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1. Introduction

The Fornax dwarf spheroidal galaxy is an exceptional laboratory
for investigating dark matter (DM) dynamics. Dwarf galaxies are
among the most DM-dominated systems in the Universe, and
their internal dynamics are largely controlled by their host DM
halos (Battaglia et al. 2013; Walker 2013). As one of the most
massive satellites of the MW, Fornax has a stellar mass of ap-
proximately 2—4x 107, My, (Mateo 1998; de Boer & Fraser 2016;
Borukhovetskaya et al. 2022). It is also distinguished by its rich
globular cluster (GC) system, hosting five confirmed GCs and
possibly a sixth candidate, an unusually large population for a
galaxy of this mass (Mackey & Gilmore 2003; de Boer & Fraser
2016; Wang et al. 2019; Forbes et al. 2018). Cosmological hy-
drodynamical simulations from the E-MOSAICS project further
emphasize the rarity of this system, predicting that only 3% of
Fornax analogues contain five or more GCs, while 35% host no
GCs at all (Shao et al. 2021).

The presence of these old GCs (ages between 10 and 12 Gyr)
at galactocentric distances of the order of a kiloparsec gives rise
to the long-standing “Fornax timing problem”. First formulated
by Oh et al. (2000), the problem arises from the apparent in-
consistency between the present-day locations of the GCs and
their expected orbital decay due to dynamical friction. If the GCs
formed near their current positions, they should have spiralled
into the centre of Fornax within only a few Gyr, significantly
shorter than their inferred ages, potentially leading to the forma-
tion of a nuclear star cluster (NSC). However, no such massive
NSC is observed. Dynamical friction occurs when a massive ob-
ject moves through a background of lighter particles, such as
DM particles and field stars, generating a gravitational wake that
trails behind it (Chandrasekhar 1943). This overdensity exerts a
drag force on the object, causing it to lose orbital energy and
angular momentum and gradually sink toward the centre of its
host galaxy. In the cuspy Navarro-Frenk-White (NFW) DM ha-
los predicted by the CDM paradigm (Navarro et al. 1996, 1997a),
the corresponding orbital decay timescales are typically esti-
mated to be between 1 and 5 Gyr, much shorter than the ages
of the Fornax GCs. Under these conditions, the clusters are ex-
pected to merge in the central regions and form a massive NSC
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(Tremaine 1976; Tremaine et al. 1975; Oh et al. 2000). Histori-
cally, Fornax has been considered a non-nucleated dwarf galaxy,
strengthening the tension between theoretical expectations and
observations. Indeed, Cole et al. (2012a) estimated that, in a
cuspy DM halo, the probability that none of the GCs reaches
the centre within 2 Gyr is less than 2%. However the recently
rediscovered sixth GC (GC6), located at a projected distance of
only ~ 0.27 kpc from the centre of Fornax, could represent the
long-sought NSC. Although this low-mass cluster (~ 10* M)
exhibits signs of tidal disruption consistent with ongoing orbital
decay, its existence does not fully resolve the timing problem.
The most massive clusters, such as GC3 and GC4, are still ob-
served at substantially larger radii despite being expected to ex-
perience stronger dynamical friction and therefore to sink more
rapidly than GC6. This apparent discrepancy between the ob-
served distribution of the Fornax GCs and the predictions of dy-
namical friction has been recognized for more than 25 years and
has motivated a large body of theoretical work. Proposed solu-
tions generally invoke either modifications to the internal struc-
ture of the DM halo or specific orbital histories of the GCs, with
the common goal of reducing or counteracting the efficiency of
dynamical friction.

One of the most extensively explored solutions to the Fornax
timing problem involves the internal structure of the DM halo
itself (Goerdt et al. 2006a; Read et al. 2006a; Cole et al. 2012a;
Sanchez-Salcedo et al. 2006a; Inoue 2009; Kaur & Sridhar 2018;
Meadows et al. 2020; Boldrini et al. 2019). This directly con-
nects the timing problem to the cusp-core problem in ACDM
paradigm (Bullock & Boylan-Kolchin 2017; Boldrini 2021). In
the standard paradigm, DM halos are expected to develop cuspy
density profiles characterized by a steep central density o< ).
In such halos, dynamical friction remains highly efficient, mak-
ing the orbital decay of massive GCs toward the galactic cen-
tre almost unavoidable (Tremaine 1976; Hernandez & Gilmore
1998). In contrast, numerous observational studies have sug-
gested that some galaxies may instead host cored DM halos,
whose central density approaches a constant value rather than di-
verging toward the centre (Flores & Primack 1994; Moore 1994;
McGaugh et al. 2001a; Oh et al. 2011, 2015a; Oman et al. 2015;
Santos-Santos et al. 2020a; Adams et al. 2014; Brook 2015). Ev-
idence from stellar kinematics in dwarf galaxies has also been
interpreted as favouring cored DM distributions (Strigari et al.
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2006; Walker & Pefiarrubia 2011; Burkert 2015; Amorisco et al.
2013). In such halos, dynamical friction is significantly weak-
ened and GCs are expected to stall at a characteristic radius,
typically located at roughly one-third of the core radius (Goerdt
et al. 2006a; Read et al. 2006a; Petts et al. 2015; Meadows et al.
2020). As a result, GCs can survive for a Hubble time without
reaching the galactic centre. Within the CDM framework, cored
density profiles may arise through the baryonic feedback pro-
cesses during galaxy formation (Pontzen & Governato 2012; Di
Cintio et al. 2014; Tollet et al. 2016). However, the efficiency and
ubiquity of this mechanism remain actively debated. In DM-only
simulations, such cores do not emerge naturally, making their ex-
istence dependent on complex baryonic processes. By contrast,
central cores arise naturally in several alternative DM scenarios,
including self-interacting DM (Kaplinghat et al. 2016) and fuzzy
DM (Schive et al. 2014). Some cored halo models even predict
the onset of dynamical buoyancy, whereby GCs gain orbital en-
ergy through interactions with fast-moving background particles
and migrate outward from the central regions. This mechanism
can further suppress orbital decay and extend cluster survival
well beyond a Hubble time (Cole et al. 2012a; Dattathri et al.
2025).

However, the core solution is challenged both by the absence
of a common stalling radius for the five Fornax GCs and by
the uncertain origin of DM cores within the CDM framework.
Consequently, additional dynamical mechanisms have been pro-
posed to explain the long-term survival of the GCs. One pos-
sibility is to increase the orbital decay timescales by assum-
ing that the GCs formed at larger galactocentric distances than
those observed today, rather than near their present-day loca-
tions (Cowsik et al. 2009; Cole et al. 2012a; Arca-Sedda &
Capuzzo-Dolcetta 2016; Boldrini et al. 2019; Meadows et al.
2020; Sanchez-Salcedo & Lora 2022). If the GCs originated suf-
ficiently far from the galactic centre, the time required for dy-
namical friction to drive them inward can exceed the age of the
Universe, even within a cuspy halo. However, Sanchez-Salcedo
& Lora (2022) showed that relatively small variations (£20%)
in the assumed initial radii can lead either to rapid infall toward
the centre or to long-term survival within the galaxy. Moreover,
given the measured ages of the GCs (10-12 Gyr), it remains un-
clear whether the gas density in the high-redshift progenitor of
Fornax would have been sufficient to support GC formation at
such large galactocentric distances, particularly given the more
compact structure expected for dwarf galaxies at early times (Le-
ung et al. 2020a).This scenario naturally raises the possibility
that some of the Fornax GCs were accreted rather than formed
in situ. In that case, GCs acquired through past merger events
would have started experiencing dynamical friction within the
Fornax potential only after their accretion, substantially reduc-
ing the time available for orbital decay. In support of this picture,
Shao et al. (2021) found that the GC populations of Fornax ana-
logues in the E-MOSAICS simulations are composed of nearly
equal fractions of in situ (45%) and ex situ (55%) GCs. Further-
more, a major merger with a mass ratio of approximately 1:5
or 1:2 could have transferred angular momentum to the GC sys-
tem, causing the orbits of pre-existing clusters to expand and fur-
ther delaying their inward migration (Leung et al. 2020a). Such
merger-driven processes are particularly attractive because they
may alleviate the need for all GCs to share a common stalling
radius. In addition, the unusually large total mass of the Fornax
GC system relative to its metal-poor field-star population would
be easier to reconcile if one or more of the GCs were accreted
from external galaxies (Larsen et al. 2012). An alternative sce-
nario was proposed by Boldrini et al. (2020a), who explored the
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possibility that the Fornax GCs formed within their own DM
minihalos (~ 107 Mg). Although these systems initially expe-
rience stronger dynamical friction because of their larger total
masses, repeated passages through the central regions of Fornax
dynamically heat the host DM halo and progressively transform
its inner density profile from a cusp into a core. This cusp-to-
core transition subsequently reduces the efficiency of dynamical
friction, slowing further orbital decay. At the same time, the sur-
rounding DM minihalos protect the stellar components of the
clusters from the tidal forces exerted by the host galaxy, thereby
enhancing their long-term survival (Boldrini et al. 2020a; Vitral
& Boldrini 2022).

Additional solutions have focused on uncertainties in one
property of Fornax and on the influence of its environment.
In particular, the total DM halo mass of Fornax remains un-
certain by nearly an order of magnitude, with estimates rang-
ing from ~ 10°, My, based on stellar kinematics (Goerdt et al.
2006a; Battaglia et al. 2006; Errani et al. 2018; Walker et al.
2009; Wolf et al. 2010; Read & Erkal 2019) to ~ 10'9, Mg
from abundance-matching models (Wang et al. 2015; Fattahi
et al. 2018; Garrison-Kimmel et al. 2019; Munshi et al. 2021;
Behroozi et al. 2010). If Fornax was originally substantially
more massive before undergoing tidal stripping by the MW, the
resulting lower central densities would reduce the efficiency of
dynamical friction and increase the orbital decay timescales of
its GCs. The role of the Galactic environment has also been ex-
amined. As a satellite of the MW, Fornax evolves within the
Galactic potential and may experience tidal perturbations during
pericentric passages along its orbit (Oh et al. 2011; Borukhovet-
skaya et al. 2022). Although Galactic tides can modify the or-
bital properties of GCs, for example by increasing their eccen-
tricities, their impact on the final orbital decay timescale appears
to be secondary compared to the influence of the internal DM
distribution of the host galaxy (Borukhovetskaya et al. 2022).
Tidal interactions may also reshape the DM halo itself and po-
tentially reduce the central density of an initially cuspy profile.
However, numerical studies suggest that tidal stripping primar-
ily affects the outer regions of dwarf galaxies, while leaving the
inner density profile largely intact (Pefiarrubia et al. 2008; Gen-
ina et al. 2022). This is particularly relevant for Fornax, which
currently resides at a large Galactocentric distance (~ 149 kpc)
and follows a relatively low-eccentricity orbit around the MW
(Pietrzynski et al. 2009; Piatek et al. 2002; Dinescu et al. 2004;
Battaglia et al. 2015; Lux et al. 2010; Gaia Collaboration et al.
2018a).

The Fornax timing problem remains a fundamental challenge
for our understanding of dwarf galaxy dynamics and the nature
of DM. In this context, the Euclid mission provides an unprece-
dented opportunity to revisit this long-standing issue on a much
larger scale, using a sample of dwarf galaxies and associated
GC:s that is orders of magnitude larger than previously available.
Until now, this problem has been investigated almost exclusively
in the Fornax dwarf spheroidal galaxy, largely because it is the
only satellite dwarf of the MW known to host such a rich GC
system, while comparable datasets have remained unavailable
for other dwarfs. The Euclid Early Release Observations (ERO,
Cuillandre et al. 2025a) have fundamentally changed this situa-
tion. For the first time, they provide access to the same key ob-
servables that originally motivated the Fornax study, namely the
projected galactocentric distances and masses of GCs hosted by
dwarf galaxies.

In this paper, we revisit the Fornax timing problem in the lo-
cal Universe using the Euclid ERO sample of more than 6,000
GCs hosted by over 800 dwarf galaxies in the Fornax and
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Perseus galaxy clusters. Our goal is to determine whether the
timing problem is a unique feature of the Fornax dwarf galaxy
or a generic outcome of GC evolution in dwarf galaxies. To this
end, we estimate GC orbital decay timescales using the classical
dynamical friction framework and explore the impact of the main
solutions proposed in the literature to mitigate dynamical fric-
tion. The paper is structured as follows: Section 2 outlines our
methodology, including the Euclid globular cluster and dwarf
galaxy samples, the adopted mass models, and the orbital inte-
grations with dynamical friction. In Section 3, we present and
discuss our results, focusing on the timing problem in local Uni-
verse dwarf galaxies and on the implications on the origin of
globular clusters. Finally, Section 4 summarizes our main con-
clusions.

2. Methods

Our approach is based on combining the most recent observa-
tions of globular clusters in dwarf galaxies within the Fornax and
Perseus galaxy clusters, derived from Euclid ERO, with physi-
cally motivated mass models consistent with ACDM predictions.
For each dwarf galaxy mass model, we generate initial condi-
tions for the associated globular cluster system that reproduce
the observed properties. We then evolve these systems forward
in time over 10 Gyr to investigate their long-term dynamical evo-
lution.

2.1. GC (candidates) sample

The GC candidate samples are drawn from the two Euclid ERO
fields, the Fornax and Perseus clusters, presented by Saifollahi
et al. (2025b) and Saifollahi et al. (2025a), respectively. These
samples include GC candidates associated with dwarf galaxies
in the Fornax cluster (at about 20 Mpc) in the Perseus cluster (at
about 72 Mpc). The structural and photometric properties of the
dwarf galaxies, including their stellar masses and effective radii,
are taken from Saifollahi et al. (2025b) and Venhola et al. (2018)
for the Fornax cluster, and Cuillandre et al. (2025b) and Marleau
et al. (2025) for the Perseus cluster.

Before investigating the dynamical evolution of Euclid glob-
ular clusters within their host dwarf galaxies, we apply a set
of selection criteria to retain the most robust cluster candidates.
The initial ERO sample consists of 47 and 6653 globular clus-
ters, distributed across 16 and 826 dwarf galaxies in the Fornax
and Perseus clusters, respectively, with magnitudes in the range
-11.2 < M;, < =7 (see Table 1). We retain only clusters with
Myis < —8. In addition, we exclude objects with projected radii
smaller than 0.2 kpc, as these are more likely to be nuclear star
clusters. Applying these criteria reduces our sample to approxi-
mately 4500 clusters across both environments, which still pro-
vides a statistically significant data set (see Table 1). The globu-
lar cluster masses are estimated using:

MGC =1.8% 1070.4(M1E+0.574.82). (1)

This equation is given an average M/Ly = 1.8 for old metal-
poor single stellar populations (Bruzual & Charlot 2003), an av-
erage offset of -0.5 between V-band and I;-band for such stellar
population (Saifollahi et al. 2025b in the appendix), and the V-
band absolute magnitude of the Sun (Willmer 2018). This results
in cluster masses in the range 1.5 x 10° to 3.1 x 10® M, for the
selected sample. Finally, the uncertainties on the distances from
the galactic centre are small, of the order of a few parsecs. In
practice, they are generally smaller than the pixel size, which
corresponds to ~ 10, pc at the distance of Fornax.

2.2. Euclid dwarf galaxies

Each globular cluster is associated with a host dwarf galaxy,
which we modelled as a spherical potential following a NFW
profile (Navarro et al. 1997b), as predicted by CDM, and char-
acterized by its halo mass M}, and scale radius r;. We estimate
the total dark matter halo mass from the observed stellar mass
M, by adopting the stellar-to-halo mass relation derived from
abundance matching (Behroozi et al. 2010). The dwarf galax-
ies considered in our sample span stellar masses in the range
49 < log(My/My) < 9.6 and dark matter halo masses in the
range 9.3 < log(My /M) < 11.36. Given the inferred halo mass,
the scale radius r; is determined using results from cosmologi-
cal N-body simulations (Dutton & Maccio 2014), implemented
via the COLOSSUS package (Diemer 2018). In models including
baryons, the stellar component is represented by a Hernquist pro-
file, parameterised by the observed stellar mass and effective ra-
dius.

2.3. Dynamical friction implementation

To compute the dynamics of our GCs over 10 Gyr, it is essen-
tial to include dynamical friction in our modelling. This process
plays a key role in the deceleration and orbital energy loss of
globular clusters within dwarf galaxies. The dynamical friction
(DF) force scales with the square of the GC mass and with the
local density of the host galaxy, implying that DF is more effi-
cient for massive clusters orbiting in dense environments. The
characteristic timescale over which the apocentre of a cluster is
significantly reduced by DF can be approximated as

e ~ (de(r)) "
ric MGC yns

(©))

where Mgy (7) is the mass of the host dwarf galaxy enclosed
within the cluster radius r, and #4y, is the dynamical (orbital)
timescale (Binney & Tremaine 2008; Bovy 2026). In dwarf
galaxies, the enclosed mass in the central regions can be com-
parable to the mass of a GC, making dynamical friction particu-
larly efficient and capable of driving significant orbital decay on
timescales comparable to the Hubble time.

Our implementation of dynamical friction follows Petts et al.
(2015), who introduced a semi-analytic model based on the
Chandrasekhar (1943) formalism, incorporating radially varying
minimum and maximum impact parameters. This approach has
been shown to provide excellent agreement with N-body sim-
ulations for NFW dark matter distributions, without requiring
any parameter fine-tuning. Although the original Chandrasekhar
(1943) formalism assumes an infinite and homogeneous back-
ground, our implementation partially relaxes this limitation by
accounting for the finite size of globular clusters through the
inclusion of their half-mass radius, 74y, in the Coulomb loga-
rithm. More generally, the validity of this approach can be un-
derstood from the fact that dynamical friction in realistic sys-
tems arises from resonant interactions, which, when treated as
a continuum, recover Chandrasekhar’s expression (Tremaine &
Weinberg 1984; Weinberg 1986). The formulation of Petts et al.
(2015) has been extensively validated against N-body simula-
tions, successfully reproducing the inspiral of globular clusters
in spherical halos without parameter tuning. We therefore apply
this prescription locally along the orbit, noting that its validity is
expected to hold in approximately spherical systems. Extensions
to strongly non-spherical environments, such as discs or triaxial
galaxies, remain uncertain. Dynamical friction is computed as-
suming a constant GC mass, as given by Equation (1), and a fixed
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Table 1. Globular cluster timing problem in Fornax and Perseus galaxy clusters

Mvis  Noc Naw  Nawsinsc N gg N dva N dT\erNSC gg dT\f (ﬁfmsc gg ::T\f :1T\f+Nsc
Fornax - 47 16 4
-8 39 12 4 9 7 2 0.23 0.58 0.16 022 0.56 0.16
-9 16 9 2 7 6 2 044 0.67 0.22 041 0.64 0.2
Perseus - 6553 826 226
-8 4487 749 181 398 288 76 0.1 0.38 0.1 0.08 0.35 0.09
-9 988 406 46 154 135 14 0.15 0.33 0.03 0.15 0.32 0.03

Notes: From left to right, the columns report the limiting magnitude threshold adopted for the GC sample, the number of GCs, the
number of dwarf galaxies, and the number of dwarfs hosting a NSC in our sample. These three quantities are then repeated for
the subset of objects exhibiting a timing problem. We further report two types of fractions: the standard fraction f and a weighted
fraction f, computed for the number of GCs, the number of dwarf galaxies, and the number of dwarfs hosting an NSC that exhibit
a timing problem. A dwarf galaxy is identified as hosting an NSC if it contains at least one GC with an observed projected radius
< 0.2kpc, which we classify as an NSC. A GC is considered to exhibit a timing problem if its infalling time is shorter than 10 Gyr,
while a dwarf galaxy is considered to have a timing problem if it hosts at least one such GC.

size of 0.01 kpc. This choice corresponds to a conservative upper
limit for GC sizes, consistent with the largest systems observed
in the MW. Adopting smaller, more typical sizes (e.g., 1-3 pc)
would increase the efficiency of dynamical friction and further
reduce the infall times. Moreover, direct measurements of the
projected sizes of Euclid globular clusters will require comple-
mentary ground-based observations. Our modelling also relies
on the following assumptions for GCs. We assume that the clus-
ters are initialised at positions corresponding to their present-day
projected distances, and that they are on circular orbits (¢ = 0)
at these radii. GC orbits are evolved for 10 Gyr within a static
NFW potential. The integrations are performed using the fast C-
based integrator dop853_c, implemented in the publicly avail-
able code galpy (Bovy 2015). In terms of computational perfor-
mance, evolving ~ 4500 globular clusters over 10 Gyr requires
approximately 0.04 CPU hours.

3. Extending Fornax timing problem to local
Universe dwarfs

3.1. Fornax-like dwarfs in local Universe

Before revisiting the timing problem, we first aim to clarify how
common dwarf galaxies such as Fornax are in the local Uni-
verse. To this end, we select Fornax analogues by imposing a
stellar mass in the range 2-8 X 107 M, consistent with the ob-
served stellar mass of the Fornax dwarf galaxy. Within this sam-
ple, the fraction of analogues strongly depends on the environ-
ment. Approximately 42% and 24% of dwarf galaxies in the
Fornax and Perseus galaxy clusters in the initial dwarf galaxy
samples satisfy these criteria. Among these systems, a subpopu-
lation hosts an NSC, with 16% in the Fornax cluster and 6% in
the Perseus cluster. Regarding GCs, Fornax analogues typically
host between 1 and 6 GCs. When considering galaxies compara-
ble to the Fornax dSph in GC-richness (Ngc > 5), such systems
represent about 16% of the sample, while in Perseus this fraction
is 1%.

3.2. GC timing problem in local Universe

To identify which GCs exhibit a timing problem, we consider
those whose the apocentre falls below 0.2 kpc after 10 Gyr of
orbital integrations. This threshold corresponds to the GC-NSC
boundary adopted to clean our sample. This criterion therefore
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allows us to determine whether a GC has reached the central re-
gion of its host galaxy and would have potentially contributed to
the formation of a NSC. We recall that we revisit here the clas-
sical timing problem, which posits that GCs with ages > 10 Gyr
are not expected to remain at large radii, but rather to have mi-
grated to the galactic centre due to dynamical friction from field
stars and the dark matter halo, where they would have formed
an NSC. Based on our GC-NSC boundary, we estimate that 24%
(33%) of dwarfs in the Perseus (Fornax) cluster host an NSC (see
Table 1). This implies that the majority of dwarfs in these clus-
ters share properties similar to the Fornax dwarf galaxy, namely
the presence of GCs within ~ kpc scales (see Figure 1) and the
absence of an NSC.

Figure 1 shows the orbits of the 39 GCs associated with
dwarfs in the Fornax cluster, centred on their present-day galac-
tocentric distance R, with backward and forward integrations
performed both with and without the baryonic component in
the galactic potential. A GC is considered to exhibit a timing
problem if its infall time is shorter than 10 Gyr, while a dwarf
galaxy is considered to have a timing problem if it hosts at least
one such GC. We find that 100% (11%) of the Fornax timing
problem GCs sink within 6 (2) Gyr. In comparison, for Perseus,
63% (23%) of the timing problem GCs sink within 6 (2) Gyr.
As expected, the inclusion of baryons in the galactic potential
accelerates orbital decay, as higher central densities enhance dy-
namical friction. These infall times are short compared to the
expected ages of GCs (> 10 Gyr). Overall, we find that 23%
of GCs in Fornax exhibit a timing problem, affecting 58% of
dwarf galaxies in the cluster. In Perseus, 10% of GCs exhibit a
timing problem, corresponding to 38% of dwarf galaxies. Once
again, these results suggest that the environment plays a signifi-
cant role in regulating the fraction of GCs affected by the timing
problem. In summary, while the total number of GCs exhibiting
a timing problem represents a small fraction of the population,
particularly in Perseus, where the statistics are robust, a signifi-
cant fraction of dwarf galaxies is nevertheless affected. We also
note that adopting a stricter magnitude threshold (Myis < —9)
does not significantly alter our results (variations of 13—-16%),
and the timing problem remains (see Table 1). To ensure the
robustness of our results, we compute contamination corrected
fractions by assigning each Euclid GC candidate a probability
of being a background contaminant, quantified by p,. Each can-
didate is then weighted by its probability of being a genuine GC
associated with the host galaxy, defined as w = 1 — p,,. All re-
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Fig. 1. Orbital evolution of GCs in the Fornax galaxy cluster, assuming their present-day projected distance as the initial position on circular orbits
(e = 0), present-day GC masses, and a static dwarf galaxy potential derived from the observed stellar mass and calibrated using cosmological
CDM simulations. We consider here only GCs with magnitudes brighter than —8. Negative time values correspond to past orbits, while positive
values indicate future evolution. The horizontal black dashed line marks the GC-NSC boundary at 0.2 kpc, as defined in this work. Coloured curves
highlight GCs exhibiting a timing problem, i.e. those that reach apocentre below 0.2 kpc within 10 Gyr. We find that 23% of GCs in the Fornax
cluster exhibit a timing problem, corresponding to 58% of dwarf galaxies hosting at least one such cluster. The inclusion of baryons in the galactic

potential accelerates orbital decay.

ported fractions are computed using these weights, thereby es-
timating the effective contribution of genuine GCs rather than
raw candidate counts. For example, two candidates with proba-
bilities of 0.6 and 0.4 correspond to an effective contribution of
one genuine GC. Accounting for these weights only marginally
affects our results (see Table 1).

Overall, our results reveal that the timing problem is also
present in the local Universe. Based on GCs in two independent
galaxy clusters, we find that 56% and 35% of dwarf galaxies
in the Fornax and Perseus clusters, respectively, exhibit a tim-
ing problem. Furthermore, a key result is that the majority of
dwarfs exhibiting a timing problem do not host an NSC, with
fractions as high as 84% and 91% in Fornax and Perseus, re-
spectively. This significantly reinforces the timing problem, as
no cluster-origin object is observed at the galaxy centre, indi-
cating that these GCs have not undergone the expected orbital
decay.

3.3. Obvious solutions

As our results suggest the presence of a timing problem in
dwarf galaxies in the local Universe, we investigate its robust-
ness against the assumptions underlying the classical Fornax
timing problem. In particular, we adopt the following assump-
tions:

— GCs are located at their projected galactocentric distance,
— GCs are initially on circular orbits,
— the dark matter halo mass is inferred from the stellar-to-halo

mass relation of Behroozi et al. (2010).

It is therefore natural to question whether relaxing or refining
these assumptions could alleviate or even resolve the timing
problem.

3.3.1. Impact of line-of-sight distance uncertainties

A first caveat of our modelling lies in the assumption that GCs
start their orbital decay from their projected (2D) galactocentric

O Fornax Cluster
Perseus Cluster
% Fornax dwarf

<
N 1]
2
-
2
0
%*
o o
*90 ago 6
100 ;mm e e S e e e e
010 0t5 110 lr5 2:0 215 3?0

Projected radius R [kpc]

Fig. 2. Required line-of-sight distance z to resolve the timing problem
as a function of projected galactocentric radius R. The ratio z/R repre-
sents the minimum additional distance along the line of sight needed for
each GC to avoid reaching the central region (< 0.2 kpc) within 10 Gyr.
Blue and orange circles correspond to GCs in the Fornax and Perseus
clusters, respectively, while red stars indicate the GCs of the Fornax
dwarf galaxy. The horizontal dashed line marks z/R = 1. All GCs re-
quire z 2 R, with 29% of GCs requiring even more extreme configura-
tions (z 2 2R), highlighting that projection effects alone are unlikely to
resolve the timing problem.

distance, R. To account for projection effects, it has previously
been proposed to introduce an artificial line-of-sight distance of
z =R/ \/g, which increases the true galactocentric distance to
~ 1.15R. In contrast, we estimate here the minimum line-of-
sight distance required for each GC to avoid reaching the central
region within 10 Gyr, i.e. such that its apocentre remains above
0.2 kpc. Figure 2 clearly shows that all GCs would need to have
Z 2 R at present in order to alleviate the timing problem in local
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Fig. 3. DM halo mass required to prevent the timing problem as a func-
tion of stellar mass. The grey line shows the stellar-to-halo mass rela-
tion from Behroozi et al. (2010). Blue and orange circles correspond
to dwarf galaxies in the Fornax and Perseus clusters, respectively, while
the red star indicates the Fornax dwarf galaxy. Each point represents the
minimum halo mass required to keep the apocentre of timing problem
GCs above the GC-NSC boundary. A significant fraction of systems re-
quires halo masses well above CDM expectations: 62% of timing prob-
lem dwarfs require haloes at least 10 times more massive, 37% require
50 times more massive, and 15% require 100 times more massive haloes

dwarf galaxies. Such a requirement appears highly implausible,
as it would imply line-of-sight distances systematically compa-
rable to or larger than the observed projected radii across a wide
range of dwarfs and cluster environments. Moreover, we find that
29% of GCs exhibiting a timing problem would require extreme
configurations with z > 2R (see Figure 2). For comparison, the
two timing problem GCs in the Fornax dwarf galaxy would re-
quire line-of-sight distances of approximately 2 to 3 times their
projected radius. We therefore conclude that uncertainties in the
3D distances alone cannot resolve the timing problem.

3.3.2. Impact of orbital eccentricity

In our modelling, we initially assume circular orbits (¢ = 0)
for the GC orbital integrations. This assumption is, however, not
fully realistic, as globular clusters are expected to follow eccen-
tric orbits. For instance, GCs in the Milky Way exhibit a mean
eccentricity of e ~ 0.52 based on Gaia data (Gaia Collabora-
tion et al. 2018b). To assess the impact of orbital eccentricity,
we re-evaluate the timing problem by considering highly eccen-
tric orbits (e = 0.9), representing an extreme case. Figure A.1
shows the orbital evolution of the 39 GCs associated with dwarf
galaxies in the Fornax cluster, centred on their present-day galac-
tocentric distance R, with forward integrations performed in a
dark matter-only potential describing the host dwarfs. As ex-
pected, highly eccentric orbits lead to longer infall times, as the
higher initial velocities delay the efficiency of dynamical fric-
tion, thereby slowing down orbital decay (see Figures 2 and A.1).
Overall, we recover similar fractions of GCs and dwarf galaxies
affected by the timing problem in both the Fornax and Perseus
galaxy clusters.
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3.3.3. Impact of dark matter halo mass uncertainties

A final solution we investigate relies on invoking possible uncer-
tainties in the dark matter halo masses of dwarf galaxies relative
to the predictions of the CDM paradigm. Instead of assuming a
fixed stellar-to-halo mass relation, we determine the minimum
dark matter halo mass required for each dwarf galaxy to pre-
vent the timing problem for its problematic GCs. Specifically,
we compute the minimum halo mass such that the apocentre of
each GC remains above the GC-NSC boundary at 0.2 kpc.

Figure 3 shows that 62% of timing problem GCs in TB
dwarfs would require dark matter haloes at least 10 times
more massive than those predicted by CDM. Furthermore, 37%
(15%) of cases would require haloes 50 (100) times more mas-
sive. Therefore, resolving the timing problem in this framework
would require unrealistically massive haloes that are not ex-
pected within CDM. We also consider the specific case of the
Fornax dwarf galaxy, for which preventing the infall of its two
problematic GCs would require a halo mass comparable to that
of the Milky Way (see Figure 3).

We conclude that, taken individually, these solutions are in-
sufficient to resolve the timing problem. It is, however, worth
exploring whether a combination of these effects could mitigate
orbital decay over a Hubble time. Assuming that GCs start at a

distance of 1.15R (i.e. z = R/ V3) and follow eccentric orbits
with e = 0.52, we reduce the number of GCs exhibiting a timing
problem by approximately a factor of two (194 GCs). Neverthe-
less, we still find that 59% of timing problem GCs in TB dwarfs
require haloes at least 10 times more massive than CDM pre-
dictions, while 33% (13%) require haloes 50 (100) times more
massive. These constraints are very similar to those obtained un-
der our fiducial assumptions, again pointing toward unrealistic
halo masses.

Overall, our results show that, while it is in principle possible
to fine-tune the initial conditions to mitigate or even eliminate a
fraction of timing problem cases, a robust core of systems re-
mains difficult to reconcile with current theoretical expectations.
This suggests that the timing problem cannot be fully resolved
by adjusting initial conditions alone, but instead points toward a
more fundamental tension in our understanding of globular clus-
ter dynamics within their host gravitational potentials.

4. Discrepancy between high-redshift and local
universe GC distance distributions

In order to provide new insights into the timing problem, histor-
ically investigated through the forward evolution of GC orbits,
we instead adopt a complementary approach by integrating their
trajectories backward in time within realistic dwarf galaxy po-
tentials extracted from the hydrodynamical cosmological simu-
lation TNG50 (Nelson et al. 2019b,a; Pillepich et al. 2019). This
allows us to better constrain the spatial distribution of Euclid
GCs at high redshift. As illustrated in Figure 1, backward orbital
integrations effectively reverse the role of dynamical friction: in-
stead of acting as an energy loss, it behaves as an energy gain. As
a consequence, GCs migrate outward from their present-day po-
sitions, reaching galactocentric distances of ~ 1-5 kpc at look-
back times of ~ 10 Gyr. This motivates us to investigate the
impact of dynamical friction on the spatial distribution of GCs
atz ~ 3.

We consider the most massive galaxy cluster in the TNG50
simulation, which has a virial mass of 1.8 x 10'* M. Within this
halo, we select dwarf galaxies located inside the virial radius
(1198.91 kpc) and with stellar masses in the range 10°~10°> M,
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consistent with the mass range of Euclid dwarf galaxies. Among
the 848 dwarfs identified in TNG50, we successfully match 660
systems to the 749 galaxies observed in the Perseus by Eu-
clid, requiring a stellar mass agreement better than 5%. The
matching is performed on a one-to-one basis by minimizing stel-
lar mass differences. We then construct time-evolving gravita-
tional potentials that account for the evolution of dwarf galaxies
within the TNG cluster environment, in particular through mass
accretion and stripping processes. Specifically, Pillepich et al.
(2019) provide stellar masses and half-mass radii at multiple
redshifts for all galaxies identified in the most massive cluster.
Each dwarf galaxy is modelled using a Hernquist (1990) profile
for the stellar component and a Navarro—Frenk—White (NFW)
profile (Navarro et al. 1997b) for the DM halo, with parame-
ters calibrated from TNGS5O0 outputs. As in previous sections, we
assume circular orbits initialised at the projected galactocentric
distances observed by Euclid in order to reconstruct their past
evolution. This assumption corresponds to minimally radial tra-
jectories and therefore yields a lower bound on orbital excur-
sions. Consequently, the reconstructed radii should be regarded
as conservative estimates, as more eccentric orbits—expected to
be more representative of realistic trajectories—would lead to
significantly larger spatial displacements.

Finally, each GC is integrated backward in time down to
z = 3 within its matched TNG50 dwarf galaxy potential, includ-
ing the effects of dynamical friction while assuming constant GC
mass and size. This assumption likely minimizes the impact of
dynamical friction, as higher masses and more compact sizes
would enhance its efficiency. This methodology is applied ex-
clusively to the Perseus sample, as the Fornax system does not
provide sufficient statistics for a robust analysis.

4.1. Euclid Perseus GCs locations atz = 3

Figure 4 shows the probability density distribution of GC pro-
jected distance, P(log R), divived by the effective radius R,, for
the Euclid Perseus sample reconstructed at z = 3, in comparison
with high-resolution simulations and JWST observations. The
effective radius is estimated assuming R, = 0.015 ryo, where
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Fig. 5. Probability density of GC projected distance divided by the ef-
fective radius R,. Pierre: Add z = 3 for Perseus

ry0 denotes the virial radius of the host dwarf galaxy (Kravtsov
2013). Local Fornax and Perseus GC system display relatively
concentrated distributions around R/R, ~ 1-3 (see high trans-
parency blue and orange curves in Figure 4). In contrast, back-
ward integration of the Perseus GC system to z = 3 leads to
a significant shift of the distribution toward larger radii, with a
peak at R/R, ~ 18. This suggests that GCs currently observed
in the inner regions were initially located at much larger galac-
tocentric distances. For comparison, we include results from the
EDGE Taylor et al. (2025) and FIRE Sameie et al. (2023) high-
resolution simulations, which contain 184 and 7 GCs, respec-
tively. The green and red curves, derived from EDGE (8 < z < 2)
and FIRE-2 (z > 4), trace the spatial distribution of GCs at for-
mation, with peaks around R/R, ~ 9 and ~ 12, showing clear
tension with the reconstructed high-redshift distribution.

Recent observations with JWST/NIRCam have provided data
for 537 strongly magnified galaxies in the redshift range 0.7 <
z < 10 in the galaxy clusters fields Abell 2744 and AbellS 1063
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Claeyssens et al. 2025, 2026 identified and analysed 2370 com-
pact stellar clumps in these fields using gravitational lensing
with sizes ranging from 1 to 500 pc. Clump sizes and fluxes
were derived by fitting PSF-convolved elliptical 2D Gaussian
profiles (following the method of Claeyssens et al. 2025). In-
trinsic effective radii (R.g) are PSF-deconvolved and corrected
for lensing magnification, with upper limits assigned to unre-
solved clumps. Stellar masses were derived via SED fitting with
Bagpipes (Bayesian Analysis of Galaxies for Physical Infer-
ence and Parameter EStimation, Carnall et al. (2019)), using
BPASS v2.2.1 templates and exponential-declining star forma-
tion histories (r = 1 Myr, approximating a single burst), with
free parameters including age, formed stellar mass, metallicity,
dust attenuation, and ionisation parameter. Host galaxy proper-
ties were also obtained via SED fitting with Bagpipes, using the
non-parametric continuity SFH model of Leja et al. (2019) with
10-14 age bins (depending on redshift) to constrain both recent
(<100 Myr) and older (>300 Myr) star formation episodes. Stel-
lar masses are corrected from magnification to obtain the intrin-
sic stellar mass of each clump and galaxy. To measure galac-
tocentric distances of the clumps within their host galaxy, the
intrinsic (source-plane) morphology of each galaxy is first re-
constructed by directly inverting the lensing equation pixel by
pixel. This reconstruction is performed without PSF deconvo-
lution, however, the sharp NIRCam PSF does not significantly
affect the global source-plane morphology, then this reconstruc-
tion is reliable enough to identify the central clump, defined as
the clump closest to the light barycenter. The same source-plane
projection is then used to project the observed clumps position
to their intrinsic position and then compute the distance of each
clump from their host galaxy center, yielding its galactocentric
distance. It should be noted, however, that identifying a well-
defined center is more robust for evolved, bulge-hosting galaxies
(mostly z < 2.5) than for young, strongly irregular high-redshift
galaxies. We applied a series of selection criteria to this cata-
logue to retain only robust and physically meaningful sources.
First, we selected objects with projected galactocentric distances
in the range 0.2 < R < 10 kpc, excluding both NSCs and dis-
tant outliers. We then restricted the sample to high-redshift sys-
tems with z > 2. In addition, we imposed a cut on the effec-
tive radius, requiring Reg < 40 pc, thereby removing overly ex-
tended structures unlikely to correspond to compact star-forming
clumps or proto-GC candidates. We further selected only sys-
tems with masses above 6x 10 M, to ensure their survival down
to z = 0. The resulting JWST sample with 45 objects at z > 2
provides an even stronger discrepancy, as the peak of the dis-
tribution (R/R, ~ 3) lies very close to the present-day Euclid
distribution (see yellow curve in Figure 4).

Overall, these results reveal a significant tension between
the backward-integrated positions of Euclid Perseus GCs and
the birth locations inferred from both cosmological simulations
and JWST observations. We therefore emphasize that the pri-
mary challenge is not merely to resolve the classical GC timing
problem itself, which may naturally disappear once the full or-
bital evolution of GCs is properly accounted for, but rather to
establish a consistent connection between the high-redshift Uni-
verse and the GC populations observed in the local Universe. In
this context, the timing problem should instead be regarded as
only the tip of the iceberg, namely the visible manifestation of
a broader and more fundamental issue related to the long-term
orbital evolution, migration, and survival of GCs across cosmic
time. Motivated by this discrepancy presented in Figure 4, we
explore scenarios that could reconcile these contrasting spatial
distributions at high redshift. We emphasize that our modelling
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likely underestimates the impact of dynamical friction due to our
assumptions of circular orbits and constant cluster mass and size,
making this tension potentially even more severe. In the follow-
ing, we investigate the realism and implications of two scenarios
within the ACDM framework. We note, however, that their va-
lidity may be limited in alternative DM models such as warm
DM or self-interacting DM and fuzzy DM, where differences
in hierarchical structure formation, dark matter distribution, and
dynamical friction could significantly alter the predicted GC spa-
tial distributions.

4.2. Scenario 1: A domination by ex-situ GCs

A first scenario that naturally emerges is the possibility of a
strong observational bias in the Euclid data. This interpretation
relies on the fact that the observed GC population only repre-
sents the surviving GCs at z = 0. Indeed, a significant fraction of
the initial GC population, particularly the in-situ component, is
expected to have either been disrupted by tidal effects or to have
sunk toward the centre of their host galaxies through dynami-
cal friction, eventually contributing to the formation of a NSC.
We therefore investigate whether the absence of this primordial
in-situ population could reconcile the discrepancy between the
backward-integrated Euclid distributions and the expected GC
birth distributions.

However, a first difficulty immediately emerges. Simulations
predict that most GCs form at normalised radii around R/R. ~
12, whereas our backward integrations suggest typical birth radii
almost twice as large (see Figure 4). The discrepancy becomes
even more severe when considering JWST observations, which
instead indicate a peak around R/R. ~ 3. This implies that nei-
ther simulations nor observations support the formation of GCs
at the large radii inferred from our backward integrations. Conse-
quently, the present-day GC population would necessarily have
to be largely dominated by ex-situ GCs. Since clusters cannot
realistically form at such large radii, the only remaining possi-
bility is that they formed closer to the centres of other dwarf
galaxies and were later accreted through mergers. Such a sce-
nario is nevertheless rather extreme, as it implicitly assumes that
the majority of the original in-situ population either disappeared
or migrated toward the centres of dwarf galaxies, leading to the
formation of NSCs.

In order to quantify how extreme this scenario is, we es-
timated the missing in-situ population required to reproduce
the radial peak predicted by the EDGE simulation using the
backward-integrated Euclid Perseus sample shown in Figure 4.
We chose to calibrate this reconstructed population on the EDGE
simulation because it provides the best statistics among the avail-
able data sets, with a sample of 184 GCs. The goal is to deter-
mine the number of missing in-situ GCs that must be added to
the Perseus sample at z = 3 in order to recover the radial dis-
tribution predicted by EDGE, in particular the location of the
peak. To achieve this, we introduce a synthetic in-situ popula-
tion drawn from a Gaussian distribution centred on the EDGE
peak, with a fixed dispersion of 0.2 kpc. This choice effectively
restricts GC formation to within ~ 1kpc from the galaxy cen-
tre. The number of added GCs is then iteratively adjusted until
the peak positions agree within a tolerance of 0.01 kpc. Figure 5
shows the probability density distribution of projected GC dis-
tances for both the reconstructed in-situ population and the total
population (reconstructed in-situ + backward-integrated Perseus
sample at z = 3). This procedure reveals that at least ~ 9000
in-situ GCs are required to realign the distributions, correspond-
ing to nearly twice the number of observed Euclid Perseus clus-
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ters (4487). The reconstructed in-situ population peaks around
5.5R., in good agreement with both simulations and JWST ob-
servations. Our results therefore imply that an extremely large
fraction of the primordial GC population, of the order of ~ 2/3,
must have disappeared by z = 0.

To further emphasize how extreme this requirement is, we
computed the orbital evolution of GCs initialised at z = 3 in
all dwarf galaxies identified in the TNGS50 cluster, adopting an
initial radius of r = 5.5 R., corresponding to the peak of the re-
constructed in-situ distribution. The orbits of 10° M, GCs were
then integrated forward to z = O within the evolving dwarf po-
tentials. We find that, in 74% of the dwarfs, all clusters start-
ing within 5.5 R. end up below 0.2 kpc at z = 0, corresponding
to our adopted GC-NSC transition radius. This result confirms
that such an initial distribution naturally leads to the inspiral of
a large fraction of the reconstructed population of ~ 9000 GCs.
On average, this corresponds to roughly ~ 10 clusters per dwarf
at z = 3 having a high probability of sinking toward the cen-
tre within a Hubble time and contributing to NSC formation.
Observationally, however, only 27% of Perseus dwarfs host an
NSC. This discrepancy therefore further strengthens the conclu-
sion that such a scenario is unlikely.

In addition, the full assembly history of the 660 dwarf galax-
ies identified in the TNG50 cluster can be reconstructed. When-
ever a merger occurred, we identified the most massive satellite
galaxy involved in the interaction, corresponding to the “next
progenitor” in the TNG50 merger trees. We find that 67% of the
dwarfs experienced no mergers with galaxies more massive than
10° My, in stellar mass. This result directly contradicts a scenario
in which the GC population is predominantly ex-situ. Further-
more, the 23% of dwarfs that did experience mergers could col-
lectively contribute only ~ 583 GCs, compared to the ~ 4000
GCs observed by Euclid. The total number of globular clus-
ters is estimated assuming a linear proportionality between the
GC population and the dark matter mass of each dwarf galaxy,
Ngc o« Myn. We adopt an optimistic high-redshift scaling re-
lation of Mgc/My, = 1073 following Choksi & Gnedin (2019),
while local observational constraints typically favour lower val-
ues in the range 107*~1073. Although the specific assembly his-
tory of the TNG50 cluster may differ from that of Perseus, it
nevertheless appears highly implausible that mergers alone could
increase the GC population by an order of magnitude. Overall,
these results strongly indicate that the contribution of the in-
situ population is essential and that present-day GC systems are
most likely composed of a mixture of in-situ and ex-situ clus-
ters. Taken together, all these elements suggest that a scenario

dominated by ex-situ GCs is unlikely within the standard CDM
framework.

4.3. Scenario 2: Missing friction-counteracting mechanisms

Figures 4 and 5 reveal two important implications. First, pre-
serving the in-situ GC population over cosmic time appears to
require mechanisms capable of either reducing dynamical fric-
tion itself or counteracting the resulting orbital decay. Second,
such mechanisms are absent from our current modelling. Their
omission is therefore likely responsible for part of the tension
between the backward-integrated Euclid distributions and the
expected GC birth distributions inferred from simulations and
JWST observations. In particular, the results obtained in Sce-
nario 1 showed that, in most dwarf galaxies, clusters born within
~ 5.5 R, are expected to inevitably sink toward the centre of the
host galaxy, reaching radii below 0.2kpc between z = 3 and
z = 0 in our TNG50 dwarf sample. This leaves little room for the
survival of the JWST GC population, whose distribution peaks
around ~ 3.3 R.. One would therefore expect an even larger frac-
tion of clusters to experience orbital decay and eventually con-
tribute to the formation of a central nuclear star cluster. This fur-
ther strengthens the idea that additional physical processes must
act to slow down, stall, or counterbalance GC inspiral over cos-
mic time in order to preserve the mixed in-situ and ex-situ pop-
ulations that are clearly observed today in the MW.

Another striking feature is that the peaks of the Euclid GC
distribution at z = 0 and the JWST distribution at z > 2 re-
main located at similar normalised radii, around ~ 2—4 R.. How-
ever, galaxies are expected to grow cosmologically, with effec-
tive radii evolving on average as R, o (1 + z)~""! (van der Wel
et al. 2014; Shibuya et al. 2015). If GC systems were unaffected
by the host galaxy evolution, one would therefore expect the ra-
tio R/R. to decrease with cosmic time. The fact that the peak
position remains approximately constant instead suggests that
GC systems evolve roughly homologously with their host galax-
ies, with clusters migrating outward proportionally to the galaxy
size growth. This points toward the absence of strong differential
radial migration, implying that dynamical friction cannot dom-
inate the long-term evolution of the bulk of massive GCs. This
argument becomes even stronger in dwarf galaxies, where the
majority of systems experience no significant mergers after z = 3
(67% in the most massive TNGS0 galaxy cluster). This suggests
that GCs must stay relatively close to their birth locations in or-
der to preserve the observed normalised radial distributions over
cosmic time.
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In the following, we discuss several candidate mechanisms
that could either directly reduce the efficiency of dynamical fric-
tion or counteract the orbital decay induced by it, and assess their
potential to alleviate the tension highlighted by our results.

4.3.1. Intrinsic reduction of dynamical friction

Several mechanisms have been proposed that can intrinsically
reduce the efficiency of dynamical friction by modifying either
the underlying DM distribution or the global gravitational re-
sponse of dwarf galaxies. Among the most commonly discussed
candidates are:

— DM mass loss
— DM cores
— dynamical buoyancy within such cores.

In the standard hierarchical framework, galaxies are expected to
grow through mergers and accretion. However, this picture can
be significantly altered in dense environments such as galaxy
clusters, where strong tidal interactions may efficiently strip
mass from satellite dwarf galaxies. This is particularly relevant
for the Euclid dwarf sample studied here, which resides in a
cluster environment. As a consequence, three broad evolutionary
scenarios can be distinguished for dwarf halos: constant mass,
halo growth, and halo mass loss. Figure 6 illustrates the or-
bital evolution of GCs under these different assumptions. In the
constant-mass case, clusters remain confined within a relatively
narrow radial range and mainly experience the gradual inward
migration expected from dynamical friction. In contrast, halo
mass growth progressively shifts clusters toward larger galac-
tocentric distances at high redshift when integrating backward
in time, due to the shrinking of the host potential. Conversely,
halo mass loss can induce an orbital expansion of GCs that ini-
tially formed in the inner regions of their host galaxies. As the
dwarf galaxy progressively loses DM through tidal stripping, the
shallowing of the gravitational potential causes cluster orbits to
expand toward larger galactocentric distances. However, once
the halo mass evolution stabilizes, dynamical friction becomes
efficient again and gradually drives clusters back toward the in-
ner regions of the galaxy. Overall, these results demonstrate that
the cosmological evolution of the host halo potential can signif-
icantly modify the inferred birth locations of present-day GCs.
Although halo mass loss may therefore contribute to orbital ex-
pansion and partially counteract GC inspiral, our results indi-
cate that this mechanism alone is insufficient to explain the ob-
served distributions. Indeed, the cosmological evolution of dwarf
galaxy masses is already included in our orbital integrations, yet
the tension between backward-integrated Euclid clusters and the
expected GC birth distributions remains.

Another possibility is the presence of central DM cores. In
the standard CDM framework, DM halos are expected to de-
velop cuspy density profiles that diverge toward the centre. How-
ever, numerous observational studies have suggested that some
galaxies instead host central cores with nearly constant-density
inner profiles (McGaugh et al. 2001b; Oh et al. 2015b; ?; Santos-
Santos et al. 2020b).Such cores can naturally reduce the effi-
ciency of dynamical friction by lowering the central DM den-
sity. In addition, DM cores are expected to induce a phenomenon
known as core stalling, in which the orbital decay of a perturber
strongly slows down or even ceases once it approaches the core
radius (Read et al. 2006b; Inoue 2011; Cole et al. 2012b; Dutta
Chowdhury et al. 2019). This mechanism has been extensively
discussed as a possible solution to the long-standing timing prob-
lem of the Fornax dwarf galaxy. In particular, several studies
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have argued that cores of order ~ 1kpc are required to prevent
the inspiral of the Fornax GC population (Goerdt et al. 2006b;
Sanchez-Salcedo et al. 2006b; Leung et al. 2020b). The physi-
cal origin of such cores in the CDM framework nevertheless re-
mains highly debated. A large number of hydrodynamical sim-
ulations have linked core formation to bursty stellar feedback
processes (Pontzen & Governato 2012; Di Cintio et al. 2014,
Tollet et al. 2016). In particular, repeated supernova-driven gas
outflows may transfer energy to the DM component and flatten
the inner density profile. It has also been suggested that sustained
late-time star formation is necessary to maintain these cores over
cosmic time (Read et al. 2019; Muni et al. 2025). However, re-
cent simulations have highlighted a far more complex picture.
The EDGE simulations presented by Muni et al. (2025) show
that DM core formation critically depends on the timing of star
formation relative to cosmic reionization. Similarly, the FIRE-3
simulations including AGN feedback by Koudmani et al. (2025)
indicate that the interaction between AGN activity and cosmic
rays may paradoxically favour the reformation of cuspy profiles
by suppressing late-time star formation. Analytical models fur-
ther suggest that AGN energetics could be particularly efficient
in the dwarf galaxy regime compared to stellar feedback alone
(Silk 2017; Dashyan et al. 2018). Yet the impact of AGN feed-
back in dwarf galaxies is itself expected to be highly stochas-
tic and strongly dependent on uncertain black hole seeding pre-
scriptions, with some dwarfs potentially hosting no central black
hole at all. Conversely, other numerical studies find little or no
correlation between stellar feedback and core formation. For in-
stance, the LYRA simulations presented by Sureda et al. (2026)
report no clear connection between star formation activity and
the emergence of DM cores, in agreement with the results of
Bose et al. (2019) and Benitez-Llambay et al. (2019), who in-
stead find the persistence of cuspy profiles or even halo contrac-
tion.

Overall, the strong discrepancies between current hydrody-
namical simulations, combined with the sensitivity of the results
to numerical implementations and feedback prescriptions, indi-
cate that DM core formation within the ACDM framework re-
mains fundamentally uncertain. In particular, there is currently
no robust prediction for the characteristic size of DM cores
within the ACDM framework. Besides stellar and AGN feed-
back, galaxy mergers have also been suggested as a possible
mechanism for flattening the inner DM density profile. How-
ever, the resulting cores appear to remain relatively modest in
size. Using merger simulations of cuspy CDM halos (y > 1)
in dwarfs, Goerdt et al. (2010) found that merger-induced cores
typically do not exceed ~ 300 pc, substantially smaller than the
2> 1-1.5kpc cores generally required to efficiently suppress dy-
namical friction in systems such as the Fornax dwarf galaxy.

An even more intriguing phenomenon associated with DM
cores is dynamical buoyancy. First identified by Cole et al.
(2012b), this effect occurs when perturbers initially located
within a DM core begin to migrate outward instead of inward.
In this regime, dynamical friction not only becomes inefficient,
but may even reverse sign. At first sight, dynamical buoyancy ap-
pears to provide an extremely promising mechanism for prevent-
ing GC inspiral and preserving extended in-situ GC populations.
However, recent work by Dattathri et al. (2025) suggests that
buoyancy only occurs for a restricted class of dynamically un-
stable core profiles, occupying a much narrower parameter space
than that of large stable cores. Moreover, these authors demon-
strate that this dynamical friction behaviour is not uniquely tied
to a specific density slope, further complicating the interpreta-
tion. Therefore, although dynamical buoyancy constitutes one of
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the most efficient known mechanisms for counteracting orbital
decay, its viability ultimately depends on the existence of large
DM cores whose formation and stability remain highly uncertain
within the standard CDM framework.

4.3.2. Friction-counteracting mechanisms

Besides processes that intrinsically reduce dynamical friction
through modifications of the dark matter distribution, several
mechanisms may instead counteract GC orbital decay through
dynamical perturbations, stochastic heating, or environmental
effects. Among the most relevant candidates are:

— dwarf galaxy mergers
— DM subhalo interactions
— the non-spherical DM halos.

In our model, the time evolution of the dark matter halo mass and
scale radius already accounts for the global evolution of the host
potential, including the averaged effect of hierarchical assembly.
However, individual merger events are not explicitly modelled.
As a consequence, transient perturbations associated with merg-
ers are absent from our orbital integrations, despite their poten-
tially important impact on GC dynamics. Depending on the ge-
ometry and mass ratio of the interaction, mergers can either con-
tract or expand GC orbits through violent gravitational perturba-
tions (Naab et al. 2009). Such merger-driven orbital expansion
could therefore contribute to maintaining clusters at large galac-
tocentric radii and help alleviate the timing problem identified in
our backward integrations.

Although major mergers between dwarf galaxies become
relatively rare after z ~ 3, minor interactions may still play
an important role in shaping GC orbital evolution over cos-
mic time. In particular, repeated gravitational perturbations in-
duced by mergers may inject orbital energy into GCs and par-
tially counterbalance the inward migration expected from dy-
namical friction. The CDM paradigm predicts the existence of a
very large population of dark matter substructures within galac-
tic halos (Springel et al. 2008; Diemand et al. 2008). As dark
matter halos grow hierarchically through the continuous accre-
tion of smaller halos, these subhalos interact gravitationally with
the various components of galaxies before eventually being dis-
rupted. It has been estimated that dwarf halos of mass ~ 10°—
10'° M, may accrete between ~ 10 and ~ 14 subhalos with mass
ratios 10 < Mhyog/Mspy < 100 throughout their assembly his-
tory (Neistein & Dekel 2008). These repeated interactions can
effectively be interpreted as a sequence of minor mergers ca-
pable of continuously perturbing the host galaxy. Recent stud-
ies have shown that subhalo interactions can dynamically heat
stellar systems through stochastic energy injection, producing a
gradual and self-similar expansion of the stellar distribution (Vi-
tral et al. 2026). In particular, subhalo crossings have been pro-
posed as a mechanism capable of displacing central black holes
from galaxy centres through repeated dynamical perturbations
(Boldrini et al. 2020b). By analogy, the same mechanism may
also dynamically heat GC systems and counteract orbital de-
cay. Applied to our framework, such stochastic heating processes
may naturally contribute to maintaining GCs at larger radii than
predicted by standard dynamical friction models.

Another mechanism that could naturally reduce the effi-
ciency of dynamical friction is the non-sphericity of the host
dark matter halo (Jeeson-Daniel et al. 2011). Both simulations
and observations have long established that dark matter halos
are not simply spherical systems (Allgood et al. 2006; Hayashi
et al. 2007; Butsky et al. 2016; Suto et al. 2016; Prada et al.

2019; Despali et al. 2013; Kasun & Evrard 2005; Orkney et al.
2023). Instead, they generally exhibit triaxial shapes character-
ized by three distinct principal axes of different lengths. This
triaxiality naturally emerges from the complex anisotropic grav-
itational interactions governing halo formation and hierarchical
assembly. In such non-spherical systems, the orbital evolution of
satellites and globular clusters can differ significantly from the
classical spherical case. In particular, Pefiarrubia et al. (2002)
showed that dynamical friction in flattened dark matter halos be-
comes strongly anisotropic, with the orbital decay timescale de-
pending sensitively on the inclination and orientation of the or-
bit. In particular, satellites on polar or highly inclined orbits can
survive significantly longer than in the classical spherical case.
Pefiarrubia et al. (2002) further found that the range of satel-
lite survival times in flattened halos can become up to ~ 100%
larger than in spherical halos, highlighting the major impact of
halo geometry on orbital evolution. This effect is particularly rel-
evant for our study because all orbital integrations presented in
this work assume spherical dark matter potentials. If real dwarf
halos are flattened or triaxial, the efficiency of dynamical fric-
tion could therefore be substantially overestimated in our model.
In that case, non-spherical potentials may naturally help prevent
the rapid inward migration of GCs toward the galaxy centre and
contribute to preserving extended in-situ populations.

Overall, all the friction-counteracting mechanisms discussed
above are intrinsically stochastic and are expected to vary signif-
icantly from one dwarf galaxy to another depending on their in-
dividual assembly histories and environments. It is therefore un-
likely that a single mechanism alone is responsible for suppress-
ing GC orbital decay. Instead, the long-term survival of GCs at
large galactocentric radii probably results from the combined ac-
tion of several of these processes operating simultaneously over
cosmic time.

5. Conclusion
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Fig. A.1. Similar to Figure 1 but GCs on eccentric orbits (¢ = 0.9).
Highly eccentric orbits lead to longer infall times but we recovered sim-
ilar fractions of GCs and dwarf galaxies affected by the timing problem
in both the Fornax and Perseus galaxy clusters.
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Fig. B.1. Evolution of the dark matter halo mass as a function of cos-
mic time between z = 3 and z = 0 for three dwarf galaxies extracted
from the TNGS50 simulation. We show three representative evolutionary
scenarios: a static halo with constant mass (blue), a dwarf halo expe-
riencing gradual mass growth (orange), and a dwarf halo undergoing
mass loss (black).
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