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ABSTRACT

Context. Recent James Webb Space Telescope observations detected a system of stellar clumps around the z ' 1.4 gravitationally
lensed Sparkler galaxy (of stellar mass M∗ ∼ 109 M�) with ages and metallicities compatible with globular cluster (GC) progenitors.
However, most of their masses (>106 M�) and sizes (>30 pc) are about ten times those of GCs in the local Universe.
Aims. To assess whether these clumps can evolve into GC-like objects, we performed N-body simulations of their dynamical evolution
from z ' 1.4 to z = 0 (∼9.23 Gyr) under the effect of dynamical friction and tidal stripping.
Methods. We studied dynamical friction by performing multiple runs of a system of clumps in a Sparkler-like spherical halo of mass
M200 ' 5 × 1011 M�, that was inferred from the stellar-to-halo mass relation. For the tidal stripping, we simulated resolved clumps
orbiting in an external static gravitational potential including the same halo as in the dynamical friction simulations and a Sparkler-like
stellar disc.
Results. Dynamical friction causes the clumps with a mass greater than 107 M� to sink into the central galaxy regions, possibly
contributing to the bulge growth. In absence of tidal stripping, the mass distribution of the surviving clumps (≈40%) peaks at ≈5 ×
106 M�, implying the presence of uncommonly over-massive clumps at z = 0. Tidal shocks from the stellar disc strip considerable
mass from low-mass clumps, but their sizes remain larger than those of present-day GCs. When the surviving clump masses are
corrected for tidal stripping, their distribution peak shifts to ∼2 × 106 M�, that is compatible with very massive GCs.
Conclusions. Our simulations suggest that a fraction of the Sparkler clumps is expected to fall into the central regions, where they
might become bulge fossil fragments or contribute to the formation of a nuclear star cluster. The remaining clumps are too large in
size to be progenitors of GCs.

Key words. galaxies: evolution – galaxies: clusters: individual: SMACS J0723.3−7327 – galaxies: individual: Sparkler –
galaxies: star clusters: general

1. Introduction

One of the earliest results of the James Webb Space Telescope
(JWST) Early Release Observations is the set of NIRCam obser-
vations of the galaxy cluster SMACS J0723.3–7323 (hereafter
SMACS0723, z = 0.388, Pontoppidan et al. 2022). The high-
resolution images have given access to the community to a large
number of high-redshift galaxies gravitationally lensed by the
galaxy cluster. Since gravitational lensing magnifies both the
angular size and the flux of the lensed object, JWST has unveiled
the presence of many compact and bright stellar clumps located
in high-z galaxies (Mowla et al. 2022; Claeyssens et al. 2023),
which can be studied with unparalleled high resolution and spec-
tral coverage.

In particular, the Sparkler galaxy (z ' 1.4, Mowla et al.
2022) is one of the few high-z objects known to host a sys-
tem of stellar clumps located outside the observed main body
of a galaxy (another example is the Relic galaxy at z '
2.5, Whitaker et al. 2025). Furthermore, these clumps follow
a spatial distribution that can resemble that of local globu-
lar clusters (GCs; Forbes & Romanowsky 2023). Recent studies
(Mowla et al. 2022; Claeyssens et al. 2023; Adamo et al. 2023;
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Tomasetti et al. 2025) have performed spectral energy distribu-
tion (SED) fitting, and although they differ in some of the quanti-
tative results, they consistently report that the Sparkler galaxy is
a star-forming galaxy with a stellar mass of a few times 108 M�,
and thus it is likely a progenitor of a galaxy of a few times
109 M� (Adamo et al. 2023), placing it between the Large Mag-
ellanic Cloud and the Milky Way (MW). Furthermore, these
works have confirmed the presence of about ten clumps located
far away from the main body of the galaxy, at about 2−4 kpc
from the centre of the system (Forbes & Romanowsky 2023),
with a sub-sample of clumps that have ages and metallicities
compatible with those predicted from simulations for GC sys-
tems of galaxies with masses and redshifts comparable with
those of the Sparkler galaxy (Adamo et al. 2023). Therefore, the
distribution of the Sparkler clumps is consistent with that of disc
and old halo GCs for a galaxy slightly less massive than the MW.

The clumps span a mass range of log(M∗/M�) = 6− 7.5 and
are, on average, considerably more massive than the local GCs
observed in the MW. For instance, NGC 6715 and NGC 6441,
two of the most massive GCs hosted by the MW, have masses
of log(M∗/M�) = 6.15 − 6.2 (Baumgardt et al. 2023). Even ω
Centauri, a GC-like object thought to be the remnant nucleus
of a stripped dwarf galaxy (Lee et al. 1999; Bekki & Freeman
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2003; Bekki & Tsujimoto 2019), has mass log(M∗/M�) = 6.7
and is therefore less massive than the majority of the Sparkler
clumps. It is remarkable that the majority of these clumps have
an effective radius of 30−50 pc, thus larger than those of local
GCs, that are typically of a few parsecs (Jordán et al. 2005;
Spitler et al. 2006; Baumgardt et al. 2023). In conclusion, these
objects, whilst compatible with GCs in terms of age and spa-
tial distribution (and metallicity, Adamo et al. 2023), differ from
GCs in terms of masses and sizes. However, dynamical pro-
cesses such as dynamical friction and tidal stripping can dras-
tically change their mass, size, and spatial distributions between
z ≈ 1.4 and z = 0.

Theoretical studies and simulations of dynamical friction and
tidal stripping carried out by means of N-body simulations are
made difficult by the dependence on various factors (such as the
density profiles of the host system and of the satellite and the
orbital parameters of the latter) and by the different spatial scales
at which these processes act. To tackle the problem of includ-
ing the effects of both processes, a number of approaches have
been developed. There is a family of methods based on sim-
ulating the clumps as single particles, with a host represented
as an N-body system that self-consistently produces dynami-
cal friction. The tidal stripping is accounted for by means of
analytic (Kruijssen 2015) or semi-analytic methods (Vesperini
1997; Baumgardt & Makino 2003; Kravtsov & Gnedin 2005).
For instance, by making assumptions on the structure of the
clumps and computing the tidal tensor produced by the host N-
body system at each time step, one can evaluate the amount
of stripped material out of the particle-clump, as done in the
E-MOSAICS project (Pfeffer et al. 2018; Reina-Campos et al.
2019; Horta et al. 2021). A possible alternative is to resolve the
clump in an external, static gravitational potential in order to
directly simulate the tidal stripping. To account for the effects of
dynamical friction on the orbit of the clumps at each time step,
one can rely on analytic models (such as the dynamical friction
formula by Chandrasekhar 1943; see also Binney & Tremaine
2008) which, under certain assumptions, give the net accelera-
tion (Petts et al. 2016; Di Cintio et al. 2024).

In this work, we opted for performing two different sets of
simulations that take into account one of the two dynamical pro-
cesses at a time. The first setup included a Sparkler-like host
system represented by 107 particles, with single-particle clumps
experiencing dynamical friction, but in the absence of tidal strip-
ping. We based the second setup on resolved N-body clumps
orbiting in an external potential in order to focus on the tidal
stripping effects. These sets of simulations allowed us to explore,
in a statistically robust way, different configurations for the mor-
phology of the Sparkler galaxy and the spatial distribution of its
system of clumps, that are unconstrained by currently available
data.

We preformed the simulations using the code AREPO1

(Springel et al. 2005a), as available in its publicly released
version (Weinberger et al. 2020). To compute the gravitational
acceleration exerted on each particle, AREPO distinguishes
between short-range and long-range forces. Long-range compo-
nents are calculated following a grid-based method, where the
gravitational force is computed on a Cartesian grid using Fourier
methods and then interpolated to the position of each particle,
while short-range components are calculated employing an oct-
tree algorithm (Barnes & Hut 1986), that calculates the collec-
tive contribution of distant particles to the overall acceleration by
grouping them. The result is a TreePM algorithm (Bagla 2002)

1 https://arepo-code.org/

that is conceptually similar to the one implemented in GAD-
GET (Springel et al. 2005b), that benefits from the advantages
of both methods and thus minimises the disadvantages. In our
simulations, only the tree algorithm was used, which is the stan-
dard choice in AREPO for non-cosmological runs. When dealing
with collisionless gravity-only systems, each particle has its own
time step. The time step of the ith particle is ∆ti ∝ (2εsoft/|ai|)1/2,
where εsoft is the softening length (defined in Sects. 4.1 and 5.1)
and ai is the ith particle acceleration. The time integration is per-
formed by employing a second-order accurate leapfrog scheme,
that alternates drift (updating the positions) and kick (updat-
ing the velocities) operations. We refer the interested reader to
Weinberger et al. (2020) for a more detailed description of the
code.

This paper is structured as follows: In Sect. 2 we present
the Sparkler dataset, compute the clump size-mass relation, the
clump mass distribution, and the clump distance distribution
under different morphological assumptions. In Sect. 3 we define
the parameters of the Sparkler dark matter (DM) halo. In Sects. 4
and 5, we present the setup and results of the dynamical friction
and tidal stripping simulations, respectively. In Sect. 6 we dis-
cuss our results, combine them, and compare the predicted stel-
lar clumps descendants with present-day GCs. Finally, in Sect. 7
we summarise our results.

2. Properties of the Sparkler system

The Sparkler galaxy is at z = 1.378, gravitationally lensed by the
galaxy cluster SMACS0723 (Pontoppidan et al. 2022), with stel-
lar mass M∗ = (0.5 − 1) × 109 M� (Adamo et al. 2023). Accord-
ing to the EAGLE simulation (Crain et al. 2015; Schaye et al.
2015), such a galaxy is expected to reach a few times 109 M� in
stellar mass at z = 0, in between the Large Magellanic Cloud
and the MW galaxy (Adamo et al. 2023). Studying its photo-
metric colour, Mowla et al. (2022) have found that this galaxy
is star forming, even though the distortion caused by the lensing
makes it difficult to understand whether the baryonic component
is dominated by a disc.

By means of SED fitting, a few recent studies
(Mowla et al. 2022; Claeyssens et al. 2023; Adamo et al.
2023; Tomasetti et al. 2025) have investigated the age and
metallicity of the clumps observed in the galaxy. For this work,
we focused on the ten clumps that Adamo et al. (2023) classified
as GC candidates. Regarding the ages of the clumps, three to
five clumps (thus about half of the sample) are older than 1 Gyr,
with some of these clumps consistent with ages of ∼4 Gyr and
therefore a formation redshift between 7 and 11. Such formation
redshifts are remarkably consistent with those of GCs, further
hinting that these clumps might be good candidate progenitors
of the GCs that we observe in the local Universe (Vanzella et al.
2017; Calura et al. 2019). The remaining sub-sample is consti-
tuted by younger clumps, with ages ranging between 0.1 and 1
Gyr, which are thought to have been recently accreted by the
Sparkler galaxy (Forbes & Romanowsky 2023).

The properties of this sample of clumps used throughout
the paper, namely, the stellar mass, the effective radius, and the
observed distance from the centre of the galaxy, are listed in
Table 1 and taken from Claeyssens et al. (2023). The masses of
these clumps are 6.3 < log(M∗/M�) < 7.4, even though a large
source of uncertainty resides in the estimate of the magnification
factor of the gravitational lensing. We defined the effective radii
as 2D half-mass radii, obtained fitting the light profiles of the
clumps to a 2D Gaussian function, convolved with the PSF of
NIRCam, and then corrected for the magnification, as described
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Table 1. Parameters of the Sparkler clumps selected as a reference for
this work.

C23(ID) log(M∗/M�) Reff/pc Robs/kpc

C1 6.3+0.0
−0.0 <12 2.98

C2 7.4+0.0
−0.0 52+21

−13 2.24
C4 7.1+0.0

−0.0 <11 1.88
C5 6.8+0.0

−0.1 52+21
−15 2.26

C6 6.7+0.0
−0.1 30+14

−9 3.73
C7 6.3+0.1

−0.2 32+12
−8 4.52

C9 7.0+0.0
−0.0 <12 2.77

C10 7.1+0.1
−0.2 45+16

−12 3.09
C11 7.0+0.0

−0.1 46+16
−12 2.20

C12 6.9+0.1
−0.0 34+12

−10 2.33

Notes. From the left: ID of the clump (as used by Claeyssens et al.
2023), stellar mass, effective radius, observed distance from the centre
of the galaxy. All values are taken from Claeyssens et al. (2023), except
the distance that we computed from the source-plane image of Sparkler,
as described in Sect. 2.

in Claeyssens et al. (2023). Apart from a few unresolved clumps,
with an upper limit of 11−12 pc, most of the clumps have larger
effective radii ranging between 30 pc and 52 pc (third column in
Table 1).

The distance of these objects from the centre of the sys-
tem is not trivial to evaluate, not only due to projection effects,
but also because it must be corrected for the lensing effect.
Forbes & Romanowsky (2023) assess that most of the clumps
are located (in projection) within 2−4 kpc from the centre of
Sparkler. As a comparison, 60% of the disc GCs of the MW are
located within a radius of 3 kpc (80% within 5 kpc), with a dis-
tance above or below the galactic plane typically smaller than 2
kpc (Mackey & Gilmore 2004). The old halo GCs are concen-
trated in the innermost regions as well, with 65% of the clusters
within 6 kpc (Mackey & Gilmore 2004). The distance distribu-
tion of the clumps is fundamental to determine their dynami-
cal evolution since it affects their orbits. However, it is poorly
constrained owing to the aforementioned observational caveats.
Therefore, in this work we tested different clump spatial config-
urations that are described in detail in Sect. 2.3.

2.1. Size-mass relation of the Sparkler clumps

We have computed the size-mass relation of the Sparkler clumps,
considering the 2D half-mass radii Reff and stellar masses M∗
listed in Table 1. Since three clumps have only upper limits on
their sizes, we fitted just the seven resolved ones. We modelled
the relation as

log(Reff/pc) = m log(M∗/M�) + q. (1)

We fitted the free parameters (m, q) using the least squares
method, implemented in the numpy2 function polyfit. The
best-fitting parameters are m = 0.21 ± 0.10 and q = 0.19 ± 0.65.
We computed the uncertainties as the square-root of the diagonal
terms of the co-variance matrix. Our slope is consistent with the
one found by Brown & Gnedin (2021), for young stellar clus-
ters of the LEGUS sample of local star-forming galaxies, and by
Claeyssens et al. (2023), for stellar clusters and clumps in lensed

2 https://numpy.org/doc/2.1/index.html

Fig. 1. Size-mass relation for the extraplanar clumps of the Sparkler
galaxy (Sect. 2). Clumps are shown as black empty circles, while the
best-fitting line (obtained as described in Sect. 2.1) is plotted as the red
solid line. The red shaded areas (from opaque to transparent red) show
the 1σ, 2σ, 3σ intervals of the fit, respectively.

Table 2. Best-fitting parameters of the mass distributions for the ini-
tial (third column) and survived (fourth-to-sixth columns) samples of
clumps.

p θ Initial Face-on Edge-on Spherical

G
log(M̃∗/M�) 6.86 6.76 6.77 6.69

σ 0.31 0.28 0.27 0.23

Notes. The distribution of log M∗ is modelled as a Gaussian distribution
with mean log M̃∗ and standard deviation σ (first and second rows). The
three configurations (face-on, edge-on and spherical) are defined as in
Sect. 2.4.

galaxies at redshift 1.3−8.5, that both found m = 0.24. We are
also in agreement with the slopes found in simulations of the for-
mation of high-z clumps, like SERRA (Pallottini et al. 2022) and
SIEGE (Calura et al. 2022, 2025; Pascale et al. 2025). We show
the best fit in Fig. 1, together with the fitted data points and the
unresolved clumps.

Such a correlation implies that the massive clumps tend to be
denser. The average density, ρ, scales as

ρ ∝ M∗/R3
eff ∝ M∗/

(
Mm
∗

)3
∝ M1−3m

∗ . (2)

For m = 0.21, the dependence becomes ρ ∝ M0.37
∗ , that

demonstrates how the average density positively correlates with
the clump stellar mass (Meštrić et al. 2022; Calura et al. 2022).

2.2. Mass distribution

We fitted the set of ten stellar masses of the Sparkler clumps to a
Gaussian distribution, G(D ; θ), whereDi = log M∗,i is the mass
of the ith Sparkler clump and θ = (log M̃∗, σ) are the mean and
the standard deviation of the Gaussian distribution, respectively.
In the case of a Gaussian function, the best-fitting parameters can
be obtained analytically, and they correspond to the statistical
mean and standard deviation of the dataset. We report them in
the first row of Table 2.
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2.3. Clump distances measurement and distribution

The procedure used to obtain the physical distances of the
clumps from the centre of the Sparkler galaxy follows the same
method presented in Claeyssens et al. (2025). In order to iden-
tify the central point of the galaxy, we used the lens model (pre-
sented in Mahler et al. 2023 and used in Claeyssens et al. 2023)
to project the image of Sparkler in the source plane and recover
its intrinsic morphology before the gravitational lensing effect.
This source reconstruction method is based only on the direct
inversion of the lensing equation for each pixel of an image of
Sparkler (NIRCam/F150W) and does not include PSF decon-
volution and noise subtraction. The observed clumps positions
were projected to the source-plane with the same method and
their physical distance from the centre was measured to obtain
their galactocentric distance. We tested many possible centres,
for instance, in correspondence with the clumps C13 and C26
(see Claeyssens et al. 2023), that are in the centre of either the
lensed image or of the source-plane image. The best-fit param-
eters of the distance distributions described in Sect. 2.4 remain
consistent within 1σ when changing the centre from which the
fitted distances are computed, and therefore we arbitrarily opted
for locating the centre of the system in correspondence of the
clump C13.

2.4. Spatial distribution

Given the uncertainties on the spatial distribution of the Sparkler
clumps, described in Sect. 2, we studied three different con-
figurations that can give a comprehensive view of how the
clump spatial distribution affects their survival. We define r ≡√

x2 + y2 + z2 as the intrinsic, 3D distance of the cluster from the
centre of the galaxy; R ≡

√
x2 + y2 is the distance of the cluster

from the centre of the galaxy in the x − y plane (that coincides
with the plane of the disc when assuming that the clusters are
distributed in a disc-like configuration); Robs is the position pro-
jected on the plane of the sky. Each configuration is described by
a density probability distribution, p(Robs ; θ), where θ is the set
of free parameters, that depends on the assumed spatial distribu-
tion. The three configurations are defined as follows:
1. Face-on disc: We assumed that the Sparkler clumps are

located in an infinitesimally thin disc plane seen face on.
In this configuration, the observed distances Robs (neglect-
ing uncertainties and systematics) coincide with the intrin-
sic distances R, and no projection effects have to be taken
into account. Motivated by the observed distribution of the
disc GCs in the MW (Binney & Wong 2017; Posti & Helmi
2019), we assumed that the clumps are distributed following
the stellar disc surface density, that we modelled as an expo-
nential disc. Therefore, the clump spatial distribution was
modelled as a disc on the x − y plane, with z as symmetry
axis. This implies that all the clumps have z = 0. The radial
distribution on the x−y plane is pexp(R ; Re) = K exp(−R/Re),
where K is a normalisation factor and Re the scale radius.

2. Edge-on disc: In this case, the assumptions we made are very
similar to those of the face-on disc, with the Sparkler clumps
lying in a disc seen edge-on. Therefore, the cluster spatial
distribution in the disc was still modelled with an exponential
function with effective radius Re. The probability of observ-
ing a clump at a projected distance Robs is

p(Robs ; Re) = 2
∫ ∞

Robs

pexp(R ; Re) R√
R2 − R2

obs

dR . (3)

3. Spherical: In this configuration, we assumed Sparkler has a
spherically symmetric system of clumps. The observed dis-
tance distribution, pSersic(Robs ; Re, n), was modelled with a
Sérsic profile (Sersic 1968):

pSersic(Robs ; Re, n) = Σ0 exp

−b
(

Robs

Re

)1/n , (4)

where Re and n are the effective radius and the Sérsic index,
respectively, and

b(n) ' 2n −
1
3

+
4

405n
+

46
25515n2 +

+
131

1148175n3 −
2194697

30690717750n4 + O
(
n−5

)
(5)

(Ciotti & Bertin 1999). The central density is

Σ0 =
Ntot b2n

2πn R2
e Γ(2n)

, (6)

where Ntot is the normalisation factor (Ntot = 1 for a prob-
ability density function) and Γ(x) is the complete gamma
function. The intrinsic distance distribution is obtained de-
projecting Eq. (4), for which we followed the approximation
by Lima Neto et al. (1999), that is implemented in the code
OpOpGadget, that we used to generate the initial conditions
of our simulations (see Sect. 4.4.3). In this approximation,
the volume density pSersic3D(r ; Re, n) of clusters is given by

pSersic3D(r ; Re, n) = ρ0

(
r bn

Re

)−p

exp

−b
(

r
Re

)1/n , (7)

where p = 1.0− 0.6097/n + 0.05463/n2 and the central den-
sity is

ρ0 =
Ntot b3n

4πn R3
e Γ[(3 − p)n]

. (8)

We explored the ranges 0.56 ≤ n ≤ 10 and 10−2 ≤ Robs/Re ≤

103, for which Eq. (7) deviates from the exact numerical de-
projection by less than 5%.

We fitted each configuration to the same distances of the ten
extraplanar Sparkler clumps (Table 1) and we obtained the
best fit by sampling the parameter space through the likelihood
function

lnL(θ) =

Nc∑
i=1

ln p(Robs,i ; θ), (9)

where Nc is the number of clumps. We performed the sampling
by means of an MCMC method, using the emcee package3,
with 50 walkers for 400 steps (200 of burn-in). We assumed flat
priors, with the scale radius in the range [0.1, 15] kpc and the
Sérsic index (only in the spherical configuration) in the range
[0.56, 10]. The reference parameters are defined as the medians
of the posterior parameter distribution and we list them in the
first row of Table 3.

3 https://emcee.readthedocs.io/en/stable/
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Table 3. Best-fitting parameters of the distance distributions for the ini-
tial (first row) and survived (second row) samples of clumps.

Config. Face-on Edge-on Spherical

p(R ; θ) pexp(R ; Re) pexp(R ; Re) pSersic(R ; Re, n)
θ Re/kpc Re/kpc Re/kpc, n

Initial 2.52+0.68
−0.5 4.06+1.55

−1.02 2.41+0.69
−0.75, 0.70+0.25

−0.11

Survived 3.30+0.23
−0.21 3.92+0.22

−0.21 2.13+0.12
−0.16, 0.59+0.04

−0.02

Notes. As described in Sect. 2.4, the distance distribution is modelled
as an exponential function for the face-on and edge-on disc cases, and
as a de-projected Sérsic profile for the spherical case. Uncertainties are
given at 1σ.

3. Dark matter halo of the Sparkler system

We modelled the DM halo with a Navarro-Frenk-White (NFW)
density profile (Navarro et al. 1996)

ρNFW(r) =
4 ρ−2

r
r−2

(
1 +

r
r−2

)2 , (10)

where r−2 is the radius with log-slope d log ρNFW/d log r = −2
and

ρ−2 = ρNFW(r−2) =
M∆

16πr3
−2

[
ln(1 + c∆) −

c∆

(1 + c∆)

] , (11)

where c∆ = r∆/r−2 is the halo concentration and M∆ is the total
mass within the radius r∆, such that the average halo density
within r∆ is ∆ρcrit, where ρcrit(z) ≡ 3H(z)2/8πG is the critical
density of the universe. Here H(z) is the Hubble parameter at red-
shift z and G is the gravitational constant. We consider both r200,
with ∆ = 200 independent of z, and r∆ = rvir, where ∆ = ∆(z) as
defined by Bryan & Norman (1998).

We used the universemachine (Behroozi et al. 2019) rela-
tionships, derived from the Bolshoi-Planck simulations and suc-
cessfully compared to observations, to get the typical virial mass
of the DM halo of the Sparkler galaxy. Given the interval of
the Sparkler stellar mass (first row in Table 4), this value spans
the range Mvir(z ≈ 1.4) = (1.91 − 2.65) × 1011 M� (assuming
h ≡ H(0)/100 km s−1 Mpc−1 = 0.678). In order to maximise
the dynamical effects that affect the clump evolution, through-
out this work we have fixed the halo mass to the highest pos-
sible value. The concentration is given by the analytic relations
by Dutton & Macciò (2014), assuming an NFW profile, that is
cvir(z ≈ 1.4) = 5.79. We converted the Mvir − cvir pair to
M200 − c200 pair by means of the colossus package (Diemer
2018). The resulting values are M200(z ≈ 1.4) = 2.50 × 1011 M�
and c200(z ≈ 1.4) = 5.33.

In order to estimate the halo evolution from z = 1.378 to
z = 0, we traced its mass through redshift using the mass accre-
tion history recipes by Correa et al. (2015), implemented in the
commah package. The resulting masses and concentrations are
M200(z = 0) = 5.43 × 1011 M� and c200(z = 0) = 8.89. Using
colossus, we have computed and compared the mass density
profiles of the halo at z ≈ 1.4 and z = 0. We show the result-
ing profiles in the top panel of Fig. 2, with their difference (nor-
malised to the density at z = 0) shown in the bottom panel: we
find that the change in mass and concentration is mainly driven
by the pseudo-evolution of the halo and that the density profile

Fig. 2. Top panel: Density profile of the highest-mass DM halo of the
Sparkler galaxy as predicted by the models by Correa et al. (2015).
Black lines indicate the z = 0 profile while red lines the z = 1.378
one. The dotted lines mark r−2, the dashed lines mark r200. The grey
shaded area marks the region between 1 and 10 kpc, that is the interval
under study. Bottom panel: Difference between the halo density profile
at z = 0 and at z = 1.378 normalised to the density profile at z = 0.

does not change significantly, with relative variations smaller
than 0.1 within 10 kpc (marked by the grey shaded area). The
virial radius r200 increases from 78.34 kpc to 171.87 kpc (more
than a factor of two) and causes the increase in mass and con-
centration as well, while other structural parameters such as the
scale radius r−2 do not substantially change (from 14.71 kpc to
19.34 kpc, about a factor 1.3).

We conclude that the DM density profile of a Sparkler-like
galaxy does not substantially change from z ≈ 1.4 to z = 0, at
least in the regions of interest for the present work. Therefore,
for our purposes, we modelled the halo as an isolated station-
ary system, neglecting its cosmological evolution and accretion
history, by assuming that the galaxy did not undergo any major
merger in this interval of time. Finally, we computed the pre-
dicted stellar mass of the Sparkler galaxy at z = 0, using the
corresponding universemachine halo-to-stellar mass relation,
finding M∗(z = 0) = 8.79 × 109 M�, in agreement with the pre-
diction by Adamo et al. (2023) using results from the EAGLE
simulation (Crain et al. 2015; Schaye et al. 2015). In Table 4 we
list the parameters of the halo of the Sparkler galaxy at z = 1.378
and z = 0, together with the Sparkler stellar mass. For com-
pleteness, we include also the parameters of the low-mass halo,
obtained from the lowest bound of the estimate of the Sparkler
stellar mass.

4. Dynamical friction simulations with
single-particle clumps

In this section, we study the effects of dynamical friction on the
system of clumps orbiting around the Sparkler galaxy. We first
computed the dynamical friction timescale of the clumps in the
Sparkler system, in order to assess if this process is expected
to play a major role in the dynamical evolution of the clumps.
The dynamical friction timescale for a clump with mass Mcl, in
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Table 4. Parameters of the Sparkler galaxy and of its halo mod-
elled as an NFW following the prescription described in Sects. 2
and 3 in the highest-mass case scenario, that is used throughout this
work (in parentheses, we also report the values for the lowest-mass
scenario).

z 1.378 0

M∗ [109 M�] 1.0 (0.5) 8.79 (4.63)
M200 [1011 M�] 2.50 (1.81) 5.43 (3.84)
c200 5.33 (5.44) 8.89 (9.21)
r−2 [kpc] 14.71 (12.91) 19.34 (16.63)
r200 [kpc] 78.34 (70.25) 171.87 (153.13)

Notes. From top to bottom: Redshift z, galactic stellar mass M∗, DM
halo mass M200, DM halo concentration c200, DM halo scale radius r−2,
and DM halo virial radius r200.

a circular orbit at a distance r from the centre of a spherical halo
can be estimated as (Binney & Tremaine 2008, Eq. 8.13)

tfric =
1.17
ln Λ

Mh(r)
Mcl

tcross, (12)

where ln Λ is the Coulomb logarithm, Mh(r) is the mass of the
host system within the radius r and tcross = r/vc is the cross-
ing time, with vc = [G Mh(r)/r]1/2 the circular velocity at r.
Throughout this work, we assume ln Λ = 10.

In Fig. 3, we show the dynamical friction timescales for a
halo defined as in Sect. 3 and for clumps with a mass of 106,
107, and 108 M� and at distances between 1 and 10 kpc. The
resulting timescales span a wide range of values, between 0.01
and 100 Gyr. The timescale is comparable to or shorter than the
look-back time to z ≈ 1.4 (about 9.23 Gyr) for relevant combina-
tions of distances and masses. Therefore, numerical simulations
are needed to quantitatively address the question of whether the
clumps sink to the centre of the galaxy by z = 0.

4.1. Host galaxy model in the simulations

In the simulations presented in this section, we modelled the
clumps as single particles, with the Sparkler-like halo set accord-
ing to the parameters derived in Sect. 3 and listed in Table 4. The
halo is made of 107 particles of mass 5.43 × 104 M� each. Mod-
elling the halo by means of DM particles allowed us to directly
include the effects of dynamical friction in the simulation thanks
to their mutual interaction with the particles representing the
clumps.

Throughout our work, we modelled the total mass of the
Sparkler system as equal to the aforementioned DM halo mass,
unless otherwise stated. The NFW density profile is charac-
terised by a central cusp, such that ρNFW(r � r−2) ∝ r−1. A
central cusp is consistent with the profiles of the total mass (thus
including both baryonic and DM components), computed from
rotation curves in disc galaxies (such as the SPARC sample,
Lelli et al. 2016, with central density logarithmic slope between
−1 and −0.5). Therefore, we can assume that the NFW profile is
a good representation of the total mass density distribution of a
Sparkler-like system.

We defined the initial conditions of the halo following the
prescription described in Springel et al. (2005a). By fixing M200
and c200 of the desired NFW potential, the prescription by
Springel et al. (2005a) determines the Hernquist (1990) model
that most closely resembles the original NFW model in the inner-
most regions, yet having a finite and converging total mass equal

Fig. 3. Dynamical-friction timescales for clumps of mass 106, 107, and
108 M� (dashed, dotted and solid lines, respectively) as a function of
the distance from the centre of the halo. The red-dashed area covers the
range of dynamical friction timescales relative to the interval of clump
masses and distances of interest. The grey horizontal line corresponds
to the look-back time at z ≈ 1.4 tlb = 9.23 Gyr, that divides the plot
between the region in which the dynamical friction is most likely inef-
ficient (tfric > 9.23 Gyr) and efficient (tfric < 9.23 Gyr). The latter is
marked by the grey area.

to M200. The Hernquist density profile is

ρHernquist =
Mtot

2π
a

r (r + a)3 , (13)

where Mtot is the total mass and a is the scale radius. In our case,
Mtot = M200(z = 0), with scale radius a = 32.3 kpc and conse-
quent r200 = 151 kpc. The softening of the gravitational force
field was realised adopting a Plummer kernel (Aarseth 1963)
with scale-length 150 pc (one third of the average inter-particle
distance inside the half-mass radius).

4.2. Simulations of single clumps in circular orbits

As a preliminary numerical exploration, we ran a set of 20 sim-
ulations in which one clump, initially on a circular orbit, is fol-
lowed for 9.23 Gyr in the Sparkler-like halo defined in Sect. 4.1.
The initial distance from the centre of the host ranges from 2 to
6 kpc – the range of clump observed distances in the Sparkler
galaxy. The explored masses range between 1 × 106 M� and
6 × 107 M�, consistent with the observed mass range.

The left panel of Fig. 4 shows the migration of clumps from
the initial to the final position, after 9.23 Gyr, for given mass.
Clumps with total mass log(M∗/M�) ≤ 6.3 never reach the cen-
tre of the system, even when starting at a distance of 2 kpc.
Clumps with higher masses are more effectively brought to the
centre of the system: for masses higher than about 3 × 107 M�,
dynamical friction is extremely efficient across the whole range
of initial orbital radii and the clumps reach the centre even
when starting at 6 kpc. These results strongly suggest that, if the
clumps had a DM halo, and therefore a dynamical mass signifi-
cantly higher than the stellar mass, it would be very unlikely to
observe them in the local Universe, because they would quickly
sink to the centre of the system.

To generalise the results of these simulations to any pair
of M∗−initial radius in the relevant range, we interpolated the
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Fig. 4. Left panel: Evolution over 9.23 Gyr of the distances from the centre of the point-mass clumps orbiting in a Sparkler-like potential with
circular orbit initial conditions. On the x-axis, the mass of the clump is reported, and the black arrows point from the initial to the final distance.
The final distance is computed as the average distance from the centre of the system, within the last 5% of the simulated time. The masses larger
than the vertical dotted grey line are also larger than the observed stellar masses of the Sparkler clumps. We classify as survived the clumps
with final distance out of the shaded area. Right panel: Colour map of the final distance of the clumps as a function of their initial distance (y-
axis) and dynamical mass (x-axis), obtained by interpolating the simulations shown in the left panel. The colour bar traces the final distance and
goes from 1 kpc (or less) to 6 kpc (the largest simulated initial distance). The contours mark the combinations of initial distance and mass that
result in specific values of final distance (from 1 to 5 kpc). The green data points are the extraplanar Sparkler clumps (Claeyssens et al. 2023;
Forbes & Romanowsky 2023). For each clump three distances are computed, de-projecting the observed distances depending on the three spatial
configurations studied in Sect. 2.4 (face-on disc, edge-on disc, and spherical), as described in Sect. 4.2. The symbols (squares and crosses) indicate
the median of the three possible distances, with the error-bars corresponding to the minimum and maximum distance. We used squares for the
clumps that survive, while we used crosses for the clumps for which the inferred final distance is smaller than 1 kpc.

map of the left panel of Fig. 4 using a smooth bivariate spline4.
The right panel of Fig. 4 shows the map of the final distance
(described by the colour scale) as a function of the initial dis-
tance and the mass of the clump. Under these hypotheses, the
Sparkler clumps (assumed to contain no DM) are shown in the
right panel of Fig. 4. For each clump we computed three esti-
mates of the intrinsic distance, taking into account the possible
projection effects of each of the three spatial configurations anal-
ysed in Sect. 2.4. In the face-on disc scenario, the observed
distance of each clump coincides with the intrinsic one by con-
struction, and therefore no corrections are needed. In the edge-on
disc and in the spherical configurations, the de-projected posi-
tion of the ith clumps is computed as (R2

obs,i + z̃2
i )1/2, where z̃i is

the median of its line-of-sight probability distribution plos,i(|z|).
In the edge-on disc configuration, plos,i(z) = pexp[(R2

obs,i +

z2)1/2 ; Re], where pexp is the edge-on disc exponential distribu-
tion, with effective radius Re (listed in the first row of the third
column in Table 3), and Robs,i is the observed position of the ith
clump. In the spherical configuration, plos,i(z) = pSersic3D[(R2

obs,i+

z2)1/2 ; Re, n], with pSersic3D from Eq. (7), with effective radius Re
and Sérsic index n (listed in the first row of the fourth column in
Table 3).

As one can notice, seven clumps out of ten fall within 1 kpc
from the centre. This experiment hints that dynamical friction
is able to drastically change the distribution of the clumps sur-
rounding the Sparkler galaxy. If the clumps do not possess a
DM halo, the outermost ones (at 3−5 kpc) are poorly affected
by dynamical friction, while in the innermost regions only the
low-mass ones (less massive than about 5 × 106 M�) do not sink
to the centre of the system.

4 https://docs.scipy.org/doc/scipy/reference/
generated/scipy.interpolate.SmoothBivariateSpline.html

4.3. Simulations of Sparkler-like clump system

In this section, in order to assess the effects of dynamical evo-
lution on the Sparkler clumps we ran a series of simulations
that explored three Sparkler-like spatial configurations – face-
on disc, edge-on disc, or spherical – as defined in Sect. 2.4. Each
simulation included 10 clumps with initial masses sampling the
distribution discussed in Sect. 2.2. For each spatial configura-
tion we ran 15 simulations, in order to obtain statistically rele-
vant results. The NFW halo, representing the total mass density
distribution of the Sparkler galaxy, was built according to the
procedure described in Sect. 4.1.

For each simulation, the clump masses were extracted within
3σ of the best-fitting Gaussian distribution (see Table 2). For the
initialisation of positions and velocities in the disc configurations
(either face-on or edge-on), we used the following steps:
1. Initial distance: extracted from the spatial distribution corre-

sponding to the configuration under study. In particular, the
initial distances were imposed to be between 1 and 10 kpc
(this interval encloses ≈85% of the total probability).

2. Position angle: randomly extracted under the condition that
the clumps were initialised at least at 300 pc (about 10 times
the smallest scale radius of the Sparkler clumps, see the dis-
cussion in Sect. 2.1) from each other and that the centre of
mass of the clump system is consistent with the centre of the
halo within the softening length.

3. Velocity: the clumps were initialised on co-planar circular
orbits.

For the spherical configuration, the clump initial positions and
velocities were extracted from the ergodic distribution func-
tion of the system, generated by putting in equilibrium the
clump best-fit Sérsic distribution (Eq. (4)) with the Sparkler-
like Hernquist gravitational potential, as described in Sect. 4.1.
The initial conditions were generated by means of the soft-
ware code OpOpGadget5. Since we modelled the evolution of

5 https://github.com/giulianoiorio/OpOpGadget
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Fig. 5. Initial spatial distribution of the ten clumps in representative simulations of the three different spatial configurations described in Sect. 2.4.
The initial positions of the clumps are determined as described in Sect. 4.3. From left to right: Face-on disc, Edge-on disc, and Spherical configu-
rations. Each clump is displayed as a coloured dot. In the first two panels, we plot in grey the trajectory of the circular orbit at which each clump
is initialised. This also makes apparent that the orbits of the clumps are co-planar in these two configurations. In the right panel, for each clump
we plot the projected distance on the x − y plane as the black solid line, and the z coordinate of the clump as the red dotted line, to show that the
clumps are not co-planar.

GC-progenitor candidates, that have ages of a few gigayears at
z ≈ 1.4 (Mowla et al. 2022; Claeyssens et al. 2023; Adamo et al.
2023), we can neglect mass losses by stellar evolution and keep
the mass of the clump-particles constant (Calura et al. 2014).

To illustrate the differences among the three spatial configu-
rations, we present three spatial distributions of ten clumps for
each configuration in Figure 5. It is evident that the clumps in the
face-on and edge-on disc configurations are co-planar, while in
the spherical configuration, they do not occupy the same orbital
plane.

4.4. Results

We present here the outcomes of the simulations described in Sect.
4.3. In the following, we call the survived clumps all the clumps
with a final distance larger than 1 kpc. We computed the final dis-
tance as the average distance in the last 5% of the simulation, that
is≈500 Myr, about 25 times the crossing time at 1 kpc. We chose to
evaluate the final average distance since clumps on elliptical orbits
may have peri-centre distances below our threshold, though they
spend most of their time beyond this critical value. We chose this
threshold firstly because the focus of this work is on testing the
hypothesis that the Sparkler extraplanar clumps are progenitors
of local halo or disc GCs, and therefore distances smaller than 1
kpc would be incompatible with such a scenario. Furthermore, the
dynamical evolution of the clumps in the central regions depends
on a number of factors, such as the central density profile of the
DM halo and the presence of substructures and of a proto-bulge,
whose modelling goes beyond the scope of this work.

4.4.1. Face-on disc configuration

We first focus on the results obtained for the simulations of the
face-on configuration. The top panel in Fig. 6 shows the his-
togram of the fraction of survived clumps considering the 30
simulations. The median value is 0.4+0.1

−0.2. Interestingly, in all the
runs there is at least one survived clump. These results suggest
that the Sparkler galaxy is expected to retain 3 − 4 clumps in the
outskirts, while the rest of them most likely falls into its centre.

The top panel of Fig. 7 shows the comparison between the
initial mass distribution and the mass distribution of survived
clumps. The survived distribution gets slightly narrower and

Fig. 6. Fraction of survived clumps of each of the 30 simulations run
in the face-on (top panel, in red), edge-on (middle panel, in green) and
spherical (bottom panel, in blue) configurations. A clump is flagged as
survived if its distance from the centre of the halo at the end of the
simulation is larger than 1 kpc. The vertical solid line and the shaded
area show the median fraction of survived clumps f̃s and the 1σ interval,
respectively (also reported in the legend).

peaks at smaller masses than the initial one. Indeed, the mean
mass of the survived clumps is log(M̃∗/M�) = 6.76, ≈0.1 dex
smaller than the initial one. Even though a non-negligible frac-
tion of ∼ 107 M� clumps is predicted to survive, the survived
clumps are preferentially the low mass ones.
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Fig. 7. Fraction of initial clumps and survived clumps per mass-bin,
shown as grey histograms and coloured histograms (red for the face-
on configuration, green for the edge-on configuration and blue for the
spherical configuration), respectively. We show the face-on configura-
tion in the top panel, the edge-on configuration in the middle panel, the
spherical configuration in the bottom panel. The histograms are built
binning all the clumps (either initial or survived) of the 30 simulations,
normalised to the initial total number of clumps (ten for each simula-
tion, therefore 300). The black and coloured lines are the best-fitting
Gaussian distributions, of which we report the mean in the legend.

Finally, in the top panel of Fig. 8 we show the clump ini-
tial number density profiles (black triangles), projected along the
z−axis, compared to the profiles of the survivors at the end of the
simulations (red squares). We fitted the latter again with an expo-
nential profile (shown as the red solid line), that still describes
remarkably well the distance distribution of the survived clumps.
In particular, the best-fitting scale radius is 3.30+0.23

−0.21 kpc, larger
than the initial value of 2.52+0.68

−0.50 kpc (shown as the dark grey
solid line), testifying how most of the lost clumps were in the
innermost regions of the system. Indeed, the profile of the sur-
vivors is flatter than the initial one.

4.4.2. Edge-on disc configuration

In this configuration, the initial intrinsic distance distribution has
a larger scale radius Re than in the face-on disc (see Table 3).
As a consequence, the clumps are initialised further from the
centre and are less affected by dynamical friction. This difference
results in a larger survived fraction (middle panel of Fig. 6), with
a median value of 0.5+0.2

−0.1. Therefore, on average, 5−6 clumps out
of 10 survive down to z = 0. As displayed in the middle panel
of Fig. 7, the survived mass distribution is consistent with the
face-on one, with a mean stellar mass log(M̃∗/M�) = 6.77.

For what regards the evolution of the spatial distribution, the
middle panel of Fig. 8 shows the clump initial number density
profile, projected along the z-axis, and the profile of the survived

Fig. 8. Surface number density profiles of the clumps in the face-on
(top panel), edge-on (middle panel), and spherical configuration (bot-
tom panel). In each panel, the dark grey line is the initial distribution,
with the grey shaded areas covering the 1σ and 2σ intervals, built adopt-
ing the corresponding function described in Sect. 2.4 with the best-fit
parameters listed in the first row of Table 3. We projected all the pro-
files along the z axis. The triangles show the profiles of the initial clump
positions in the x−y plane, computed stacking together the 10 clumps in
all the 30 runs. The coloured hexagons show the surface number density
profiles at the end of the simulations, obtained stacking together all the
survived clumps. The corresponding coloured solid line is the best-fit
profile to the final projected distances of the survived clumps, obtained
as described in Sect. 4.4. We normalised all the profiles to the total num-
ber of initial clumps, so the integral of the initial profiles is equal to 1,
and the integral of the survived profiles is equal to the average surviving
fraction (distributions shown in Fig. 6).

clumps at the end of the simulations. The survived distribution
is fitted to an exponential profile following the same method
described in Sect. 2.4 and shown as the green solid line, to be
compared with the initial profile. The final scale radius of the
survived clumps is Re = 3.92+0.22

−0.21 kpc, indistinguishable from
the initial one (Re = 4.06+1.55

−1.02).

4.4.3. Spherical configuration

When the configuration is spherical, the fraction of survived
clumps (bottom panel in Fig. 6) is f̃s = 0.4 ± 0.1, consistent
with the one obtained in the face-on disc case (top panel of
Fig. 6). However, the final mass distribution peaks at smaller
masses than in both disc configurations, with a mean survived
mass log(M̃∗/M�) = 6.69 (bottom panel in Fig. 7). The projected
number density profile of the survived clumps remains consistent
with the initial one, as shown in the bottom panel of Fig. 8, sim-
ilarly to what we have found for the edge-on disc configuration.
In order to quantitatively compare with the initial distribution
(see the solid curves in bottom panel of Fig. 8), we fitted the
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final distances of survived fraction of clusters to a de-projected
Sérsic profile (Eq. (7)), following the same procedure described
in Sect. 2.4. The values of the fit parameters (the scale radius and
the Sérsic index) are reported in the third column of Table 3 and
are consistent with the initial parameters within 1σ.

5. Tidal stripping simulations

In this section, we study the mass evolution of the Sparkler
clumps under the effects of the tidal stripping exerted by the
gravitational potential of the host system. Assuming that the
satellite (a clump in our case) is on a circular orbit around the
host system (Sparkler) and that both systems are characterised
by a spherical mass distribution, the effects of tidal stripping
can be evaluated approximately by computing the tidal radius
rtidal. The tidal radius divides the regions in which the satellite
mass is highly affected by the host gravitational force (beyond
rtidal) from that in which the self-gravity of the satellite is strong
enough to retain it (within rtidal). It is defined as the distance from
the centre of the satellite at which

3ρh(r) = ρcl(rtidal), (14)

where ρh and ρcl are the mean halo and clump densities within r
and rtidal, respectively, and r is the distance between the centre of
the system and the centre of the clump (see Binney & Tremaine
2008, their Eq. 8.92). We defined the halo density as in Eq. (10),
whereas for the clump density we opted for a Plummer density
profile (Plummer 1911)

ρplummer(r) =
3M∗
4πr3

s

(
1 +

r2

r2
s

)−5/2

, (15)

where M∗ is the total stellar mass and rs is the scale radius. For a
Plummer density profile, the projected half-mass radius is Reff =
rs.

We computed the fraction of clump mass enclosed within
rtidal for clumps of different mass and for distances ranging
between 1 and 10 kpc. The results are shown in Fig. 9. For each
clump mass, we compute Reff from the size-mass relation (Eq.
(1)). The mass within rtidal is always larger than the 86% of the
initial total mass. We note that this study is representative only
of the sub-sample of seven resolved extraplanar clumps in the
Sparkler system. Considering that the upper limits of Reff of the
unresolved clumps are 11 − 12 pc, we conclude that they are
more compact than the resolved ones. Therefore, they tend to
retain more mass than the resolved ones at a given mass. Even
though these results are just an approximate prediction, they sug-
gest that the mass loss due to tidal stripping is expected to have
minor effects on our predictions about the effects of dynamical
friction shown in Sect. 4.4. However, the mass distribution of the
clumps can change between z ≈ 1.4 and z = 0 due to mass loss,
especially at the low-mass end, and therefore it is useful to model
tidal stripping by means of numerical simulations. In the follow-
ing sections, we describe the simulations that we performed to
better study the effects of this process and to test different shapes
of the host.

5.1. Tidal stripping in a spherical host

In these experiments, we included the Sparkler total mass as an
external potential (i.e. a static potential), while the clumps are
resolved. In order to be directly comparable to the mass pro-
file defined in Sect. 4.1, we modelled the external potential as

Fig. 9. Fraction of the clump mass enclosed within the tidal radius
defined as in Eq. (14). The masses of the clumps are 106, 107, and
108 M� (dashed, dotted and solid lines, respectively). The effective
radius of the clumps is given by Eq. (1). Tidal radii are computed for
distances between 1 and 10 kpc.

a Hernquist model with the same parameters listed in Sect. 3
and obtained following the procedure described in Springel et al.
(2005a).

We modelled the clumps as Plummer spheres (Eq. (15)).
Even though the density profile of local GCs is typically well
described by the King model (King 1966), we opted for a pro-
file that is still characterised by an inner core, but drops down
less steeply in the outskirts. This choice is motivated by the fact
that the progenitors of local GCs do not necessarily already pos-
sess the final density profile, especially considering that, in the
specific case of the Sparkler clumps, both masses and sizes are
different from those observed in local GCs. Nonetheless, we ver-
ified a posteriori that the clump density becomes comparable to
the King profile within ≈500 Myr, since it gets truncated by the
galactic tidal field. At a fixed mass M∗, the Plummer scale radius
rs is given by the size-mass relation (Sect. 2.1). We tested stel-
lar masses between log(M∗/M�) = 6 and log(M∗/M�) = 7.8 in
steps of 0.3 dex. The clumps are always made of 105 particles
with mass M∗/105, therefore ranging from 10 M� to 630 M�.
The softening length is 0.6 pc, about one third of the aver-
age inter-particle distance within the clump half-mass radius
(≈1.7rs). With this setup, any collisional effect is neglected.
Indeed the 2-body relaxation time of these clumps, computed as
trelax = 0.1(N/ ln N) tcross at the half-mass radius, is in the range
between 16−33 Gyr (for log(M/M�) = 6) and 360−720 Gyr (for
log(M/M�) = 7.8), assuming that the stars have masses in the
range 0.5−1 M�. We initialised the clumps on circular orbits at 1
kpc from the centre of the halo.

In the top panel of Fig. 10, we show the mass retained by the
clump relative to the initial one, computed within 4 initial scale
radii, as a function of time. The fraction of retained final mass
is lower for low-mass clumps than high-mass clumps. However,
even for log(M∗/M�) = 6, less than ≈15% of the initial mass is
lost. These results are consistent with the predictions shown in
Fig. 9 and confirm that, under the assumption of circular orbit
in the considered spherical system, the mass loss due to tidal
stripping is negligible.
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Fig. 10. Top panel: Retained mass (relative to the initial one) as a func-
tion of time for clumps of different masses in circular orbits at 1 kpc
from the centre of the system. The residual mass is computed within 4rs,
where rs is the initial Plummer scale radius. In this case, the clumps orbit
in a Sparkler-like spherical potential representing the total mass, defined
in Sect. 4.1. Masses go from log(M∗/M�) = 6 to log(M∗/M�) = 7.8
with a step of 0.3 dex (the arrow points from the smallest to the highest
mass). Bottom panel: Same as the left panel but for clumps in quasi-
circular orbit at 1 kpc from the centre of the system including a stellar
disc component (modelled as in Sect. 5.2). The clump orbital plane is
inclined of 30 degrees with respect to the plane of the disc.

In Appendix B, we also explored the case of clumps on
eccentric orbits, starting at larger distances (3−4 kpc) and reach-
ing the final distance of ≈ 1 kpc under the effects of the dynam-
ical friction deceleration, modelled with the Chandrasekhar for-
mula (Chandrasekhar 1943; Binney & Tremaine 2008). How-
ever, we obtain that the lost mass is higher than for the circular
orbit considered only for clumps in pronounced radial orbits, but
only by a factor 2, still insufficient to remove enough mass from
the Sparkler clumps in order to reach GC-like masses.

5.2. Tidal stripping in presence of a stellar disc

In Sect. 5.1, we analysed the tidal effects modelling Sparkler
as a spherical system. Here, we present the results of a series

Table 5. Parameters of the Sparkler-like exponential disc (first row) and
of the three MN disks (second, third, and fourth rows) that, summed
together, better approximate the potential of the original exponential
disc (see Smith et al. 2015).

Disc Md Scale radius Scale height
[109 M�] [kpc] [kpc]

exp 8.79 2.77 0.25
MN1 1.37 1.57 0.3
MN2 −48.82 7.16 0.3
MN2 56.87 6.23 0.3

Notes. The first column is the ID of the disc (exp for the exponential
disc; MN1, MN2 and MN3 for the three MN disks), the second column
is the total mass of the disc Md, the third column is the disc scale radius
(Rd for the exponential disc and a for the MN disks) and the fourth
column is the disc scale height (hz for the exponential disc and b for the
MN disks).

of simulations of resolved clumps exploring the case in which
the stellar component of the host is a disc. This is consistent
with the fact that Sparkler is a star-forming galaxy (Mowla et al.
2022). We included a spherical DM halo as an external Hernquist
potential similarly to what has been done in Sect. 5.1.

The gravitational field gradient experienced by the clumps as
they cross the disc results in the so-called tidal shocks, that can
cause the clumps to lose significantly more mass than in the case
of spherical symmetry or when the clumps are co-planar with
the disc (Gnedin & Ostriker 1997; Kruijssen & Mieske 2009;
Lamers & Gieles 2006; Elmegreen & Hunter 2010; Elmegreen
2010; Webb et al. 2014; Kruijssen 2015; Miholics et al. 2017;
Pfeffer et al. 2018; Li & Gnedin 2019; Reina-Campos et al.
2022). Aiming at maximising the tidal effects of the disc, for
the whole simulation we fixed the disc properties at those that
it is predicted to possess at z = 0, after accreting mass for
almost 10 Gyr. We determined the disc mass (8.79 × 109 M�)
as described in Sect. 3, using the halo-to-stellar mass relation
at z = 0 from the universemachine. The effective radius is
Reff = 4.65 kpc, determined from the galaxy mass-size relations
by van der Wel et al. (2014), and the disc scale height is hz =
0.25 kpc, in accordance with recent studies of disc galaxies of
similar mass and redshift (Bershady et al. 2010; Bacchini et al.
2019, 2024; Ranaivoharimina et al. 2024). We modelled the disc
mass density profile with a double exponential profile (Freeman
1970; Binney & Tremaine 2008)

ρd(R, z) = ρ0 e−R/Rd e−|z|/hz , (16)

where ρ0 is the central density and Rd is the scale radius. The
scale radius Rd = 2.77 kpc is computed from the effective radius
Reff following Eq. (13) in Lima Neto et al. (1999), for which we
fix the Sérsic index to 1. We modelled the exponential disc as a
sum of three Miyamoto-Nagai (MN) disks (Miyamoto & Nagai
1975) of suitable parameters, determined following the pre-
scriptions and correlations by Smith et al. (2015). This choice
allowed us to compute the gravitational acceleration of the disc
analytically, as the sum of those of the three MN disks. Each
MN disc is defined by three parameters (following Eq. (6) in
Smith et al. 2015), which we list in Table 5: the total mass Md,
the scale radius a and the scale height b. We point out that the
disc MN2 (third row in Table 5) has a negative mass, but the sum
of the three MN disks results in a density profile that is always
positive.
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Similarly to what has been done in the previous section,
we varied the mass of the clumps from log(M∗/M�) = 6 to
log(M∗/M�) = 7.8 (with steps of 0.3 dex) and determined the
size from the Sparkler size-mass relation (Eq. (1)). The initial
conditions of the centre of mass of the clumps were always
set in the same way. The initial position was (x0, y0, z0) =
(r0 cosϑ, 0, r0 sinϑ), with ϑ = π/6. Therefore we initialised
the clump at a distance of r0 = 1 kpc, with the initial posi-
tion vector inclined by 30 degrees with respect to the plane of
the disc (coinciding with the x − y plane). The initial veloc-
ity was (vx,0, vy,0, vz,0) = (0, vc,0, 0), where vc,0 is the speed of
an object in circular orbit at R = r0 and z = 0 co-planar to
the disc. Therefore, the initial speed was given by the relation
v2

c,0 = G Mhalo(r0)/r0 + r0[dΦdisk/dR](r0, 0), where Φdisk(R, z) is
the disc potential.

We tested many values of ϑ finding that, for ϑ > π/6, the
orbits are such that the distance of the clump from the centre of
the system displays significant variations, experiencing a num-
ber of close peri-centric passages, yet showing similar effects in
terms of mass loss. Therefore we opted for ϑ = π/6, for which
the clump keeps an almost-constant distance from the centre of
the system, without losing the effects of tidal shocks. We fixed
the initial distance at r0 = 1 kpc in order to maximise the tidal
effects within the interval of observed clump distances. In Fig.
11 we show the first 0.51 Gyr of the orbit, on the x − y and x − z
planes, for the case of a clump with M∗ = 106 M�. We note that
the orbit is limited to a finite volume, represented by a thick ring
in the x−y plane and by a box in the x− z plane, even though the
distance of the clump from the centre of the system remains close
to 1 kpc, with variations as large as 10%. Furthermore, the snap-
shot at 0.51 Gyr already shows the effects of the tidal shocks,
with long tails of stellar particles departing from the main body
of the clump. Finally, we note that, since in these simulations
we included the Sparkler potential as an external potential, the
clump is unaffected by dynamical friction, so the clump does not
inspiral.

We show the resulting retained clump mass as a function
of time in the bottom panel of Fig. 10, which demonstrates
how the tidal shocks strongly change the results with respect
to the spherical configuration shown in the top panel. A clump
of log(M∗/M�) = 7.8 retains about 70−75% of the initial mass
(with respect to > 90% in the absence of a disc), while a clump
with mass log(M∗/M�) = 6 gets completely disrupted (without
a disc it retains about 90% of its initial mass). Again, we point
out that these results are relative to the most extreme cases of
tidal shocks, since we considered the highest possible mass for
a Sparkler-like disc and the clumps are very close to the cen-
tral regions. Therefore, not all the clumps as small as 106 M� are
disrupted. However, at the same time, even in presence of tidal
shocks the massive clumps tend to remain particularly massive
if compared with the typical mass of present-day GCs.

6. Discussion

The results presented in Sects. 4 and 5 suggest that the frac-
tion of surviving clumps is ≈40−60%. Previous N-body simula-
tions of MW-like (Pfeffer et al. 2018; Reina-Campos et al. 2019;
Li & Gnedin 2019) and dwarf (Moreno-Hilario et al. 2024)
galaxies find smaller surviving fraction (10−30%). This differ-
ence, yet not particularly pronounced, may arise from many dif-
ferent factors, such as the different mass of the simulated host
system. The simulations presented in Sect. 4 did not include tidal
stripping effects, which, on the one hand, may increase the frac-
tion of lost clumps as a consequence of their disruption but, on

Fig. 11. Comparison between the initial conditions and the snapshot at
0.51 Gyr for the tidal-shock simulation described in Sect. 5.2 in the case
of mass M∗ = 106 M�. The top and bottom panels show the projections
on the x−y and x−z planes, respectively. The clump stellar particles are
shown as red and black dots for the snapshots at t = 0 Gyr and t = 0.51
Gyr, respectively. The centres of clumps at t = 0 Gyr and t = 0.51 Gyr
are shown as a black and red star, respectively, with an horizontal line
of length 4 rs,i, where rs,i is the initial Plummer scale radius. The grey
dashed curves represent the trajectory of the clump. The orange curves
trace iso-density contours of the Sparkler disc external potential. The
centre of the system is marked by a black cross.

the other hand, may also halt the sinking caused by dynamical
friction. Furthermore, in this work we focused on the clumps
located far away from the main body of the galaxy, neglecting
those observed within it and therefore closer to the centre of the
system and more susceptible to dynamical friction. The fraction
of survivors among these clumps would most likely be smaller,
decreasing the average fraction of total survivors. Finally, the
sample of clumps observed in the Sparkler galaxy is most likely
biased towards the high-mass end of the clump mass distribution,
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even though the sample completeness in lensed images is very
difficult to study.

The mass distribution of the survivors changes from the initial
one only for the loss of the clumps accreted onto the centre of the
system. Tidal stripping from a spherical host system, presented in
Sect. 5.1, has a minor effect on shaping the final mass distribution.
Therefore, in the scenario in which the Sparkler galaxy is better
described by a spherical geometry, our study predicts the presence
of very massive surviving clumps, more massive than 107 M�
and inconsistent with the observed properties of present-day GCs
in a Sparkler-like progenitor (see Baumgardt & Hilker 2018 for
the MW; Baumgardt et al. 2013 for the Large Magellanic Cloud;
Hunter et al. 2003 for the Small Magellanic Cloud). Such outliers
are very uncommon in the local Universe. Some effects not taken
into account in our simulations can be additional channels to
remove mass from these clumps or completely disrupt them. For
example, the presence of DM in the clumps would increase their
mass and enhance the dynamical friction efficiency, bringing
them to the centre on shorter timescales. Alternatively, if these
clumps were accreted by a previous merger or are ejected from
the disc by a subsequent one, the orbits of the clumps would
tend to be eccentric. The small peri-centric distances of such
orbits can favour both dynamical friction and tidal stripping
effects, and therefore their fall to the centre of the system or
the loss of the stellar mass in excess (Gnedin & Ostriker 1997;
Gnedin et al. 1999; Baumgardt & Makino 2003; Webb et al.
2013, 2014; Brockamp et al. 2014). Finally, a number of works
(Gieles et al. 2006; Lamers & Gieles 2006; Webb et al. 2019,
2024; Reina-Campos et al. 2022) have shown that the encounters
with giant molecular clouds (GMCs) cause a series of tidal
shocks able to significantly strip mass from the clumps. How-
ever, we note that these works conclude that a high frequency
of encounters with GMCs is needed in order to make the tidal
shocks effective. Therefore this process is effective if the clumps
have formed and orbit inside the stellar disc; on the other hand,
if the clumps are located outside the stellar disc and cross it
only twice per orbital period (as modelled in Sect. 5.2), then
the interactions with the GMCs are not frequent enough and
therefore negligible with respect to the tidal shocks exerted by
the stellar disc.

6.1. Clump size evolution

The half-mass radii of GCs in the local Universe are typi-
cally of a few parsecs (Jordán et al. 2005; Spitler et al. 2006;
Baumgardt et al. 2023). Therefore, the size of the Sparkler
clumps must evolve to similar to consistent values, down to
z = 0, in order to be promising GC progenitors.

By removing the outermost stars of the clumps, tidal strip-
ping reduces the half-mass radius. To quantify this effect, we
took the final snapshot of each simulation presented in Sects. 5.1
and 5.2 and fitted the clump to a Plummer sphere (Eq. (15)). The
fitting procedure is described in detail in Appendix A and gives
us the final total mass M∗,f and scale radius rs,f . In Fig. 12, we
compare the initial scale radii rs,i with the final ones, both for
the tidal stripping in a spherical system, and for tidal shocks of
a Sparkler-like disc. Such sizes, even considering the effects of
tidal stripping and shocks, remain systematically larger than 20
pc down to z = 0, with the only exception of the clump with mass
106 M� in the tidal shock simulation, which gets completely dis-
rupted. Therefore, the final sizes of these clumps are incompati-
ble with those observed in local GCs.

If one assumed that the observed sizes of these objects
are overestimated because of the limited angular resolution of

Fig. 12. Comparison between the final (rs,f) and initial (rs,i) scale radii
of the clumps simulated in Sect. 5 when modelled as a Plummer sphere,
as in Eq. (15). The initial scale radii are computed from the size-mass
relation of Sect. 2.1. The final scale radii are obtained fitting a Plum-
mer density profile to the final snapshots of the simulations of resolved
clumps in a spherically symmetric Sparkler-like system (Sect. 5.1, cir-
cles) and of the simulations including the effects of a disc (Sect. 5.2,
triangles). The dashed line is the 1 : 1 relation.

JWST, thus not affecting the mass estimate, and that these
clumps possess actual GC-like sizes, then the clumps would
become even denser, making the tidal stripping negligible. This
would imply that the over-massive surviving outliers discussed
in the previous section would become even more difficult to strip
of their excess mass. Alternatively, if the magnification factors µ
of the clumps were underestimated, then their intrinsic proper-
ties would be biased towards large values. The intrinsic mass
of a lensed object mi is related to the observed and lensed one
mo by mi = mo/µ, while the intrinsic length li is related to the
observed and lensed one by li = lo/µ1/2. If, for instance, the true
magnification factor were underestimated by a factor ≈ 10, then
the clumps would have masses consistent with those of massive
local GCs and sizes larger by a factor up to 5. A magnification
factor µ ≈ 100 would be consistent with the one of the critical
line derived for the Sparkler galaxy by Mahler et al. (2023).

6.2. Combining dynamical friction and tidal shocks

In this section, we combine our dynamical friction and tidal
shock results, in order to predict the expected mass distribution
of the survived Sparkler clumps at z = 0. For this experiment,
we considered the spherical configuration described in Sect. 2.4.
In this scenario, the clump orbits are not co-planar to the stellar
disc of the Sparkler system, and therefore they undergo a series
of tidal shocks in correspondence of the crossings of the galactic
disc, as modelled in Sect. 5.2.

The mass losses triggered by the tidal shocks can affect the
orbital evolution of the clump (see the bottom panel of Fig. 7)
since a lower mass results in a less efficient dynamical friction.
In order to quantify these tidal effects, we modelled the relation
between the final fraction of mass lost |∆M∗,fin|/M∗,in and the ini-
tial mass M∗,in as

log(|∆M∗,fin|/M∗,ini) = min[m log(M∗,ini/M�) + q, 0], (17)

which we report in the left panel of Fig. 13. We quantified
the mass losses as described in Sect. 5.2, as the difference
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between the initial and final mass within four initial Plummer
scale radii. According to this model, there is a minimum mass
M∗,min below which the clumps are always destroyed. Since our
results show that a clump of mass 106 M� is completely dis-
rupted, M∗,min must be close to such a value. The best-fitting
parameters obtained by means of the non-linear least squares
method, implemented in the numpy6 function curve_fit, are
m = −0.35 ± 0.02 and q = 2.06 ± 0.15, that roughly correspond
to M∗,min = 8 × 105 M�.

In order to understand how the final clump mass distribution
changes, we consider two different scenarios: 1) the dynamical-
friction timescale is shorter than the tidal-stripping one and
2) the tidal-stripping timescale is shorter than the dynamical-
friction one. We show the resulting fractions of survived clumps
per mass bin in the right panel of Fig. 13 as the purple and golden
histograms, respectively, together with the initial distribution in
grey and the results from Sect. 4.4.3 in blue. We computed the
mass distributions as follows:

– Scenario 1: starting from the mass distribution of survived
clumps discussed in Sect. 4.4.3, shown in the right panel of
Fig. 13 with the blue histogram, the final masses are shifted
at lower masses because of tidal stripping, according to the
model of Eq. (17) (the purple histogram in the right panel
in Fig. 13). Low-mass clumps are shifted below 106 M�, in
a regime that is absent in the initial distribution, while the
massive survived clumps do not change significantly their
mass;

– Scenario 2: as a first step, we shift the initial mass distri-
bution according to the model of Eq. (17). Then, we com-
puted the fraction of survived clumps per mass bin as the
ratio between the number of survived clumps in the spheri-
cal dynamical friction-only scenario and the number of total
clumps (blue and grey histogram in the right plot of Fig.
13, respectively). We show the final result as the golden his-
togram: similarly to scenario 1, a good fraction of clumps
is shifted to masses comparable with those of massive local
GCs, yet retaining ≈16% of clumps with masses above the
mass of ω Centauri (5 × 106 M�). Furthermore, in this sce-
nario the fraction of survived clumps increases from 0.42 of
the spherical dynamical friction-only case to 0.60.
If we compare scenario 1 and scenario 2, we note that the

low-mass end is very similar, while the high-mass end in sce-
nario 2 reaches higher clump masses than in scenario 1. This is
a consequence of the fact that the tidal shocks reduce the mass
of very massive clumps, affecting the efficiency of the dynam-
ical friction. Nonetheless, the two final mass distributions are
very similar: this is a remarkable result since it implies that in
the Sparkler system the relative efficiency of dynamical friction
and tidal shock mainly affects the number of survivors, but not
their mass distribution. The mean masses for scenario 1 and sce-
nario 2 are indeed log(M̃∗/M�) = 6.33+0.05

−0.04 and log(M̃∗/M�) =
6.41 ± 0.1, respectively. Both values are smaller than the one in
absence of tidal effects, but consistent within 1σ. The fraction of
survived over-massive clusters (M∗ > 5 × 106 M�, the mass of
ω Centauri) is between 0.07 and 0.16 (scenario 1 and 2, respec-
tively).

However, we note once again that our assumptions aimed at
maximising the tidal effects and therefore the shift applied to
the distribution of survival clumps in the spherical configura-
tion. This would imply an over-estimate of the fraction of low-
mass clumps and an under-estimate of the fraction of high-mass
clumps.

6 https://numpy.org/doc/stable/index.html

6.3. The fate of the accreted clumps

The accretion of massive clumps, that are more frequent at high
redshift and more affected by dynamical friction, has been pro-
posed as an efficient channel for the formation and mass growth
of galactic bulges (Scannapieco & Tissera 2003; Hopkins et al.
2010). Such a scenario has been supported in the past cou-
ple of decades by the observation of massive GCs, namely
Terzan 5 and Liller 1, within 1 kpc from the centre of the
MW. These GCs, also called bulge fossil fragments (BFFs),
have present-day stellar masses of a few 106 M� (Lanzoni et al.
2010; Saracino et al. 2015; Baumgardt et al. 2023) and are sup-
posed to be among the few surviving stellar clusters that con-
tributed to the Galactic bulge build-up. Recent studies based on
their metallicity and star formation history have concluded that
the initial stellar mass of the progenitors of these BFFs ranges
from 4×107 M� (Romano et al. 2023; Crociati et al. 2024) up to
109 M� (Ferraro et al. 2021). The masses of the clumps accreted
by the centre of the Sparkler galaxy (Sect. 4) are consistent with
the values found by Romano et al. (2023) for the progenitors of
the BFFs, favouring a scenario in which a fraction of the clumps
observed around the Sparkler galaxy are BFF progenitors. We
point out that the half-mass radii of Terzan 5 and Liller 1 are 4.03
and 2.42 pc, respectively, a factor ∼ 10 smaller than the sizes of
the Sparkler resolved clumps, as discussed in Sect. 6.1. How-
ever, we remind the presence of three unresolved clumps among
those of our sample. In particular, C4 and C9 have masses larger
than 107 M� and upper limits on their effective radii of 11−12 pc
(Table 1), making them promising BFF progenitors also in terms
of size.

Another possible evolutionary path of the massive clumps of
Sparkler is the one leading to the formation of a nuclear star clus-
ter (NSC; see e.g. Neumayer et al. 2020). The NSCs are located
by definition at the dynamical centre of the host galaxy and are
usually detected from the light excess above the extrapolation
of the host galaxy’s surface brightness profile into its innermost
regions (.102 pc). NSCs are found in both early- and late-type
galaxies and are usually the brightest clusters of their hosts, pos-
sibly as a consequence of the merging of the clumps and GCs
fallen into the centre of the system, dragged by dynamical fric-
tion (Tremaine et al. 1975; Capuzzo-Dolcetta 1993; Oh & Lin
2000; Agarwal & Milosavljević 2011; Neumayer et al. 2011).
Their effective radii are usually of a few parsecs, but a non-
negligible fraction of NSCs with sizes larger than 10 pc exists
(Georgiev et al. 2016) and would be compatible with those of the
Sparkler clumps. Their masses are typically higher than those of
GCs and consistent with those of the Sparkler clumps, peaking
at ∼106−7 M� and reaching also values as large as ∼108−9 M�
(Georgiev et al. 2016).

Finally, we note that the simulations presented in this work
are not capable of capturing the complex processes that a clump
undergoes in the centre of the Sparkler galaxy. Therefore at
the moment, we are unable to quantify the fraction of accreted
clumps that are completely disrupted, survive as BFFs, or sink
and merge to the very centre of Sparkler forming a NSC.

7. Conclusions

In this work we studied the dynamical evolution of the stellar
clump system observed in the Sparkler gravitationally lensed
galaxy at z ≈ 1.4. We focused our study on the clumps
observed far away from the galactic stellar component, among
which recent JWST photometric observations have hinted at
the presence of candidate progenitors of the GCs observed in
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Fig. 13. Left panel: Fraction of the clump mass lost after 9.23 Gyr |∆M∗,fin|/M∗,ini as a function of the initial mass M∗,ini. Here ∆M∗,fin = M∗,fin(4rs)−
M∗,ini, where M∗,fin(4rs) is the final mass within four initial Plummer scale radii, computed as in Sect. 5.2. The circles are the results from the
simulations of resolved clumps described in Sect. 5.2, while the line is the best fit (Eq. 17) and the shaded area is the 1σ interval. Right panel:
Distributions of the number of clumps per mass bin, normalised to the total initial number of clumps. The grey and blue histograms are the
analogues of those shown in the bottom panel of Fig. 7, and they show the initial and surviving number of clumps, respectively, in the spherical
configuration case considering the effects of dynamical friction only. The purple histogram shows the mass distribution of the surviving clumps
of scenario 1 (short dynamical-friction timescale; Sect. 5.2), while the golden histogram shows the mass distribution of the surviving clumps of
scenario 2 (short tidal-stripping timescale; Sect. 5.2). A Gaussian function is fitted to each histogram and shown with the corresponding colour.

the local Universe (Mowla et al. 2022; Claeyssens et al. 2023;
Adamo et al. 2023). These objects, consistent with GCs in terms
of formation redshift and metallicity, possess very large masses
(log(M∗/M�) = 6.3 − 7.4) and sizes (half-mass radii Reff =
30 − 52 pc) and are located at projected distances from the cen-
tre of the galaxy of 2−5 kpc. Their dynamical evolution from
z ≈ 1.4 to z = 0 (about 9.23 Gyr) can affect not only their posi-
tion in the galactic system but also their final mass and size.

We first focused on their evolution by taking into account the
effect of the dynamical friction exerted by the Sparkler system,
modelled as a spherical system. Since little is known about the
morphology of the galaxy and of the clump system, we studied
three possible configurations: a face-on disc, an edge-on disc,
and a spherical geometry. The disc configurations (Sects. 4.4.1
and 4.4.2) are relevant in the context of GC formation. Accord-
ing to previous works, GCs may form in the galactic discs in an
epoch of bursty star formation (favoured in the star-forming sites
of disc galaxies) and then be ejected far away from the galac-
tic plane by subsequent major mergers (Hopkins et al. 2009;
Kruijssen et al. 2012; Kruijssen 2015). In the first two config-
urations, we initialised the clumps on circular orbits co-planar
to each other, while in the third, we assumed the clump system
to be spherically symmetric and isotropic. For each scenario, we
performed multiple simulations of Sparkler-like clump systems,
computing the number of survived clumps (that ended the simu-
lation at a distance larger than 1 kpc from the centre of the sys-
tem) and the mass and distance distributions. The main results
of these simulations can be summarised as follows:

– On average, about four clumps per simulation survive,
depending on the scenario, while the others are accreted onto
the centre of the system.

– The distance distribution remains essentially unchanged,
with the only exception being the face-on disc case in which
the final distance distribution is more extended than the ini-
tial one.

– The final mass distribution slightly shifts to smaller masses,
but the peak value log(M̃∗/M�) remains larger than ∼6.7.
Therefore, a significant fraction of survived clumps are more
massive than a few 106 M�, which is unexpected for a galaxy
such as Sparkler, that is thought to reach a stellar mass of
109−10 M� at z = 0.

In addition to the aforementioned simulations, we also studied
the clump mass loss under the effects of the tidal field of the
host galaxy by means of a different simulation setup in which
we implemented the Sparkler system as an external gravitational
potential and the clumps as resolved Plummer spheres made of
105 particles. We tested both the case in which Sparkler is a
spherical system and in which the Sparkler stellar component is
an exponential disc. In the presence of a disc, we initialised the
clumps at 1 kpc outside the plane of the disc, experiencing strong
tidal shocks every time they cross such a plane as a consequence
of the large gravitational field gradient. The main outcome of
these simulations are as follows:

– In the spherical case, the fraction of mass lost is smaller than
≈15% at any clump stellar mass.

– In the presence of the stellar disc, tidal shocks can com-
pletely disrupt low-mass clumps, while they have minor
effects for very massive clumps.

– Even when a large fraction of mass is removed, the sizes
of the clumps remain between 20 and 50 pc, that is about a
factor of ten larger than the sizes typically observed in local
GCs.
When combining the aforementioned results of dynamical

friction and tidal shock from a disc, we bracketed a realistic
behaviour. If we consider first the mass lost by tidal shocks,
the diminished mass of the clumps partially halts the effects
of dynamical friction. Consequently, the fraction of survivors
increases to 60% of the initial sample. On the other hand, if
we consider first the evolution of the mass distribution under
the effects of dynamical friction, the mass loss caused by the
tidal shocks shifts the mass distribution of the survived clumps
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at smaller values. In both cases, the peak mass is log(M̃∗/M�) ≈
6.4. Such values are marginally consistent with the high-mass
end of the mass distribution of MW GCs (Baumgardt & Hilker
2018), even though we note the strong difference between the
sizes of the Sparkler clumps and those of local GCs.

Apart from the possible underestimate of the lensing magni-
fication factor of the clumps, further effects not considered in this
work, such as preferentially radial orbits and encounters with
giant molecular clouds, may increase the fraction of stripped
mass, explaining these outliers. Radial orbits make the clump
explore the innermost and densest regions of the system, experi-
encing a larger tidal field (Gnedin & Ostriker 1997; Gnedin et al.
1999; Baumgardt & Makino 2003; Webb et al. 2013, 2014;
Brockamp et al. 2014). Close encounters with dense and mas-
sive molecular clouds can trigger a number of tidal shocks
(Gieles et al. 2006; Lamers & Gieles 2006; Webb et al. 2019,
2024; Reina-Campos et al. 2022). Alternatively, these objects
may possess DM mini-halos that would justify the observed
sizes, more consistent with those of dwarf galaxies than GCs
(Tolstoy et al. 2009). In such a case, they would sink more effi-
ciently to the centre of the system, owing to their higher mass,
explaining the absence of these over-massive outliers at low red-
shift. On top of that, a major merger occurring between z ≈ 1.4
and z = 0 could strongly affect the spatial distribution and orbital
properties of the clumps, possibly ejecting them into the galac-
tic halo (Kruijssen et al. 2012). However, the clump ejection
would limit further dynamical process, making it hard to strip
the excess mass (Pfeffer et al. 2018; Li & Gnedin 2019). Finally,
it is not excluded that the Sparkler galaxy could actually be an
uncommon system and have no counterparts in the present-day
Universe.

Our study shows how the morphology of the Sparkler galaxy
and that of its clump system affect the dynamical evolution of the
clumps and suggests that most of the observed Sparkler clumps
are likely to sink to the centre of the system, rather than being
disrupted by tidal stripping. Once they reach the central regions,
these clumps can eventually contribute to the formation of the
bulge or survive as a compact stellar system similar to those
observed in recent studies of the MW bulge or eventually merge,
forming a nuclear star cluster. The survived clumps tend to have
masses and sizes larger than the expected values observed in the
GCs of the MW. Future data constraining the kinematics and
morphology of the Sparkler galaxy and its clump system will
help shed light on the dynamical evolution of candidate proto-
GCs by making it possible to build more realistic models of this
galaxy.
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Appendix A: Fit of resolved clump density profiles

In order to get the final sizes of the resolved clumps shown in Fig. 12, we fitted the clumps density profiles to the one of a Plummer
sphere. The first step was the identification of the centre of the clump, that we computed iteratively by using the shrinking sphere
method (Power et al. 2003). At the first iteration, the algorithm computes the average position of a fraction fmax of the stellar
particles closest to the centre of the simulation box, therefore (0, 0, 0), and this is assumed as the new guess as centre of the clump.
Then, at the kth iteration the new guess is computed as the average position of the fmax − k∆ f fraction of particles closest to the
(k − 1)th guess centre of the system. The algorithm is iterated down to a minimum fraction fmin. In our case, we set fmax = 0.950,
fmin = 0.025, ∆ f = 0.025.

Once the centre of the clump was found, we computed the distances of the particles with respect to this centre. Given rs,i the
initial Plummer scale radii, computed from the clump size-mass relation (Sect. 2.1), we evaluated the clump density profile within
4 rs,i, dividing the particles in 20 bins equally spaced in the logarithmic space, with limits {r0, ..., r21}. We computed the density of
the ith bin ρi as

ρi =
mpNi

4
3
π
(
r3

i+1 − r3
i

) , (A.1)

where mp is the particle mass (defined in Sect. 5.1) and Ni is the number of particles with distances from the centre of the clump
within ri and ri+1. We assumed the uncertainty δρi on the number of particles to be Poissonian; therefore, δρi = ρi/N

1/2
i . We

fitted the resulting profile to a Plummer sphere by means of the non-linear least squares method, implemented in the numpy7

function curve_fit, with the final total mass M∗,f and scale radius rs,f as free parameters. We note that we excluded from the fit
the bins falling within 1.8 pc (three times the softening length; Sect. 4.4). In Fig. A.1 we plot the best-fit model compared to the
binned profile, for the cases of tidal stripping without and with a disc (first two rows and last two rows, respectively), respectively
(Sects. 5.1 and 5.2). We excluded the case log(M∗/M�) = 6 since in the case of tidal stripping with a disc the clump gets completely
disrupted. In each panel we also show the initial (rs,i) and the best-fit final (rs,f) Plummer scale radius. The Plummer profile describes
remarkably well the binned profile especially in the cases with little stripping.

7 https://numpy.org/doc/stable/index.html
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Fig. A.1. Final 3D density profiles of the clumps in the spherical-host simulations presented in Sect. 5.1 (first two rows) and for the case in which
the external potential also includes a Sparkler-like stellar disc as described in Sect. 5.2 (last two rows). First and third row: Clumps with mass
106.3 M�, 106.6 M�, and 106.9 M� (left, central, and right panels, respectively). Second and fourth row: Clumps with mass 107.2 M�, 107.5 M�, and
107.8 M� (left, central, and right panels, respectively). The black dots are the N-body density profiles, while the red solid line is the best-fit Plummer
density profile (with the shaded are marking the 1σ, 2σ, and 3σ confidence levels), as described in Appendix A. The grey shaded area highlights
the region within the softening length, that is excluded from the fit. The grey dashed line is the initial Plummer scale radius rs,i, and the red dashed
line is the best-fit final scale radius rs,f .

Appendix B: Tidal stripping in elliptical orbits

In Sect. 5.1 we have shown the tidal stripping history of clumps of different mass in circular orbit at 1 kpc from the centre of the
Sparkler-like spherical halo, modelled with an external gravitational potential. This setup implies that the clumps are not affected
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Fig. B.1. Final distance of the surviving clumps (black dots) for all the simulations with point-mass clumps in a halo made of particles in the case
of the spherical configuration (Sect. 4.4.3). The red crosses and lines show the initial and final distance of the six clumps studied in this section.
The grey dotted line is at 1 kpc, the threshold that divides the surviving and the lost clumps.

by dynamical friction and do not deviate from their initial orbit. We have chosen this setup in order to maximise the tidal stripping
effects, initialising the clumps as close as possible to the threshold that, according to our definition, divides surviving and lost
clumps. The results presented in Sect. 5.1 show that the fraction of tidal mass losses are not sufficient to make the mass of Sparkler-
like clumps comparable to local GCs. That is why in Sect. 5.2 we introduced the Sparkler stellar disc as an external potential, in
order to trigger tidal shocks and substantially enhance the amount of stripped stars.

In this Appendix we explored the differences arising in the setup of Sect. 5.1 when we consider non-circular orbits and the
dragging effect of dynamical friction in the spherical halo. To choose the orbital parameters, we selected six clumps from the 30
runs discussed in Sect. 4.4.3, choosing surviving clumps of different masses that at the end of the simulation are at a distance slightly
larger than 1 kpc. In Table B.1 we list their initial conditions, while in Fig. B.1 we compare their initial and final positions with
those of the other surviving clumps.

The dynamical friction is natively present in the simulations of Sect. 4.4.3, while in a setup like the one of Sect. 5.1 it must be
implemented via semi-analytical models. Therefore, we modelled the dynamical friction deceleration of the clump centre of mass
using the Chandrasekhar formula (Chandrasekhar 1943; Binney & Tremaine 2008):

aDF(x) = −2πG2M∗ ρhalo(xCM) ln Λ

[
erf(X) −

2X
√
π

exp(−X2)
]
uCM

|uCM|
3 . (B.1)

In Eq. B.1 M∗ is the clump stellar mass, ρhalo is the halo density, xCM =
∑N

i=i xi/N and uCM =
∑N

i=i ui/N are the position and
the velocity of the clump centre of mass, respectively. X = |uCM|/[σr(|xCM|)

√
2], where σr is the radial velocity dispersion of

the background (that is analytical for a Hernquist isotropic system, Hernquist 1990). Λ is a constant that goes into the Coulomb
logarithm, and it can computed as

Λ =
min(|xCM|/γ, |xCM|)

max(rhm,GM∗/|uCM|
2)
, (B.2)

with rhm being the clump half-mass radius and γ = |d ln ρhalo/d ln r| or fixed arbitrarily (Petts et al. 2016). At each time step, this
acceleration is added to each particle of the resolved clump. We fixed the clump mass to its initial value and we tuned the value of
ln Λ for each clump in order to qualitatively reproduce the orbits of the chosen clumps in the simulations of Sect. 4.4.3. The values
of ln Λ are listed in Table B.1, while in Fig. B.2 we show the comparisons between the orbits of the chosen point-mass clumps as
derived from Sect. 4.4.3 and the one obtained with the Chandrasekhar formula.

In Table B.1 we also list the fraction of residual mass of the six chosen clumps of this section, compared with the fraction of
residual mass of clumps of similar mass in the cases without and with a disc (Sects. 5.1 and 5.2). Comparing the results with those
obtained previously, it turns out that in four out of six cases the tidal stripping is consistent with or less efficient than the one derived
for the 1-kpc circular orbits in the spherical case. This is most likely due to the fact that the clumps do not start the simulation in the
innermost regions of the system, reaching them only by the end of the run because of the sinking effect of dynamical friction. The
only exceptions are clumps 1 and 4, that retain 72% and 82% of their initial mass, while the retained mass fractions in the case of
circular 1-kpc orbit are 84% and 87%, respectively. We find that the orbits of these two clumps have the largest eccentricity among
the six explored, with e = (a−b)/(a+b) ≈ 0.6, where a and b are the apocentre and pericentre of the orbit, respectively. Therefore, it
is possible that the clump, spanning a wider range of distances during its orbit, may experience a larger gravitational field gradient,
resulting in an increased tidal stripping. However, such an increase (≈ 10% of additional lost mass at best) is negligible if compared
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Table B.1. Parameters of the six clumps chosen to test the effects of orbit eccentricity and dynamical friction on tidal stripping.

ID log(M∗,ini/M�) x0/kpc u0/(km/s) ln Λ M∗,fin/M∗,ini M∗,fin−sph/M∗,ini M∗,fin−disk/M∗,ini

(0) (1) (2) (3) (4) (5) (6) (7)

1 6.16 (−0.41, 0.79,−1.11) (21.33, 98.87,−21.95) 10.5 0.72 0.84 − 0.87 0 − 0.16
2 6.39 (−1.51,−0.60, 0.07) (−19.77, 82.63, 12.90) 6 0.87 0.87 − 0.89 0.16 − 0.41
3 6.55 (−0.66,−1.12, 2.11) (−37.77, 73.24,−14.16) 7 0.92 0.87 − 0.89 0.16 − 0.41
4 6.60 (−0.71,−4.14, 1.64) (30.21, 14.25, 2.13) 5 0.82 0.87 − 0.89 0.16 − 0.41
5 6.88 (2.28, 2.00,−0.88) (20.59,−94.79, 11.97) 6 0.95 0.89 − 0.90 0.41 − 0.54
6 7.12 (−3.40,−4.61, 3.26) (−8.72, 43.81,−56.13) 5 0.94 0.90 0.54 − 0.60

Notes. From left to right: ID of the clump (0), clump initial mass (1), initial position (2), initial velocity (3), Coulomb logarithm (4), fraction of
residual mass in the simulations described in this section (5), fraction of residual mass of clumps of similar mass from the spherical case of Sect.
5.1 (6), fraction of residual mass of clumps of similar mass from the case with a disc of Sect. 5.2 (7).

Fig. B.2. Orbits of the clumps under the effect of dynamical friction. For each panel, the black solid line represents the orbit of the selected clump
(parameters in Table B.1) in the simulation of point-mass clumps in a spherical halo made of particles for the spherical configuration (Sect. 4.4.3).
The red dashed line indicates the orbit of the same clump in the same halo but implemented as an external potential and with the addition of the
Chandrasekhar formula, as described in Appendix B.

with the effects of tidal shocks. Indeed, the predicted residual mass in presence of a disc is smaller than the one obtained for the
six clumps studied in this section. This comparison demonstrates that the eccentricity of the orbits and the dynamical friction are
second-order effects compared to the presence of the disc, especially in our experiments that are aimed at maximising the tidal
losses of the over-massive Sparkler clumps.
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