, offering a
unique opportunity to test these predictions and place new con-
straints on the nature of DM.

Crucially, FDM stands out from other alternative DM mod-
els such as warm DM (Bode et al. 2001) or self-interacting DM
(Spergel & Steinhardt 2000). While these scenarios can also pro-
duce DM cores in dwarf galaxies, the formulation of DF re-
mains essentially classical and is well described by the Chan-
drasekhar prescription. In SIDM, for instance, the Knudsen num-
ber (Kn � 1 for σ/m = 0.2–100 cm2 g−1) indicates that gravity
dominates over scattering, keeping DF in the classical regime
(Fischer & Sagunski 2024). However, the presence of a core
may reduce the efficiency of DF and lead to core stalling, but
this effect purely arises from the DM density structure such as
in SIDM van den Bosch & Dattathri (2026). In contrast, FDM
uniquely modifies the very mechanism of DF through quantum
granule-induced heating, offering a distinctive dynamical signa-
ture absent in other models. Identifying such observational sig-
natures is therefore a crucial step forward in the long-term effort
to distinguish between DM scenarios and possibly rule some
of them out. We also stress that baryons play a non-negligible
role in shaping the distribution of DM through both gravitational
and hydrodynamical processes. Stellar feedback, for example,
can also generate cores in dwarf galaxies, potentially mimicking
some DM-induced effects. Disentangling these contributions is
essential for a robust interpretation of DF signatures.

6. Data availability

The data underlying this article is available through rea-
sonable request to the author. Codes and data are available at
github.com/Adrian998obs/FuzzyDarkMatterDynamicalFriction.

The documentation of FDM DF is available on galpy web-
site at: potentialfdmdynfric.
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Fig. A.1. Computational time in CPU hours as function of the FDM
particle mass for FDM-DF-only and FDM models. Dashed orange lines
represent the computational time for CDM.

Appendix A: Fuzzy dark matter dynamical friction
force implementation

Appendix A.1: Implementation in galpy

In the public code galpy, designed for orbit integration in both
Python and C and widely used in galactic dynamics, DF and
galactic potentials are implemented as separate potential classes
that can be modified. Classical DF is implemented as a Force
instance (ChandrasekharDynamicalFrictionForce).
In this work, we have developed a new subclass,
FDMDynamicalFrictionForce, based on the formulation
of Lancaster et al. (2020), implemented in both Python and
C and derived from the classical case. This new subclass
introduces the explicit dependence on the parameters kr and Mσ

for a point-mass object such as a GC. At each timestep, given
the values of these parameters computed using Equations 6
and 7, the DF coefficient is evaluated as follows:

1. For kr < Mσ/2, DF is computed within the FDM zero-
velocity dispersion regime (Equation 8), shown in cyan in
Figure 1.

2. For kr > 2Mσ, the coefficient is taken from the FDM disper-
sion regime (Figure 10), represented in blue in Figure 1.

3. For intermediate values of kr, where the behaviour of FDM
DF is more uncertain, we assume a linear interpolation be-
tween the zero-dispersion and dispersion regimes, evaluated
respectively at kr = Mσ/2 and kr = 2Mσ.

4. Finally, the classical DF coefficient CCDM is computed, and
we ensure that the FDM coefficient never exceeds the classi-
cal value (see red curve in Figure 1).

We chose to compare the FDM DF coefficient CFDM directly
with the classical coefficient CCDM in order to handle the tran-
sition between the two regimes. This approach guarantees that
the appropriate regime is applied, classical (MQ � 1) or FDM
(MQ � 1). Figure 1 illustrates the different DF regimes as a
function of kr, together with the resulting coefficient. Since DF
is evaluated at each timestep, an orbit can pass through different
regimes during the integration. This represents the main differ-
ence with the work of Hui et al. (2017), where only the initial
value of CFDM in the zero-velocity dispersion regime was con-
sidered. This feature leads to significant differences in orbital

evolution. Further examples and technical details of the class are
provided in the galpy documentation4.

Appendix A.2: Validity tests

In order to validate the new FDMDynamicalFrictionForce
class, we verified both the consistency of the computa-
tions and the behaviour of the DF force through a se-
ries of numerical tests. First, we confirm that in the
classical regime (high m22), FDM DF converges to the
ChandrasekharDynamicalFrictionForce, with a relative
error in the final positions below 0.1%, after 2 Gyr. Sec-
ond, we show that in the central limit (kr � 1), FDM
DF agrees with analytical solutions for circular orbits in the
LogarithmicHaloPotential at constant velocity, with a max-
imum deviation below 0.1% after twice the characteristic time.
Finally, we tested the case of a constant FDM factor against the
analytical solution for circular orbits in the same potential at con-
stant velocity, again finding a maximum deviation below 0.1%
after the characteristic time.

4 https://docs.galpy.org/en/latest/reference/
potentialfdmdynfric.html
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