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ABSTRACT

The Sagittarius dwarf spheroidal (Sgr dSph) galaxy is currently being accreted and disrupted by the tidal field of the Milky Way.
Recent observations have shown that the central region of the dwarf hosts at least three different stellar populations, ranging
from old and metal-poor over intermediate metal-rich to young metal-rich. While the intermediate-age metal-rich population
has been identified as part of the galaxy, the oldest and youngest populations belong to M54, the nuclear star cluster (NSC) of
the Sgr dSph galaxy. The old metal-poor component of M54 has been interpreted as at least one decayed globular cluster (GC)
that was initially orbiting its host galaxy. The youngest population formed in situ from gas accreted into M54 after its arrival at
the centre of the host. In this work, we use the observed properties of M54 to explore the shape of the inner density profile of
the Sgr dSph galaxy. To do so, we simulate the decay of M54 towards the centre of the dark matter (DM) halo of its host. We
model the DM density profile using different central slopes, and we compare the results of the simulations to the most recent
observations of the structural properties of M54. From this comparison, we conclude that a GC that decays in a DM halo with a
density profile o< r~7 and y < 1 shows a rotational signal and flattening comparable to those observed for M54. Steeper profiles

produce, instead, highly rotating and more flattened NSCs which do not match the properties of M54.
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1 INTRODUCTION

The Sagittarius dwarf spheroidal (Sgr dSph) galaxy is one of the
closest neighbours and satellites of the Milky Way. The spectacular
tidal streams that surround the Sgr dSph galaxy are a clear evidence
of the ongoing tidal disruption operated by the Milky Way on this
galaxy. The perihelion of the Sgr dSph galaxy is at about 15kpc
from the Galactic Centre (Belokurov 2013) and its core is located
behind the bulge, a fact that led to its relatively late discovery (Ibata,
Gilmore & Irwin 1994, 1995). The apocentre of the leading tail is
at a Galactocentric distance of 50 kpc, while the apocentre of the
trailing tail is between 60 and 100kpc from the Galactic Centre
(Belokurov et al. 2014). The current stellar and dynamical masses
within the half-mass radius of the Sgr dSph galaxy are ~107 and
~10% My, respectively (McConnachie 2012). Before merging with
the Milky Way and leaving behind its tidal streams, the dwarf galaxy
had a dark matter (DM) halo mass of up to 10'! My (Pefiarrubia
et al. 2010; Purcell et al. 2011; Belokurov 2013; Dierickx & Loeb
2017; Mucciarelli et al. 2017) and a stellar mass at least one order of
magnitude larger than the current one (Belokurov 2013; Mucciarelli
et al. 2017). Currently, the Sgr dSph galaxy is devoid of gas and
its stellar content is dominated by intermediate-age (Bellazzini et al.
2006) and metal-rich stars (Bonifacio et al. 2004).
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There are four globular clusters (GCs) within the main body of
the Sgr galaxy: M54, Terzan 7 as well as Terzan 8 and Arp 2 (Da
Costa & Armandroff 1995) and, recently, more candidate GCs have
been identified (Bellazzini et al. 2020; Minniti et al. 2021; Piatti
2021).

GCs have often been used to trace the DM distribution of galaxies,
through observations, dynamical models, and simulations (see e.g.
Goerdt et al. 2006; Lora et al. 2013; Alabi et al. 2016; Arca-Sedda &
Capuzzo-Dolcetta 2016, 2017; Amorisco 2017; van Dokkum et al.
2018; Leaman et al. 2020; Meadows et al. 2020). Part of these studies
has been motivated by the existing discrepancy between the density
profiles of DM haloes of dwarf galaxies inferred from the observa-
tions and the DM density profiles expected according to simulations
based on the A cold DM (ACDM) scenario (de Blok 2010). This
discrepancy is known as the ‘core-cusp problem’ (Flores & Primack
1994; Moore 1994; de Blok 2010; Bullock & Boylan-Kolchin 2017;
Lelli 2022). While observations and dynamical models indicate an
approximately constant DM density (Flores & Primack 1994; Moore
1994; de Blok, McGaugh & Rubin 2001a; de Blok et al. 2001b; de
Blok & Bosma 2002; Simon et al. 2005; Battaglia et al. 2008; Walter
etal. 2008; de Blok 2010; Oh et al. 2011; Walker & Pefarrubia 2011;
Agnello & Evans 2012; Amorisco & Evans 2012; Adams et al. 2014;
Oh et al. 2015; Relatores et al. 2019a, b), the simulations that most
closely resemble what we see in galaxies today need a steep, p ~
7V, power law for the DM density profile (Fillmore & Goldreich
1984), with a universal y equal or close to 1 (Navarro, Eke & Frenk
1996; Navarro, Frenk & White 1997; Merritt et al. 2006; Stadel
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et al. 2009; Navarro et al. 2010) or 1.5 (Moore et al. 1998, 1999),
depending on the assumptions and resolution of the simulations.
Other studies indicate that the power law shape, although steeper
than y = 1, might not be universal, but rather dependent on the
halo mass (Jing & Suto 2000). Possible explanations for the density
profile include different baryonic mechanisms that can transform
cusps into cores (see e.g. Burkert 2000; Kochanek & White 2000;
Spergel & Steinhardt 2000; Yoshida et al. 2000; Davé et al. 2001;
Ahn & Shapiro 2005; Governato et al. 2010; Inoue & Saitoh 2011; Di
Cintio et al. 2014; Vogelsberger et al. 2014; Elbert et al. 2015; Lin &
Loeb 2016; Bermejo-Climent et al. 2018), a different DM model
(Colin, Avila-Reese & Valenzuela 2000; Bode, Ostriker & Turok
2001; Lovell et al. 2012; Maccio et al. 2015; Marsh & Pop 2015),
or observational biases, for example due to the angle of observation
(Genina et al. 2018).

During the last few decades, the technological improvement in
observational techniques has made it possible to resolve the central
regions of many galaxies. This led to the discovery of very compact,
massive objects similar to GCs, known as nuclear star clusters
(NSCs, for a recent review see e.g. Neumayer, Seth & Boker 2020).
NSCs can be found in a surprisingly high fraction (50-80 per cent)
of all galaxy types (Ferrarese et al. 2006; Sanchez-Janssen et al.
2019; Hoyer et al. 2021). With typical half-light radii of just a few
pc, they are the densest and most massive stellar clusters in the
Universe (Neumayer et al. 2020). The mechanisms of formation
of NSCs are currently still under debate: possible scenarios are
an in situ formation where NSC stars form at the galaxy centre
from accreted gas (Milosavljevi¢ 2004; Schinnerer et al. 2008; Seth
et al. 2008; Pflamm-Altenburg & Kroupa 2009), and the merger
of multiple stellar clusters, where massive star clusters, similar
to GCs, inspiral to the centre of their galaxy under the effect of
dynamical friction (Tremaine, Ostriker & Spitzer 1975; Bekki 2007;
Capuzzo-Dolcetta & Miocchi 2008; Agarwal & Milosavljevi¢ 2011;
Antonini et al. 2012; Gnedin, Ostriker & Tremaine 2014; Perets &
Mastrobuono-Battisti 2014; Antonini, Barausse & Silk 2015; Arca-
Sedda et al. 2015; Tsatsi et al. 2017; Abbate et al. 2018). The actual
scenario is likely a combination of these channels (Neumayer et al.
2011; Neumayer 2015; Tsatsi et al. 2017).

Exactly at the centre of the light distribution of the Sgr dSph
galaxy, we find its most massive GC, M54, that has properties that
suggest that it did not form at the centre of its host galaxy, but
rather migrated there after falling into Sgr’s potential well (Monaco
et al. 2005; Bellazzini et al. 2008; Alfaro-Cuello et al. 2019, 2020;
Kacharov et al. 2022), becoming the NSC of this galaxy. At a distance
of about 26 kpc from the Sun (Ramsay & Wu 2006), M54 is currently,
alongside w Centauri, a promising contender for the closest known
extragalactic NSC.

In stark contrast to the other GCs of the Sgr dSph galaxy, M54
is very bright (My = 10.0) and metal-poor (Harris 1996; Brown,
Wallerstein & Gonzalez 1999).

Using MUSE observations, Alfaro-Cuello et al. (2019) studied the
detailed properties of M54, finding that it hosts three distinct stellar
populations: an old metal-poor (OMP) population, interpreted as a
decayed GC (or the result of the merger of more GCs), a young metal-
rich (YMR) population possibly born in situ, and an intermediate-age
metal-rich population belonging to the central body of the galaxy.
In their follow-up work, Alfaro-Cuello et al. (2020) investigated
the kinematic properties of these populations, finding that, while
the YMR population shows a significant rotation (with amplitude
about 5 kms~!) and a high degree of flattening, the OMP population
is approximately spherical and shows a low rotational signal (with
amplitude ~0.8 kms™1).
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As the orbital properties and the tidal disruption suffered by a
stellar cluster depend on how the mass is distributed in the host
galaxy, different DM density profiles imply different final structures
and kinematic properties for the NSC of the Sgr dSph galaxy (see
Leaman et al. 2020, for a study of the properties of the NSC formed
in the Pegasus dwarf galaxy, depending on its density profile). The
aim of this work is to probe the DM content of the Sgr dSph galaxy
by simulating the decay of the OMP population of M54 into a cored
or cuspy host galaxy, by means of N-body simulations. The results of
the simulations can then be compared to observational data (e.g. from
Alfaro-Cuello et al. 2020) to determine which is the most probable
density profile for the dwarf galaxy’s DM halo.

In Section 2, we present our methods and the initial conditions
adopted for our simulations. In Section 3, we illustrate our results
and in Section 4 we discuss those results and draw our conclusions.

2 MODELS AND SIMULATIONS

To explore the mass distribution in the inner regions of the Sgr
dSph galaxy, we perform direct N-body simulations of the dynamical
friction-driven decay and merger of M54 at the centre of its host
galaxy. We then compare the results of the simulations to recent
observations of M54 (Alfaro-Cuello et al. 2019, 2020).

To run the simulations we use PHIGRAPE, a direct, collisional N-
body code that uses the fourth-order Hermite integration method
(Harfst et al. 2008) adapted to run on graphic processing units
(Gaburov, Harfst & Portegies Zwart 2009). PHIGRAPE is freely
available' and widely used to model the formation and evolution of
NSCs. We assume different mass profiles for both M54 and the Sgr
dSph galaxy and rescale the simulation time to the actual evolutionary
time as described in the following paragraphs.

2.1 Globular cluster initial conditions

The current cluster mass of M54 (OMP) is (1.41 & 0.02) x 10° Mg,
(Baumgardt & Hilker 2018). This corresponds to the mass of the
cluster after the infall to the centre of its host. In this process, the
cluster loses part of its stars due to the tidal shredding operated by
the galaxy potential.

To generate the initial conditions of the infalling cluster, we used
the MCLUSTER software (Kiipper et al. 2011). We modelled the cluster
as a King (1966) profile with either Wy, = 6 (McLaughlin & van der
Marel 2005) or W, = 8 (Illingworth & Illingworth 1976; Bellazzini
etal. 2008) and half-mass radius r, = 6 pc (Alfaro-Cuello et al. 2019).
The W, parameter depends on the depth of the central potential well
of the cluster, and it is a measure of its concentration. Our clusters are
made of a number N of single mass particles, with N ranging between
6000 and 15 000. We adopted different initial masses for the cluster,
starting from a maximum value of 2.0 x 10% Mg, down to a minimum
value equal to the current mass of M54. We put each cluster on a
circular orbit and let it decay from an initial galactocentric distance of
50 pc.2 We therefore assumed that dynamical friction has circularized
the orbits of the clusters prior to the arrival at their starting point set
in the simulations. The conditions for circularization are particularly
favourable in our cuspy potential, taking also into account that we

!'See for example the version of the code available within the software AMUSE:
https://pypi.org/project/amuse-phigrape.

2Using a larger initial distance would result in a significant increase of the
computational cost of the simulation, given that a larger portion of the galaxy
would need to be modelled as a live system.
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Table 1. Initial conditions for the simulated clusters and the respective Sgr
dSph-like galaxies. The name of the simulation, the inner slope of the density
profile, y, and the mass of each DM particle, mpwm, are provided for each
galaxy. The Wy parameter, the number of particles used to model the cluster,
N¢i, and the mass resolution for the cluster (i.e. the mass of each stellar
particle), mg, are provided for each of the simulated systems. The cluster
half-mass radius is equal to 6 pc for all the simulated clusters. The galaxies
contain 300 000 particles and have a scaling radius of 6.5 kpc.

Name 1% mpm Mp) Wo Nei me M)
Corel 172 54 6 15000 100
Core2 172 54 8 15000 100
Interl 1 265 6 6000 250
Inter2 1 265 8 6000 250
Cuspl 3/2 146 6 15000 100
Cusp2 3/2 146 8 15000 100

are simulating a merger between two systems with an extremely low
mass ratio (see Vasiliev, Belokurov & Evans 2022, and Section 4).

Through this set of simulations, we found that an initial mass
of 1.5 x 10® Mg, best reproduces the observed mass and density
profile. Therefore, in this work, we are only presenting simulations
done adopting this initial mass. Depending on the initial conditions
of our simulations (listed in Table 1), the decay times are 18, 24, and
71 Myr for the cusp, intermediate, and core cases, respectively.

The choice of using a smaller number of particles (N is either
equal to 6000 or 15000) than the actual number of stars is dictated
by computational limitations and by the necessity to have the same
mass resolution in the cluster and in the DM halo (see Section 2.2).
We consider a time re-scaling factor to correct for the effects that this
approximation has on the relaxation time of the system (see Section
2.3). To avoid close encounters between the particles, we adopt a
softening length of ¢ = 0.01 pc. The energy conservation at the end
of the simulations is (E; — E;)/E; <5 x 107°, where E; and E; are
the initial and final energies, respectively.

2.2 Sgr dSph initial conditions

‘We model the halo of the galaxy as a truncated Dehnen (1993) profile

") B-y)M a 2 )
r)= ,
P 47 rY(r +a)*v sech =t ——

-
sech ——
Teut

in which M is the total mass of the modelled system, a is the scaling
radius, y is a parameter representing the inner slope of the profile,
which is restricted to y = [0, 3), and ry is the truncation radius
adopted to reduce the number of particles necessary to represent
the galaxy. With the adopted truncation function, we achieve an
exponential decrease of the DM density at radii larger than rgy,
considerably reducing the number of particles necessary to model
the system without significantly modifying the density profile in the
internal regions. In our models, we adopt the same initial mass and
scale radius assumed by Purcell et al. (2011) for their ‘heavy Sgr’
model. This model well reproduces the current observed properties
of the stream and core of the Sgr dSph galaxy, after merging with
the Milky Way. Following this choice, our Sgr dSph has a total
mass before truncation equal to 10" My, and a scaling radius a =
6.5 kpc. We adopt r., = 100 pc, equal to twice the starting distance
of the cluster. While Purcell et al. (2011) assumes an NFW profile
for the DM halo, we keep the scale radius and the mass of the halo
constant and vary the value of the central slope of the profile. In
particular, we adopt a value of y equal to 1/2, and 3/2 to represent
a galaxy with a shallow cusp, close to a core, and with a central

Sgr dSph galaxy dark matter profile 2723

steep cusp as predicted by Moore et al. (1999), respectively. We
also explore an intermediate case with y = 1, equal to the inner
slope of the Navarro et al. (1997) profile, in analogy with Purcell
et al. (2011). This is necessary to estimate the effect of different
halo profile shapes on the dynamical structure of the NSC and it is
a reasonable choice, given the large uncertainties on the initial DM
density profile of the Sgr dSph galaxy. Each halo has been modelled
using Npm = 300000 particles. The mass resolution and the total
mass of each model depend on the value of the DM halo obtained
after applying the cut-off, as reported in Table 1. The mass ratio
between the DM and GC N-body particles is kept larger than 0.5 and
smaller than 1.5 to avoid spurious effects due to mass segregation.
The N-body models for the galaxy and GC have been generated using
the software NEMO (Teuben 1995).

2.3 Time rescaling and simulation caveats

As the relaxation strongly affects the final structural properties of
the NSC, using a time-consuming collisional approach is necessary
to compare the properties of the mock and real M54 cluster.
Additionally, the system needs to be simulated as a collisional system
because dynamical friction and the dynamical exchange of energy
and angular momentum between the cluster and galaxy particles
— that contribute to shape the final NSC properties — can only be
followed using a direct N-body code. However, due to computational
limitations, we model the system with particles more massive than
the real stars, and we use a softening length to smooth the two-body
interactions. Both these choices affect the relaxation time of the
simulated cluster, slowing down the evolution of the system. To take
this effect into account, we rescale the simulation time to the real
time based on the relaxation time of the two systems as described in
Aarseth & Heggie (1998) and Mastrobuono-Battisti & Perets (2013).
Following this approach, the real time can be obtained as

t=t* tr—‘ 2)

1,

where * is the simulated time, ¢,, is the relaxation time of the real
system, and ¢, is the relaxation time of the simulated cluster. The
relaxation time can be written as

0.06503

~ omG2In(A) )

(Spitzer 1987), where m is the stellar mass, p is the mass density,
o is the velocity dispersion of the system, and A is a parameter
depending on the maximum and minimum impact distances. The
Coulomb logarithm appearing in equation (3) can be approximated
as In(A)* = In(r/e) for the simulated system and In(A) ~ In(N)
for the real cluster, with r, being the tidal radius of the cluster, ¢
the softening length, and N the actual number of stars in the cluster.
Using the expression for the relaxation time given by Spitzer (1987),
we can write the real time as

_m*In(r/¢)

min(N) @)

where m™ is the particle mass in the simulation and m is the average
stellar mass in the real system (assumed to be equal to 1 My).? Since

3We adopted a mean stellar mass equal to 1 Mg. However, we note that
the value of the average stellar mass depends on the assumed initial mass
function and it is typically lower than 1 M. This choice leads to a smaller
rescaling factor and therefore to a more relaxed final cluster. Our results can
be therefore considered as lower limits.
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the dynamical friction time is not affected by the mass of the particles,
we apply this rescaling only after the cluster has fully decayed to the
centre of the galaxy.

We neglect the merger of the Sgr dSph galaxy on to the Milky Way,
as this process should not change significantly the properties of the
innermost regions of the infalling galaxy. Moreover, our simulations
do not consider stellar evolution and the presence of binaries in the
cluster. These ingredients potentially have a strong effect on the long-
term evolution of the cluster, e.g. on the core collapse time and on the
cluster dynamical heating due to the presence of the binaries (see e.g.
Hills 1975; Lynden-Bell & Eggleton 1980). However, the mass-loss
due to stellar evolution is most relevant during the initial few tens
of Myr of the cluster evolution, when massive stars complete their
evolution. Afterwards, stellar evolution driven mass-loss becomes
less impactful on the cluster dynamics and the dynamical mass-
loss starts to dominate (see e.g. Sollima & Baumgardt 2017). We
therefore can consider the initial conditions adopted in this work to
represent the cluster after the end of the initial phase of strong mass-
loss caused by stellar evolution. Binaries might have a considerable
effect on the cluster’s long-term evolution and should be included
in the calculation. Unfortunately, this is currently impossible due to
computational limitations, as we are not yet able to simulate both
the cluster and the DM halo on a star-by-star basis. However, we
speculate that being more massive than single stars, binaries quickly
mass segregate at the cluster centre and mostly affect the evolution
of the centremost regions of the NSC, which is the region affected by
the largest observational errors. Additionally, two-body collisional
dynamics might not be suited to modelling a DM halo, as the resulting
relaxation can cause a spourious evolution in the central DM density,
which tends to flatten (steepen) cuspy (cored) profiles from the inside-
out (see Power et al. 2003; Diemand et al. 2004, for a description of
this issue in a cosmological context). Our DM halo density profiles
do not change significantly if simulated in isolation for 12 Gyr,
proving that the relaxation has not a significant effect on their mass
distribution. The mutual interaction between DM and cluster particles
can also contribute to the relaxation. However, the DM density is
negligible compared to that of the cluster, minimizing the mutual
interactions and relaxation effects. All the limitations listed above
will need to be addressed to give a detailed and accurate view of the
formation and evolution of M54.

2.4 Cluster decay and merger

Table 1 lists the names of the simulations and the relevant parameters
describing the cluster and galaxy models. We simulated the cluster
decay towards the centre of the host galaxy and its following
disruption and merger. Before doing so, we checked the stability of
the density profile of the galaxy, finding that it remains approximately
unchanged over 12 Gyr if evolved without any decaying cluster. We
consider the cluster as decayed when the Lagrangian radii containing
20 per cent, 50 per cent, and 70 per cent of the total mass of the cluster
attain an approximately constant value. The decay time is 18, 24,
and 71 Myr for the cusp, intermediate, and core cases, respectively.
We observe that the shallower the density profile of the galaxy, the
longer it takes for the cluster to arrive to the centre of the host galaxy,
confirming that dynamical friction is more efficient in cuspy than
in core galaxies (Read et al. 2006; Antonini & Merritt 2012; Arca-
Sedda & Capuzzo-Dolcetta 2014). The inspiral time does not depend
on the internal parameters of the clusters, as dynamical friction is not
affected by the cluster mass distribution. Fig. 1 shows the projected
density maps of the stellar and DM particles of the simulated system,
for four snapshots of the Inter2 simulation. The cluster, initially
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visible as an overdensity at 50 pc from the centre of the galaxy,
follows a decaying orbit that leads it to the centre of the host, where
it is visible in the final simulation snapshot (bottom right panel of
the figure). At the end of the simulation, the NSC and the galaxy
are co-centred, confirming that the cluster has completed its decay
towards the centre of the DM halo. After its arrival at the centre of the
galaxy, we let the cluster relax until it reaches a final age of 12 Gyr.
During this interval of time, which is roughly equal to the age of
the cluster, collisional effects — mostly due to two-body interactions
between the particles — drive the relaxation of the system, leading to
its final structure.

3 RESULTS

We analysed the final structural properties of the decayed cluster to
compare them to recent observations of M54 (Alfaro-Cuello et al.
2019, 2020). To allow a better comparison with the observations,
we only consider particles bound to the NSC in our analysis. We
define such particles as the ones with negative total energy, where
the energy is calculated considering the interaction of each particle
with all the other particles that were initially in the GC. In this way,
we avoid detecting the kinematic signal due to the material tidally
stripped from the cluster, which could significantly affect our mock
observations. We focus on the shape and kinematics of the M54-like
NSC, as described in the following sections.

3.1 The morphology of the cluster

The OMP population observed in M54 shows a low degree of
flattening at the half-light radius (egp = 0.22) and in the whole
field of view (¢ = 0.12) (Alfaro-Cuello et al. 2019). These values of
the ellipticity are corrected for projection effects, taking into account
the most probable inclination estimated for M54 (i.e. 60deg). We
quantified the flattening of our final clusters using the inertia tensor
as described in Katz (1991) and Antonini et al. (2012). This approach
consists in calculating the symmetry axes of the particles enclosed

R . . 2 Wi 2
within the ellipsoid %7 + % + % = r? as
1 2 3

I I I
T = Lig = 2= 2 ()
Imax Imax IleX

where [; are the principal components of the inertia tensor that
correspond to the three axial ratios of the system, while ,,x =
max(/11, I, I33). We identify with a = I« the major axis of the
system, while b is the intermediate and c¢ is the minor axis of the
ellipsoid. The c/a axial ratio is defined as c/a = min(lyy, I, Is3)/a
and the intermediate axial ratio b/a corresponds to the intermediate
value among the principal components of the inertia tensor.

Fig. 2 shows the axial ratios obtained for the initial and final
simulated systems, along with the 1o error on the final values.*

Within the currently observed range of 15 pc (Alfaro-Cuello et al.
2020), Corel exhibits axial ratios that do not differ from unity, as
well as mutually, by more than 4 per cent. Core2 shows axial ratios
values that are even closer than for Corel. The deviations from unity
in this case are overall smaller than 3 percent. These two systems
are therefore approximately spherical.

The intermediate cases exhibit a slightly higher degree of deviation
from a spherical shape within 15pc. In the Inter]l model, the

4The errors are calculated as the standard deviation on the axial ratio profile
over 20 consecutive snapshots.
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Figure 1. Snapshots of the infall of M54 into the centre of the Sgr dSph galaxy from simulation Inter2. The density maps of the stellar cluster and background
DM halo of the Sgr dSph galaxy are shown at four different times. The first snapshot on the top left is taken at the beginning of the simulation, the second one
(top right panel) is taken after 3 Myr from the beginning of the decay, the third one (bottom left panel) is taken at = 6.5 Myr, and the last one (bottom right
panel) is taken at the end of the simulation, that is after 12 Gyr of evolution. The first three snapshots are in the reference frame of the host galaxy, while the

fourth one is centred in the combined centre of density of the galaxy and cluster.

deviation from unity of the c/a axial ratio is smaller than 7 per cent
at any radius, while the Inter2 model shows a larger flattening
(10 per cent) at the centre and becomes flatter (smaller than 5 per cent)
outside 2 pc. A useful parameter to quantify the intrinsic shape of
a stellar system is the triaxiality parameter, defined as T = (a> —
b)l(@®> — ¢?) (Franx, Illingworth & de Zeeuw 1991). Oblate and
prolate systems have 7' = 0 (same value for the maximum and
intermediate axial ratios) and 1 (same value for the intermediate
and minimum axial ratios), respectively, while a triaxial system
has T ~ 0.5. The NSC central regions (within 10 pc) are highly
spherical. Due to the small number of particles used to model
the GCs, the triaxiality parameter shows significant fluctuations
between prolate and oblate values in the region within 20 pc, while
outside this radius both the Interl and Inter2 clusters become
oblate.

The simulations in which the GC infalls into a cuspy DM halo
produce the most asymmetrical M54-like cluster. Both cluster models
show a clear increasing asymmetry with the galactocentric distance,
with the c/a ratio reaching differences from unity of about 8 per cent
within 15 pc. The clusters are approximately spherical within the
half-mass radius (~ 6 pc). According to the triaxiality parameter,
the systems are decreasingly triaxial between the half-mass radius
and 15 pc, while outside this radius they become almost perfectly
oblate.

The core cases show a deviation from sphericity smaller than
10 percent even within 30 pc, a distance that corresponds to less
than half the tidal radius of M54 (Harris 1996). The intermediate
and cusp cases show increasing ellipticities at larger distances from
the centre of the galaxy. The Interl and Cuspl cases are the most
flattened ones, with c¢/a ratios that can reach a value of 0.8 within
30 pc. The Inter2 and Cusp?2 cases are slightly less flattened, with c/a
larger than 0.85 at any radius smaller than 30 pc.

Currently, it is difficult to observationally constrain the flattening
of M54 at large radii, as it is located behind the Galactic bulge, with a
consistent amount of foreground contamination. None of our models
is able to reproduce the observed ellipticity at the half-light radius,
however, at least part of the observed ellipticity could be the result of
the relaxation of an initially flattened and rotating YMR population
(see Section 4).

3.2 Kinematical properties of the clusters

The OMP population in M54 shows a small amount of rotation, with
a peak velocity of 1.58 & 1.14 kms~' and an average amplitude of
rotation of 0.75 % 0.55 km s~! (Alfaro-Cuello et al. 2020).

To identify the kinematic major axis of the NSC that forms in
our simulations, we projected each system perpendicularly to its
maximum angular momentum vector. This is consistent with the
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Figure 2. Axial ratios for all the simulated clusters at the beginning (grey lines) and at the end of the simulation, after 12 Gyr (green line with triangles for b/a
and blue line with bullets for c/a). The axial ratios are shown within 30 pc from the centre of the cluster, and the name of the simulation is on top of the relative
panel. The shaded area represents the 1o error on the final axial ratio values. The current observational data extend up to 15 pc (vertical dashed line).

most probable inclination angle (~90°) estimated by Alfaro-Cuello
et al. (2020).

We evaluated the line-of-sight velocity radial profiles of the cluster
at the end of each simulation and in the reference frame of the NSC
by considering a mock slit along the identified kinematic major axis
of the system. The width of the slit is set to be 5 pc, a value similar
to the MUSE pixel size at the distance of M54. To reduce the noise
affecting the results, we averaged over 20 consecutive snapshots to
estimate the radial profile of the line-of-sight velocity, calculating the
errors as the line-of-sight velocity standard deviation. Fig. 3 shows
the velocity curves for our final clusters, plotted within 30 pc from
the centre of the system. A vertical dashed line shows the extent of
the current observational data (15 pc), to allow a direct comparison
with Alfaro-Cuello et al. (2020).

The half-mass radii of the simulated NSCs range between 5.8
and 6.4 pc; they are therefore comparable to the half-mass radius of
M54. The maximum rotational velocity for the simulated clusters is
reached at distances larger than 15 pc. The NSCs born from the cluster
inspiral in a core-like DM halo do not show any significant signs of
rotation within 15 pc from the centre of the galaxy. The rotation curve
oscillates around zero without any clear coherent trend.

The Inter] case displays a maximum rotational velocity of ap-
proximately 2kms~! (2-5kms~! taking into account the errors)
within 15 pc, however, the rotational trend is not clear. The Inter2
case does not show any clear rotation, as the signal oscillates around
Okms~!. In both cases, the rotation is smaller than 5 kms™' (1-
10kms~" considering the errors) within 30 pc from the centre. The
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rotation observed within a galactocentric radius of 15pc in the
core and intermediated cases is lower than the signal detected by
Alfaro-Cuello et al. (2020). However, as for the ellipticity, part
of the observed rotation could come from the relaxation of the
embedded rotating YMR population (see Section 4). The rotational
signal observed at larger distances, which is different for different
galaxy profiles, could help to disentangle the cored and intermediate
profiles in future observations. The NSCs that form from a GC
that decays in a cuspy galaxy exhibit a high degree of rotation.
The Cuspl case has a maximum velocity of approximately 3 km s ™!
(1-5kms~! considering the errors) within 15 pc and of ~5kms™!
(2-10kms~! considering the errors) within the central 30 pc. The
Cusp? case rotates slightly faster, with a peak velocity of 4kms™!
(3-7kms~! considering the errors) within 15pc and 7kms~! (3
10km s~! considering the errors) within 30 pc from the centre. These
values require an inclination angle close to 0° (face-on view) to be
reconcilable with the observations. However, only inclination angles
between 60° and 90° cannot be excluded for M54 (Alfaro-Cuello
et al. 2020). Inclinations within this allowed range are not sufficient
to reduce the observed signal to the observed level.

Fig. Al in Appendix A shows the velocity maps the NSCs
produced in our simulations. The maps are built considering an
edge-on view on the systems and are an additional result that can
be compared with observations, e.g. done with integral field unit
instruments, like MUSE. The core and intermediate cases show no
clear signs of rotation, confirming what is seen for their velocity
curves. The substructures observed in the velocity maps are caused
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Figure 3. The rotational velocity of M54, v,, within 30 pc calculated after 12 Gyr of evolution for each of the simulations, as indicated by the title of each
panel. The shaded area displays the 1o error on v,. The plot shows a positive correlation between the inner slope of the density profile, y, and the velocity
curve of M54. While in the core and intermediate cases, we find next to no rotation at any distance to the centre, the cusp cases clearly show a rotation of up
to 4 kms~! at 15 pc distance from the centre and of up to 7 kms~! within 30 pc. The shaded area represents the 1o error on the final axial ratio values. The

current observational data extend up to 15 pc (vertical dashed line).

by the smoothing procedure and are not physical effects. The cusp
cases show clear signs of rotation, in agreement with what is found
for their rotation curves. This rotation is a signature of the merger.
Since we are considering only bound particles, the signal is not
due to the tidally stripped material, but only to the orbital angular
momentum retained by the cluster particles and translated into the
NSC rotation. This result suggests that the faster decay happening
in cuspy DM haloes,’ where dynamical friction is more efficient and
cluster particles have less time to interact with the field redistributing
their energy and angular momentum, the orbital angular momentum
is retained more efficiently leading to a final higher NSC rotation.

4 DISCUSSION AND CONCLUSIONS

The properties of an NSC formed through the infall and merger of one
or more GCs strongly depend on the mass distribution at the centre of
the host galaxy (Leaman et al. 2020). Observations and simulations
are in apparent conflict with the prediction of the shape of DM haloes
in galaxies. This ‘core-cusp’ problem is still an open question (see
e.g. Fillmore & Goldreich 1984; de Blok 2010; Massari et al. 2018).
We used the observed properties of M54 to infer the shape of the DM
distribution in the parent galaxy of this system, the Sgr dSph galaxy.

5Same radius circular orbits have larger orbital angular momentum in cuspy
galaxies, due to the higher enclosed mass.

We simulated the infall of an M54-like cluster towards the centre
of three galaxies with different DM density profiles: a core-like DM
halo represented with a Dehnen (1993) density profile with central
slope equal to y = 1/2, an intermediate case with y = 1, and a cusp-
like DM halo with y = 3/2. We used two different models for M54,
with distinct central concentrations. The results seem not to strongly
depend on this parameter.

Our clusters start to decay from an initial galactocentric distance
of 50 pc. This choice implies that dynamical friction acted on them in
the past, bringing the clusters from their formation orbit to the initial
distance assumed in our simulations. This is a delicate assumption,
especially in the case of y = 0.5, as dynamical friction is known
to be strongly suppressed in galaxies hosting a core-like DM halo.
Dynamical friction, indeed, gets to a core-stalling phase at a distance
where the enclosed galaxy mass is approximately equal to the cluster
mass® (see e.g. Goerdt et al. 2010; Arca-Sedda & Capuzzo-Dolcetta
; Petts, Read & Gualandris 2016).

However, the core-stalling can be reduced or even avoided in
triaxial galaxies and for clusters on elliptical orbits (Chandrasekhar
1943; Binney 1977; Pesce, Capuzzo-Dolcetta & Vietri 1992). These
two conditions are often fulfilled in real galaxies. Therefore, if M54

OThis is expected to happen at a distance of 90 pc in the core case, of 20 pc
in the intermediate case and of 3 pc in the cusp case. We do not observe any
core stalling in these two latter cases.
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was born in a galaxy with a core-like DM halo, it could have overcome
the stalling phase arriving at the centre of its host, where it is observed
today. Our reference observations are described in Alfaro-Cuello
et al. (2019, 2020). In these papers, the authors accurately evaluate
the membership probability based on the line-of-sight velocity and
velocity dispersion of the stars in their field of view and consider only
stars with membership probability larger than 70 percent in their
analysis. Most of the observed stars have membership probabilities
close to unity, and therefore the observational result should not be
affected by the detection of escaped stars. With these data, they find an
average rotational amplitude of (0.75 & 0.55) km s~! and a maximum
rotation of (1.58 & 1.14) km s~ for the OMP population observed in
M54. This population is identified with one, or more, decayed GCs
that formed Sgr’s nucleus. The OMP population is flattened with
an ellipticity at the half-light radius ey, = 0.22. The ellipticity in
the whole field of view is equal to € = 0.12 (Alfaro-Cuello et al.
2019). More recently, Kacharov et al. (2022) used multicomponent
dynamical models to constrain the rotation and flattening of the
different populations in M54. With this approach, they confirmed the
observational results, finding that, while the YMP population is for
sure flattened and significantly rotating, the OMP population shows a
slower rotation and has a shape that is consistent with being spherical
within 1o. We find that the clusters that decay in a cuspy DM halo
acquire a significant amount of rotation once settled at the centre
of the galaxy. The NSC that forms in these cases is flattened at any
distance from the centre. The system is almost spherical within its
half-mass radius, then it shows a decreasing triaxiality within 15 pc
and it becomes oblate outside this radius. The flattening increases
with the galactocentric distance, reaching axial ratio values of about
0.80 at 30 pc from the centre of the galaxy. The morphology and
kinematics of the NSC are possibly due to the higher orbital angular
momentum of the GC in such a system. We note that the initial
orbital angular momentum of the cluster is about 30 per cent higher
in the cusp cases than in the core cases. While initially low angular
momentum (i.e. highly eccentric) orbits could lead to a lower amount
of rotation, dynamical friction is expected to efficiently circularize
the orbits of low mass-ratio satellites decaying in cuspy potentials
(Vasiliev et al. 2022), justifying our choice for an initially high orbital
angular momentum. In addition, in a cuspy profile the cluster decays
more quickly compared to what happens in shallower potentials.
This decreases the possibility for the cluster to interact with the
field stars and to redistribute its angular momentum among the DM
particles. As the time available to relax is approximately the same
in each modelled case, the high initial angular momentum and fast
decay are the most important factors in determining the final NSC
properties.

In the intermediate cases, once it becomes an NSC, the decayed
GC shows a mild to unclear rotational signal compared to the NSC
formed in the cuspy DM halo. The velocity curve is approximately
flat within 15 pc from the centre of the galaxy. The rotational
velocity increases outside this radius and reaches values up to 5—
10 kms~! within 30 pc from the centre of the galaxy. The clusters
that form in the intermediate case are almost spherical within 10 pc.
These clusters show a triaxiality parameter that oscillates between
oblate and prolate within 20pc, to then become oblate outside
this radius. However, the flattening is smaller than in the cusp
cases.

In the cored DM density profiles, the newly formed NSC shows
no clear signs of rotation. This lack of a rotational signal is reflected
in the approximately spherical shape of the system.

A comparison of the simulation results to the observations leads
to the conclusion that a cuspy DM density profile would have led to
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rotational velocities higher than what is observed for M54. A cored
or an intermediate profile, however, results in no significant rotation
of M54 even assuming the highest possible initial orbital angular
momentum (i.e. a circular orbit) for the decaying clusters, implying
that neither of the profiles can fully explain the small amount of
observed rotation. Nevertheless, the core and intermediate profiles,
which might show a small degree of rotation, are much closer to the
observed properties than the cusp.

As argued by Alfaro-Cuello et al. (2020) and Kacharov et al.
(2022), at least part of the rotation and flattening observed for
the OMP population of M54 could be the result of the angular
momentum transferred from the faster rotating and more elliptical
YMR population to the OMP during the relaxation process of the
stars belonging to the younger component. It is interesting to note
that the flattening and rotation might also strongly depend on the
strength of the tidal field in which the cluster is embedded (Goodwin
1997). Stars with high angular momentum are quickly stripped from
the cluster in a cuspy tidal field, leading to a more spherical shape
(Longaretti & Lagoute 1996). On the contrary, if the cluster is in a
core-like tidal field, those stars will be retained, leading to a long-
standing flattened and rotating structure. These aspects, which have
been partially investigated in Alfaro-Cuello et al. (2020) through
N-body simulations, will be further explored in a future work in
which we will take into consideration a flattened and rotating YMR
population in an M54-like cluster decaying in differently shaped DM
haloes.

In conclusion, results suggest that an initial DM density profile
with y < 1 provides the best fit to the observational properties of
M54.

Moreover, we find that the dynamical properties of M54, or more
in general of NSCs in dwarf galaxies, can be used to investigate
the DM density profile of the host galaxy. In the case of the Sgr
dSph galaxy, a larger number of models exploring a wider parameter
space, both for the cluster and for the galaxy, and taking into
consideration the stellar component of the Sgr dSph galaxy as well
as the ongoing merger between the Sgr dSph galaxy and the Milky
Way will be necessary to allow a more detailed comparison with the
observations and further constrain the shape of the central regions of
the galaxy. Observations spanning a larger radial range will be useful
to estimate the inner slope of the DM density profile of the Sgr dSph
galaxy.
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Figure Al. Velocity maps for the core, inter and cusp simulations (from top to bottom, 1 displayed on the left and 2 on the right), illustrating the innermost
15 pc x 15 pc of M54 at the end of each simulation. We find an increase in bulk movement with higher y values. A clear rotation of M54 cannot be seen for the
core and inter simulations, as indicated by the slope in Fig. 3. For the cusp cases, on the other hand, we find a clear rotation and bulk movement of M54.
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