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Chapter 1

INTRODUCTION

“Nobody ever told us all matter radiated.
We just assumed it.”

- Vera Rubin
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A SHORT ORIGIN OF DARK MATTER STUDIES

The term dark matter (DM) has been used since ancient times to describe the celestial bodies
that were too faint to be observed and were therefore referred to as “dark” (Bertone and Hooper,
2018). In the 17th century, the discovery of Newton’s law of universal gravity opened up a new
possibility to use the motions of stars to infer the gravitational pull that kept them in orbit. Lord
Kelvin was among the first to attempt a dynamical mass estimate of the Milky Way in the hopes of
determining the dark matter mass at the beginning of the 20th century. He applied his theory
of gasses to the stars moving under the influence of gravity and predicted 109 stars within 1 kpc
of the Sun. The early 20th century saw numerous attempts to determine the local dark matter
density, including those of James Jeans, always with the assumption that DM was made of faint
stars.

Zwicky (1933) demonstrated that dark matter is also needed to explain the motions of galaxies
in galaxy clusters and in much greater quantity than reported for the Milky Way. Over several
decades the presence of DM was quantified by the dynamical mass-to-light pM{Lqdyn ratio and
its existence was neither accepted nor disregarded. Researchers studied the assumptions in
dynamical modelling approaches to determine if they could result in biased measurements of
pM{Lqdyn. However, the nature of dark matter could not be explained. Rubin and Ford (1970)
presented the most detailed measurements of the rotation curve of M31, our closest massive
neighbor. They confirmed that the rotation curve of M31 flattens in the outer regions, even
beyond the radius at which the density profile of the luminous1 matter declines. The flattening of
the rotation curves became the strongest evidence for the presence of non-luminous matter.

In parallel, a field of cosmology was emerging after Einstein formulated the theory of general
relativity at the beginning of the 20th century. This made it possible to construct a predictive
and testable model of the Universe for the first time, where everything started with the Big Bang.
The technological advances in observations of the late 20th century gave rise to deep wide-field
surveys of galaxy distributions such as SDSS2. They confirmed that the Universe is isotropic and
galaxies are distributed along filaments and nodes of the cosmic web. Space-based telescopes
sensitive to microwave radiation mapped the first light of the Universe, the Cosmic Microwave
Background (CMB), originating in the very early universe, around 300 000 years after the Big
Bang at the redshift of z „ 1000. Probes such as WMAP3 and the Planck telescopes detected
temperature fluctuations in the CMB, which can be interpreted as random density fluctuations of
matter that seeded the first galaxies. To explain these observations the presence of non-baryonic
matter was necessary, i.e. - dark matter. Such DM only interacts with baryonic matter through
gravity and is one of the key components in the Standard model of cosmology, a model of the
Universe that is best supported by observational evidence (Dodelson, 2003). According to the
latest results of Planck Collaboration et al. (2020) the universe is spatially flat and is dominated
by dark energy (Λ, responsible for driving the accelerated expansion of the Universe) and dark
matter, respectively comprising 68% and 27% of energy density in the Universe. Even though
baryonic matter represents only a small („ 5%) component in the mass and energy budget of the
Universe, by observing it we can gather information about the dominating dark components.

While the term dark matter initially referred to objects too faint to observe, the advent of
dynamical modelling and the field of cosmology fundamentally reshaped how we understand it
today, and brought us to consider it as a non-baryonic component of the Universe that enabled
the formation of galaxies (Mo et al., 2010). Great advances have been made in the past century
to understand dark matter, but many key questions remain unanswered: What is the nature of
dark matter?, How is dark matter distributed in galaxy haloes? and What are the shapes of dark
matter halos?. In this thesis, we address some of these questions using the dynamical modelling
of globular clusters (GCs) in the haloes of galaxies.

In this chapter, we provide an overview of relevant developments in the field of cosmology
to clarify how the radial distribution of dark matter in haloes and their shapes can be used to

1In this thesis we will use the terms luminous and baryonic as well as dark and non-baryonic matter interchangeably.
2Sloan Digital Sky Survey.
3Wilkinson Microwave Anisotropy Probe.
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1. INTRODUCTION

shed light on its nature. In Sect. 1.1 we summarise results from cosmologies based on different
particle nature of DM and from dark-matter-only (DMO) cosmological simulations. In Sect. 1.2
we focus on two diagnostics that have been used in the literature to probe the interplay between
baryons and DM. In Sect. 1.2.3 and Sect. 1.3 we summarise the core-cusp problem and studies
of the DM halo shapes; these properties are particularly interesting because they are influenced
by the nature of dark matter particles and the baryonic feedback. In Sect. 1.4 we introduce GCs,
their properties, the properties of the globular cluster systems (GCSs), and their connection with
the dark matter content of their host galaxy. The open questions addressed in this thesis are
summarised in Sect. 1.5.

1.1 COSMOLOGY AND DARK MATTER MODELS

Einstein’s field equations enabled us for the first time to study the evolution of the Universe as it
expands adiabatically. The discovery of the CMB gave us an insight into the initial conditions of
the early Universe, which can be well described by a Gaussian random field. The discovery of
CMB confirmed that the Universe is isotropic on large scales, however matter is clustered in local
overdensities. Self-gravity promotes the growth of the overdensities, while the internal pressure
acts to remove matter. At a critical size, an overdensity becomes dominated by self-gravity and
decouples from the expanding Universe. Such virialised haloes are hosts of galaxies, galaxy groups
and galaxy clusters at z “ 0 (present). The critical size evolves with redshift and depends on the
cosmological model.

The key components of the Universe are radiation, matter (baryonic and non-baryonic), the
cosmological constant Λ and the curvature of space. Varying the energy density of the four
components results in a different abundance of overdensities at z “ 0 and this information is
encoded in the matter power spectrum (Dodelson, 2003). For example, low mass DM particle
candidate results in a “top-down” formation of structure. Where large galaxies formed first and
then fragmented to form smaller, dwarf galaxies, such DM is referred to as warm DM (WDM).
Similarly, the absence of the cosmological constant results in a “top-down” formation of galaxies.
In contrast, a massive DM particle candidate results in a “bottom-up” formation, where low-mass
galaxies form first, such DM is referred to as cold DM (CDM). Therefore, comparing the observed
galaxy mass function and matter power spectrum helps to constrain the cosmological models. The
Standard model of cosmology, the model best supported by observations of large-scale structure is
a flat ΛCDM model of the Universe (Alam et al., 2017; Betoule et al., 2014; Planck Collaboration
et al., 2020).

Tests of the Standard model of cosmology have seen great development owing to the increased
computational resources enabling cosmological numerical simulations of the large-scale structure
of the Universe. These simulations have provided crucial insight into the nonlinear regime
of structure formation, that is inaccessible with any other method (e.g., Springel et al., 2006,
Vogelsberger et al., 2020, and references therein). Simulations like the Millennium simulations4

and Bolshoi5 have sufficient spatial and temporal resolution that we can investigate the internal
properties of DM haloes, their size, orientation, internal density distribution and intrinsic
shape over time. The most prominent particle candidate for CDM are weakly-interactive massive
particles (WIMP Ellis et al., 1984) with masses O(GeV - TeV). However, no such particles have
been detected either directly or indirectly (Aprile et al., 2018). Therefore it is worth looking into
simulations of alternative theories on the particle nature of DM.

In the regime of bright galaxy satellites pM‹ ě 105 Mdq Forouhar Moreno et al. (2022) find a
suppression of the number of satellites in the WDM compared with CDM. For DM haloes formed
under the assumption of a self-interacting DM (SIDM) the authors find structural changes, that
are restricted to the centre of the halo. SIDM haloes form density cores in the very centres, whose
size depends on the interaction cross-section. They also note that baryonic process can wash away
a lot of the differences between the CDM and SIDM models. SIDM and CDM models show similar

4https://wwwmpa.mpa-garching.mpg.de/galform/virgo/millennium/
5https://hipacc.ucsc.edu/Bolshoi.html
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1

1.1.1. Definition of dark matter halo mass

Table 1.1: Mass and circular velocity scales of typical virialised structures observed in the Universe.

M200 [Md] V200 [km s´1]
Dwarf galaxies 109 10
Milky Way 1012 100
Galaxy clusters 1015 1000

behaviour on large scales (Rocha et al., 2013), but the type of interactions that occur in SIDM
models (elastic or inelastic scattering) results in different inner slopes of the DM haloes compared
with CDM (O’Neil et al., 2023).

There are many open questions around ΛCDM, chief among them are the nature of dark
matter and dark energy. In this thesis, we focus on the former by probing the spatial distribution
of DM in galaxies with discrete dynamical modelling of galactic haloes. Therefore, we focus on
two properties of DM haloes that we constrain with GC dynamics: internal density distribution
and intrinsic shape.

1.1.1 DEFINITION OF DARK MATTER HALO MASS

To measure the mass of a DM halo, we first have to define it. Most commonly, the density
contrast ∆ “ ρpr∆q{ρcrit is used to define a halo of size r∆, with the mean density of ρpr∆q.
ρcrit “ 3H2

0 {p8πGq is the critical density of the Universe at z “ 0, H0 is the Hubble constant and
G is the gravitational constant (Mo et al., 2010). In this thesis we use the latest results from
Planck Collaboration et al. (2020) for the value of the Hubble constant H0 “ 67.4 kms´1Mpc´16.
The halo is thus defined as a spherical overdensity, with spherically averaged density ∆ ˆ ρcrit
within a radius r∆. While there are other definitions of the halo radius, we consider here a density
contrast of ∆ “ 200 and r∆ “ r200 (Wechsler and Tinker, 2018, and references therein). With
such a definition for the halo, its total mass is calculated as:

M200 “
4π

3
200ρcrit r

3
200 (1.1)

The circular velocity of such haloes is then defined as:

V200 “

ˆ

GM200

r200

˙1{2

(1.2)

Based on these definitions the typical mass and velocity scales of structures in the Universe at
z « 0 are summarised in Table 1.1.

The concentration of the haloes is defined as:

c200 ”
r200
r´2

, (1.3)

where r´2 is the radius where the local power-law slope is ´2.
These definitions do not depend on the assumed dark matter density profile or cosmology,

and have been used extensively in the literature to compare different cosmological models with
observations. We acknowledge here that the ρcrit is implicitly dependent on the redshift through
the Hubble constant. However, throughout this thesis, we study nearby systems and therefore we
strongly limit the discussion on the redshift evolution of M200 and c200 in this chapter.

6It is important to note that in the past years, tension has emerged in the values of H0 based on measurements from
independent and we refer the interesting reader to Di Valentino et al. (2021) for a review on this problem and possible
solutions.
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1. INTRODUCTION

1.1.2 RADIAL PROFILES OF PURE DM HALOES

The simplest treatment of halo formation is to consider a spherical collapse of a density
perturbation (matter overdensity). Such simple assumption leads to a mass profile:

ρprq9r´γ , (1.4)

where γ is the power-law slope and for the value of γ “ 2 this results in an isothermal sphere
characterised by a constant constant circular velocity (Mo et al., 2010). However, the process
of gravitational collapse is nonlinear and to accurately characterise the internal density profile
numerical simulations are needed.

The spatial resolution of large cosmological simulations is not sufficient to study the radial
distribution of matter in haloes. Instead, a re-simulation is needed to account for physics on
smaller scales, such as tidal interactions that affect the internal mass distribution of interacting
haloes. Navarro et al. (1997) employed this technique to explore the spherically averaged density
distribution in DMO simulations for different cosmological parameters. They found a universal
spherically averaged density profile of DM haloes that form through dissipationless hierarchical
clustering which is independent of their mass or cosmology. The Navarro-Frenk-White profile
(Navarro et al., 1996, NFW) is characterised by a cusp in the centre, with a slope of ´1 and in a
steeper declining outer density with a slope of ´3:

ρ “ ρs

ˆ

r

rs

´

1 `
r

rs

¯2
˙´1

, (1.5)

where ρs is the scale density and rs the scale radius.
In recent years, the improvements in the simulations have shown that the halo structure

is sensitive to the cosmological parameters and that fitting an NFW profile to the simulations
results in a large scatter for haloes with M200 ď 1012 h´1 Md

7 (Macciò et al., 2008). Navarro
et al. (2004) find that with NFW profile DM is underestimated in the inner regions of haloes.
An alternative profile was introduced to reduce scatter when fitting the simulations, the Einasto
profile (Einasto, 1965), which has an additional free parameter α modulating the transition
between the inner and outer slope:

ρEINprq “ ρ´2 exp

#

´
2

α

„ˆ

r

r´2

˙α

´ 1

ȷ

+

, (1.6)

where r´2 is the radius where the local density slope is -2 (scale radius) and ρ´2 is the density at
this scale radius.

A comparison between the NFW and Einasto profiles is shown in Fig. 1.1, where the logarithmic
density slope d lnpρq{d lnprq and the density profile ρprq are shown in the left and right panels,
respectively. The solid black lines show the NFW profile, with an inner slope of -1 and an outer
slope of -3. The coloured lines correspond to Einasto profiles with different values of the shape
parameter α. For CDM haloes the typical values of this parameter are 0.12 ď α ď 0.35. The
Einasto profile is very flexible as it can also be reduced to the form of an isothermal sphere for
α “ 0 or of a Gaussian profile for α “ 2. Galaxy mass haloes have a typical value of α „ 0.16
(cyan) and galaxy cluster mass haloes agree better with „ 0.3 (yellow/green; Gao et al., 2008,
see their Eq. 5). The mass dependency originates from the different ρcrit at the formation time
of the halo (less massive haloes form earlier). The Einasto profile is therefore more flexible
in reproducing DM profiles in DMO simulations that naturally arise in hierarchical structure
formation.

Despite the inconsistencies between the NFW profile and simulations at higher resolution,
most dynamical modelling studies assume a NFW profile.

7h “ H0{p100 km s´1 Mpc´1q.
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1.1.3. Mass - concentration relation

Figure 1.1: Comparison between the different profiles that have been used to fit DM haloes. The solid black
lines show the NFW profile and the coloured lines show Einasto profiles with different values of the shape
parameter α. Figure taken from Dutton and Macciò (2014).

1.1.3 MASS - CONCENTRATION RELATION

The concentration is defined with Eq. 1.3 and the NFW profile is completely described by
specifying the total mass M200 and concentration c200. Navarro et al. (1997) showed that the
concentration of a halo depends on its formation timescale. Haloes formed at lower redshift
have lower concentrations (e.g. Wechsler et al., 2002; Zhao et al., 2003). Prada et al. (2012)
analysed different cosmological simulations and found consistent results in the M200 ´ c200
relation. However, the normalisation of the relation depends on the assumed cosmology, with
Planck cosmology showing a 20% increase with respect to WMAP cosmology (Dutton and Macciò,
2014). The M200 ´ c200 relation is a function of redshift. Haloes are more concentrated at z “ 0
and the slope of the relation increases with redshift (Dutton and Macciò, 2014).

The formation history of haloes is imprinted in the value of its concentration. Out of
equilibrium haloes, those that are still forming or have experienced recent major mergers have on
average lower concentration (Neto et al., 2007). Haloes that have experienced longer quiescent
periods are found to be more concentrated.

1.2 THE INFLUENCE OF BARYONS ON DARK MATTER

Until now we have focused on the dark matter content of galaxies and we have presented
conclusions based on DMO simulations. DM haloes provide potential wells for gas to coalesce
to form stars and galaxies at their centres. The difference in the spatial distribution of DM and
stars is clearly demonstrated in the hydrodynamic simulations, with an example shown in Fig. 1.2.
Baryonic physics impacts the internal properties of DM haloes by redistributing mass and angular
momentum of DM. Therefore, it is important to understand the connection between luminous
and non-luminous components of galaxy haloes. Here, we focus on two observed properties: the
stellar-halo-mass ratio (SHMR) and the bulge-halo conspiracy.

In the current cosmological framework, galaxy formation is driven by the coalescence of
gas in the dark matter overdensities of the large-scale structures (White and Rees, 1978). This
connection between luminous and dark matter is for example manifested in the correlation
between the star formation history and their halo mass, as recently identified by Scholz-D́ıaz et al.

7
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1. INTRODUCTION

Figure 1.2: Dark matter and stellar distribution from the TNG-Clusters simulation (Nelson et al., 2023).
The top figure shows the distribution of dark matter, the bottom one that of the stars. Figure taken from
https://www.tng-project.org/cluster/#images.

(2023). Hydrodynamic simulations fold the baryonic physics into the DMO simulations using
different astrophysically informed prescriptions for processes, such as SF, AGN and SN feedback,
magnetic fields and metallicity enrichment. By comparing the results with the observed properties
of galaxies (e.g., colour, age, size and morphology, luminosity function and metallicity) we can
gain deeper insight into the physics of galaxy formation (Crain and van de Voort, 2023, and
references therein).

Historically two classes of galaxies are observed, whose names refer to their proposed
evolutionary pathways: early-type galaxies (ETGs, lenticulars S0 and ellipticals E) are red
in colour, show low star formation rate (SFR) and are elliptical in projection; late-type galaxies
(LTGs, spirals) are bluer in colour, have active SF and show prominent spiral arms in their thin
gas disk. In this thesis, we focus on ETGs, because they have a larger number of GCs, see Sect 1.4.

1.2.1 STELLAR-HALO-MASS RATIO

DMO simulations predict the mass distribution of dark matter halos; the simplest method to
populate the haloes with real galaxies is based on the assumption that the most massive galaxies
reside in the most massive DM haloes. This approach is referred to as “abundance matching”
(Wechsler and Tinker, 2018, and reference therin) and can be used to determine SHMR in a
statistical way. An overview of literature studies using different techniques to determine the
SHMR is shown in Fig. 1.3 for central galaxies.While the normalisation and the exact location of
the peak of this relation differ between the different literature studies, they all show consistent
trends. The SHMR is characterised by a peak Mh „ 1012 Md pMh « M200q, where the haloes are
the most efficient in transforming baryons into stars, and by a drop at lower and higher masses.
At the low mass end, SN and stellar winds are very efficient at removing gas from the galaxy
and the potential well is not sufficient to retain the out-flowing gas. At the high mass end, AGNs
powered by the supermassive black holes in the centre provide sufficient kinetic energy to remove
the gas and quench SF.

The SHMR is thus dependent on both cosmology and baryonic physics, and observation
constraints of this relation are not trivial, mainly because DM is not directly observable and its
presence can only be inferred from the gravitational influence it exerts on the luminous matter. In
galaxy clusters, the temperature of X-ray emitting intercluster gas can be used, as well as strong
gravitational lensing and thermal Sunyaev-Zel’dovich effect8. For the individual galaxies in the
nearby Universe, dynamical modelling of the stellar line-of-sight (LOS) velocity distribution or
gas rotation curves are used to constrain the total mass. However, as it can be seen in Fig. 1.2, the

8Distortion of CMB spectra due to inverse Compton scattering on free electrons in galaxy clusters.

8
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1.2.2. Singular isothermal sphere

Figure 1.3: Compilation of literature SHMR relations for central galaxies. Figure taken from Wechsler and
Tinker (2018).

stars are concentrated in the very inner regions of the haloes, and therefore the M200 resulting
from such measurements is obtained by extrapolation.

Observations have already revealed a large scatter in the SHMR and measured a deviation
from the predicted relation for the most massive spiral galaxies (Posti et al., 2019). Posti and Fall
(2021) also found evidence for morphology-dependant SHMR, with ETGs in their sample closely
following SHMR and most massive LTGs showing higher than expected stellar mass. Both these
studies used kinematic tracers that are more spatially extended than the stellar component, such
as gas rotation curves of LTGs and globular clusters (GCs) for ETGs. They demonstrate the need
for larger samples of dynamical mass measurements constrained with extended kinematic tracers.

1.2.2 SINGULAR ISOTHERMAL SPHERE

First studies with gravitational lensing of ETGs found that the total mass distribution within the
Einstein radius („Re/2) can be well approximated by a single power law with a narrow scatter
and a profile that is slightly steeper than an isothermal sphere with a slope of -2 (Auger et al.,
2010; Barnabè et al., 2011; Sonnenfeld et al., 2013). This trend was initially determined for the
strongest gravitational lenses, i.e. the most massive galaxies. Subsequently, a similar trend was
confirmed for lower-mass galaxies using dynamical modelling (e.g. Alabi et al., 2016; Poci et al.,
2017; Bellstedt et al., 2018, hereafter A16; B18; P17). In the case of ETGs, the apparent tendency
that two non-isothermal distributions of stars and dark matter “conspire” in a slope of close to
isothermal has been a point of great discussion. The “bulge-halo” conspiracy was found to hold
only on certain mass scales, suggesting that galaxy feedback processes might play a role (Dutton
and Treu, 2014, and references therein).
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The flat velocity dispersion profile found within 1 Re of ETGs has been linked to dry major
mergers as the main formation channels of these gas-poor systems. Through simulated binary
mergers, Remus et al. (2013) showed that the inner slope γtot „ ´2 acts as a natural attractor
and once in place only a major merger with high gas fraction can modify the total mass density
slope. They found that the larger the fraction of in-situ formed stars the steeper the total density
profile. They link this with the dissipational nature of gas, which sinks in the centre of the merged
galaxy to form a new population of more centrally concentrated stars, thereby steepening the
total mass slope.

1.2.3 CORE-CUSP PROBLEM

Observations of galaxy rotation curves found that a cuspy NFW profile cannot reproduce well the
central kinematics. Instead, a flattening of DM, i.e., a “core” pρDM9r´γ , γ « 0 ´ 0.5q, resulted
in a better fit to the observations (e.g. de Blok et al., 2001, 2008; Simon et al., 2005). While
baryonic feedback in hydrodynamic simulations has helped to explain this for Milky Way mass
galaxies, that are baryon-dominated in their centres, it remains an issue on the small scales
(M À 1011 Md). Its strength depends on the fraction of DM in a stellar system as well as the
duration and burstiness of star formation (e.g. Read et al., 2019). The so-called core-cusp problem
is only one of the small-scale challenges of ΛCDM and we defer an interested reader to the review
by Bullock and Boylan-Kolchin (2017) for a broader discussion on this topic.

As shown in Fig. SHMR, DM haloes below 1012 are increasingly dark matter dominated.
They host dwarf galaxies with stellar masses M‹ ď 109 Md and as low as M‹ ď 102´5 Md

(Simon, 2019) and thus initial dynamical mass models estimated a mass-to-light radio of 100.
Therefore, they are expected to be DM-dominated at all radii. Due to their shallower gravitational
potential, stellar feedback and supernovae more efficiently strip gas from the galaxy, halting star
formation and preserving the primordial distribution of DM. Observations of bright dwarf galaxies
pM‹ « 107´9 Mdq found that their density profiles are more consistent with a constant core in the
centre, or even show varied central slopes (e.g. Simon et al., 2005). Dutton et al. (2019, 2020)
analysed the NIHAO suite of simulations and found that the implementation of subgrid physics
alters the central slope in low mass systems. Vogelsberger et al. (2016) show that DM physics
can partially elevate the “core-cusp” problem. This further motivates the recovery of DM density
profiles in low-mass systems, to test both DM and galaxy formation models.

Nearby dwarf galaxies are ideal environments to probe this question (Tolstoy et al., 2009).
Because of their proximity, low mass dwarfs and gas-poor dwarfs can be observed in great detail.
As their individual stars are resolved we can measure their individual LOS velocities (LOSVs) and
proper motions (PMs) providing 3D kinematics of stars in these systems. For example, Walker
et al. (2009) measured LOS velocities of „7000 individual red giant branch (RGB) stars in 4
nearby dwarf spheroidal (dSph) galaxies. Owing to their proximity, proper motions of stars can
be measured to provide 3D motions of stars in these systems (Massari et al., 2020a,b). Despite
the improvement in the sample size and precision of the kinematic samples, a conclusive answer
to the question of whether these systems have cored or cusped DM profiles is still missing. One of
the biggest challenges is the low-velocity dispersion of these systems „ 10 km s´1, which require
high precision of velocity measurements.

1.3 SHAPES OF DARK MATTER HALOES

Understanding the intrinsic shape of galaxies is essential to prevent biased conclusions when
interpreting results derived from dynamical modelling. The shape is quantified by the axis ratios
of a 3D ellipsoid, p “ b{a and q “ c{a, where a ą b ą c are semi-major, intermediate and minor
axes. A shape characterized by a ą b “ c is considered prolate, a shape with a “ b ą c is
considered oblate and, otherwise, the shape is triaxial. A sketch of prolate, spherical and oblate
distributions is shown in Fig. 1.4.
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1.3. Shapes of dark matter haloes

Figure 1.4: Sketch of prolate, spherical and oblate distributions (from left to right).

Observations of the luminous components of ETGs have revealed that stars show oblate,
prolate, or even triaxial distributions (Ene et al., 2018; Foster et al., 2017; Foster et al., 2016;
Pulsoni et al., 2018; Weijmans et al., 2014). These studies used photometry and kinematics to
constrain the shapes and found a link between the amount of rotational support and the degree
of triaxiality, with more rotation favouring oblate distributions, but not excluding triaxial shapes.
Further, more oblate-axisymmetric distribution of stars can be embedded within a triaxial DM
halo (see for example the results from the TNG simulations by Pulsoni et al., 2020). The Milky
Way and its satellites are the only galaxies where we have detailed 6D phase-space information
for a sufficiently large sample of tracers with which we can reconstruct the shape of the total
mass distribution, including both luminous and dark matter (e.g., Sesar et al., 2011; Debattista
et al., 2013; Posti and Helmi, 2019; Iorio and Belokurov, 2019; Naidu et al., 2021; Han et al.,
2022). Beyond the Local Group, we rely on projected quantities only. Because of the random
orientation of galaxies, we observe these intrinsic distributions projected along a line-of-sight
(LOS), which makes the recovery of intrinsic shape very challenging, especially for ETGs with
non-regular rotation (Krajnović et al., 2005; van den Bosch and van de Ven, 2009).

While great advances have been made in recent years on the intrinsic shapes of the central
stellar components of ETGs with dynamical modelling (Jin et al., 2020; Santucci et al., 2022;
Thater et al., 2023), much less is known about the haloes, where non-luminous matter dominates.
In this domain, cosmological simulations have been the source of insight into the intrinsic
shapes of the dark matter haloes (e.g., Cole and Lacey, 1996; Allgood et al., 2006; Prada et al.,
2019; Chua et al., 2019). N-body simulations in the ΛCDM framework have shown strong
radial dependence on the halo shape, with a preference for prolate haloes in the inner regions
r ă 0.1rvir, that become increasingly triaxial in the outer regions (e.g. Bailin and Steinmetz, 2005;
Hayashi et al., 2007). The inclusion of baryonic physics acts to make the haloes rounder at all
radii and the exact prescription of the baryonic feedback impacts the triaxiality of galaxies (e.g.,
Kazantzidis et al., 2004; Bryan et al., 2013; Tenneti et al., 2015; Chua et al., 2019). Studies of
N-body dissipationless simulations found a strong dependence of the halo shape with the different
cosmological parameters and the dark matter fraction (Allgood et al., 2006). For example, haloes
in WDM cosmology are found to be rounder than CDM haloes (e.g. Bullock, 2002; Mayer et al.,
2002). Directly observed measurements of the dark matter halo shape can thus provide additional
constraints for cosmological simulations.

The inner regions of luminous galaxies are typically dominated by baryons, while in the outer
regions, dark matter becomes the dominant contributor to the mass distribution (e.g., Deason
et al., 2012; Cappellari et al., 2013). In the case of ETGs, the DM fraction at 5 Re has been found
to be 30-80% (Gerhard, 2013, and references therein). Harris et al. (2020) found a median DM
fraction of 80-90% for galaxies with M‹ ą 1010 Md. For the recovery of galaxy DM distribution
and shapes, we need luminous tracers in the regions where DM dominates. Specific features
such as stellar streams and polar rings have been used to put observational constraints on the
3D distribution of the dark matter (e.g., Iodice et al., 2003; Varghese et al., 2011; Khoperskov
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et al., 2014; Pearson et al., 2015; Leung et al., 2021). Weak lensing provides constraints on the
projected flattening of DM haloes on a statistical basis (e.g. Robison et al., 2023).

1.4 GLOBULAR CLUSTERS AS TRACES OF DARK MATTER

Globular clusters are old (Á 10 Gyrs) dense stellar systems populating the haloes of every large
galaxy (Brodie and Strader, 2006, and references therein). They can be observed beyond 5 Re

and are thus unique tracers of the DM (e.g. Brodie et al., 2014). There is empirical evidence
that the total mass in GC systems (GCSs) is a better tracer of the total halo mass of its host
galaxy rather than its stellar mass (Blakeslee, 1997; Spitler and Forbes, 2009; Georgiev et al.,
2010; Hudson et al., 2014; Harris et al., 2017a). Thanks to their compact sizes and relatively
high luminosities, individual GCs can be observed in galaxies at distances up to a few 100 Mpc
with the Hubble Space Telescope (HST; e.g, see Jordán et al., 2009; Jordán et al., 2015; Harris,
2023) and in nearby groups and clusters from ground-based surveys (e.g. Taylor et al., 2016).
Spectroscopic observations needed to measure radial velocities (RVs) are however limited to a
few nearby groups and clusters (Brodie et al., 2014; Chaturvedi et al., 2022).

Deep observations of GCs in the nearby Universe have revealed that the magnitude distribution
of GCs around galaxies follows a nearly universal shape (e.g. Harris et al., 2014; Jordán et al.,
2006; Rejkuba, 2012). The GC luminosity function (GCLF) for ETGs is well approximated by a
Gaussian distribution (Rejkuba, 2012, and references therein). The mean absolute magnitude of
the GCLF, the turn-over magnitude (TOM), is constant for massive ETGs within ˘0.2mag (e.g.,
Harris et al., 2014; Villegas et al., 2010) and has been used to determine precise distances to
galaxies (e.g. Jordán et al., 2005). The width of the GCLF, σGCLF, depends on the total mass of
the galaxy with a significant scatter at the faint end (Villegas et al., 2010).

The most massive, often central galaxies in galaxy clusters, can host „ 1000 GCs, while the
number drops to around 100 GC around Milky Way mass galaxies and less than 10 for dwarf
spheroidals. A recent study of GCS of Milky Way-like simulated galaxies suggests that a large
fraction of in-situ GCs are tidally disrupted by z “ 0. They also found a connection between the
total stellar mass of the galaxy and the present-day mass of the GCS (Bastian et al., 2020).

GCSs of all large galaxies show bi- or multi-modal colour distribution, because most GCs are
old the colour can be seen as a proxy for metallicity and the presence of bimodality has been
linked to the distinct origin of both populations (Brodie and Strader, 2006). With blue GCs being
metal-poor and red metal-rich. Redder GCs are often more centrally concentrated and on more
disk-like orbits because they were likely formed in situ. Blue GCs on the other hand are thought
to originate from other galaxies that have merged with the host galaxy at some point throughout
its lifetime. Hence, they are often found in the outer halo on more radial orbits. The different
spatial distribution and orbital properties of the two populations have been used in the literature
in the dynamical modelling of massive ETGs (e.g. Romanowsky et al., 2009; Zhu et al., 2016).
While the two populations of the most massive galaxies show such distinct behaviour for most
galaxies, the rotation amplitude and dispersion of blue and red GCs are consistent as found by
Fahrion et al. (2020). Therefore they can be modeled as a single population (Veršič et al., 2024).

1.5 OPEN QUESTIONS THAT WILL BE ADDRESSED IN THIS THESIS

In this thesis, we investigate the internal properties of the dark matter haloes, in particular, the
radial distribution of mass and shape of dark matter haloes. To that end, we use the discrete
dynamical modelling (chapter 2) of GCSs in ETGS to trace the mass distribution in the regions
dominated by DM. In particular, we address the following questions:

• What are the properties of the dataset, in terms of spatial extent and precision, to
discriminate between cored and cusped DM profiles in low mass systems pv200q „ 10 km s´1?
(chapter 3)

• Advantages and biases when modelling GCS of ETG galaxies? (chapter 4)
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1.5. Open questions that will be addressed in this thesis

• Are total mass profiles consistent with a single power law profile with an isothermal slope
of ´2? (chapter 5)

• Are DM haloes of ETGs spherical? (chapter 6)
This work highlights the advantages of using discrete dynamical modelling to put accurate

constraints on the properties of DM haloes.
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Chapter 2

DISCRETE DYNAMICAL MODELLING

“The proper method for inquiring after the properties of things
is to deduce them from experiments.”

- Isaac Newton
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This chapter includes text already published or submitted to a journal. Specifically, sections on methodology in Veršič et al. (2023, 2024, subm.) were adapted for

the thesis. As a result, there may be partial overlap with those publications.
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2.1. Introduction

2.1 INTRODUCTION

Stellar dynamics describes the motion of stars within a stellar system in a statistical way under the
influence of the gravitational potential in which they orbit. Dynamical modelling uses the observed
motions of stars to infer the enclosed mass (gravitational potential) and orbital properties of the
stars (rotation and velocity anisotropy) (Binney and Tremaine, 2008). Historically, dynamical
modelling has been applied to binned stellar kinematics or light integrated along the line-of-sight.
In this thesis, I take advantage of the novel measurements of discrete sources (GCs or stars) and
carry out discrete dynamical modelling. It offers a unique opportunity for dynamical modelling
of sparsely populated regions, such as galaxy haloes. There are three main advantages of the
discrete approach over binning velocities in radial bins: the number of kinematic data points
constraining the model is higher, biases due to an arbitrary binning strategy are removed, and
contaminants, that could bias binned velocity moments, can be self-consistently modelled (e.g.
Hénault-Brunet et al., 2019; Watkins et al., 2013).

Discrete dynamical modelling uses the velocities of individual tracers (stars, GCs or PNe) to
constrain their orbital properties and gravitational potential as seen in Fig. 2.1. The individual
velocities can be understood as single samples drawn from the underlying local LOSVD. This is
conceptually different from how integrated stellar spectra of galaxies are modelled, where the
moments of the LOSVD can be derived from spectra (e.g. Bellstedt et al., 2018; Cappellari et al.,
2013; Poci et al., 2017). Fig. 2.1 demonstrates the discrete dynamical modelling approach for an
example of GCs in NGC 5128 that we model in chapter 6. The top panel shows the individual
GCs coloured by their LOSV wrt the systemic velocity of the galaxy and with the star symbols we
highlight two GCs that we compare throughout the figure. In the central panels, we show the
moments of the LOSVD (mean velocity on the left and velocity dispersion on the right) predicted
by CJAM for a given gravitational potential and orbital properties. The locations that correspond
to the stars in the top panel are shown here with black circles. The discrete approach uses
the moments of the projected velocity distribution highlighted with black circles to construct a
Gaussian likelihood as seen on the bottom two panels for the blue and red-shifted GC respectively.
The bottom panels show the model LOSVD in black and the discrete velocity of a GC with the
width corresponding to the LOSV measurement uncertainty. The discrete dynamical modelling
approach combines the likelihood at the position of each tracer to constrain the model parameters
(gravitational potential and orbital properties).

In this thesis, I present a series of dynamical studies all based on the methodology outlined
in this chapter but with specific adaptations for each of the scientific questions. The dynamical
modelling tool used through this thesis is Jeans Anisotropic MGE1 (JAM) models, a dynamical
modelling framework introduced by Cappellari (2008). In this chapter,outline how we constructed
an accurate characterisation of the spatial distribution of the discrete kinematic tracers, i.e. tracer
density profile, and how we introduced the gravitational potential in JAM. Lastly, it describes the
statistical approach we adopted to recover the best-fit parameters.

In chapter 3 we study mock datasets of Milky Way dSph, for which we use projected 5D
phase-space information: two positions in the plane of the sky pα, δq, LOS velocity vLOS as well as
the two proper motion components: pµα, µδq. In chapter 4, 5 and 6 we study extragalactic objects
where three projected phase-space components are observed for discrete tracers: pα, δ, vLOSq.

2.2 JEANS ANISOTROPIC MGE MODELLING

Most stellar systems are an ensemble of a large number of stars, with galaxies like the Milky Way
hosting „ 1011 stars (Binney and Tremaine, 2008). Modelling the system as a whole is therefore
more practical than following the orbit of each star. One such method, the Jeans equations (Jeans,

1Multi Gaussian Expansion (Emsellem et al., 1994).
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Figure 2.1: Sketch of the discrete dynamical modelling approach for an example of blue GCs in NGC 5128
presented in chapter 6. The top panel shows the individual GCs colour-coded based on their LOSV. The star
symbols highlight two GCs we picked to demonstrate the modelling approach. The middle panels show the
mean LOSV on the left and velocity dispersion on the right predicted by CJAM. The locations of the GCs
highlighted as stars on the top panel are shown with black circles here. In the bottom panels, we compare the
Gaussian LOSVD given by CJAM predictions with black lines and the velocity of individual GCs in coloured
lines.

1922), is based on the collisionless Boltzmann equations for a system in a steady state:

3
ÿ

i“1

´

vi
Bf

Bxi
´

BΦ

Bxi

Bf

Bvi

¯

“ 0, (2.1)

where f is the 6D distribution function (indicating the probability of finding a star at any given
phase-space location), Φ is the gravitational potential, vi are the velocity components and xi are
the spatial components in the phase space. Both assumptions (collisionless systems in steady
state) are reasonable for the inner regions of most galaxies, where the two-body relaxation time is
longer than the age of the Universe. However, the first assumption can break down in very dense
stellar systems such as centres of galaxies and globular clusters (Binney and Tremaine, 2008).
The second assumption is not valid in the outer regions of the galactic haloes and for actively
merging systems.

2.2.1 JAM FORMALISM

The JAM formalism has been extensively used to model ETGs with stars and GCs as tracers to
derive dark matter fraction, stellar M{L and dark matter density profile (e.g. Bellstedt et al.,
2018; Cappellari et al., 2013; Poci et al., 2017; Zhu et al., 2023). As discussed in Sect. 1.3 most
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2.2.1. JAM formalism

ETGs can be well approximated as axisymmetric systems in the inner regions, with both stellar
and DM haloes showing triaxial shapes.

To link the observable moments of the velocity distribution pv, σq with the gravitational
potential, the Jeans equations are derived in a coordinate system that best corresponds to the
intrinsic geometry of the stellar system (spherical, axisymmetric or triaxial). JAM is only available
for spherical and axisymmetric potentials and we use the axisymmetric formalism in cylindrical
polar coordinate system pR,φ, zq as implemented by Watkins et al. (2013, CJAM).

Starting from Eq. 2.1 assuming cylindrical geometry, the axisymmetric assumptions imposed
by Bf

Bφ “ BΦ
Bφ “ 0 simplifies the equation to:

vR
Bf

BR
` vz

Bf

Bz
`

´v2φ

R
´

BΦ

BR

¯

Bf

BvR
´

BΦ

Bz

Bf

Bvz
´

vRvφ

R

Bf

Bvφ
“ 0 . (2.2)

Multiplying Eq. 2.2 by vR and vz and integrating over the velocities we arrive at the two Jeans
equations, that connect the components of the velocity dispersion tensor with the gravitational
potential:

ν
`

v2R ´ v2φ
˘

R
`

Bpν v2Rq

BR
`

Bpν vRvzq

Bz
“ ´ν

BΦ

BR

ν vRvz
R

`
Bpν v2zq

Bz
`

Bpν vRvzq

BR
“ ´ν

BΦ

Bz
,

(2.3)

where ν represents the number density of the kinematic tracers, v2R, v2φ, and v2z are the second
velocity moments and vRvz is the cross term of the second moment tensor. Once both the
gravitational potential Φ and tracer density profile ν are known, the two Jeans equations
(Equation 2.3) have four free parameters: to obtain a unique solution, further assumptions
on the second moment tensor are needed. The cross terms of the second moment tensor are 0
when we make an assumption that the velocity ellipsoid is aligned along a particular coordinate
system.

The axisymmetric JAM models assume an astrophysically-motivated cylindrical alignment of
the velocity dispersion tensor (for more details see discussion in Sect. 2.3 in Cappellari, 2008).
Such alignment assumes that the vertical and radial oscillations of the kinematic tracers are
independent in the meridional plane pR, zq: pvRvz “ 0q. By additionally assuming a constant
anisotropy quantified as v2R “ b v2z we arrive to the two Jeans equations:

ν
`

b v2z ´ v2φ
˘

R
`

Bpb ν v2zq

BR
“ ´ν

BΦ

BR

Bpν v2zq

Bz
“ ´ν

BΦ

Bz

(2.4)

with two free variables v2φ and v2z . Such a system of equations can be solved numerically and v2R
is evaluated through the anisotropy parameter b.

MGE FORMALISM

Both the mass distribution, which generates the potential Φ, as well as the tracer density ν, are
incorporated in the JAM models as MGE. This choice has the advantage of being computationally
efficient, as the projection and deprojection of the Gaussians are analytic when translating the
observed 2D to intrinsic 3D quantities. As well as flexible since they can incorporate a large range
of radial profiles and can accurately reproduce the surface brightness profiles of real galaxies.

The projected surface brightness or tracer distribution pΣq at each position in the plane of the
sky px1, y1q, with x1 aligned with the major axis, is expressed as:

Σpx1, y1q “

N
ÿ

k“1

Lk

2πσ2
kq

1
k

exp

«

´
1

2σ2
k

˜

x
12 `

y
12

q
12
k

¸ff

(2.5)
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where N is the number of Gaussian components, Lk is the total luminosity (or number of tracers)
of each component, σk is the width (dispersion) along the major axis, and q1

k the projected axis
ratio of the major and minor axis, also called the flattening.

The projected quantities are analytically linked to the intrinsic axisymmetric density profile
νpR, zq:

νpR, zq “

N
ÿ

k“1

Lk

p
?
2πσkq3qk

exp

«

´
1

2σ2
k

˜

R2 `
z2

q2k

¸ff

(2.6)

where qk is the deprojected flattening:

qk “

b

q
12
k ´ cos2pincq

sinpincq
(2.7)

obtained with the inclination angle inc2 (90o is edge-on and 0o face-on).
The drawback of using MGEs is that the decomposition of the profile is not unique because

Gaussians are not eigenfunctions and the number of Gaussian components can be non-trivial.
Additionally, in the outer regions of the fitted profile, the Gaussians will fall off faster than most
literature profiles used to describe the distribution of matter. Similarly, in the innermost regions,
MGEs can better describe cored profiles and a large number of Gaussians are needed to accurately
represent a cuspy profile. Therefore, when using MGE decomposition, great care has to be placed
on the choice of the radial region over which the profile is fitted as well as the number of Gaussian
components. With these mitigations, the drawbacks are slight while the advantages are great,
as MGEs represent efficient and effective solutions that are useful for our purposes in this thesis.
Throughout this thesis, we use mgefit implementation of the MGE algorithm by (Cappellari, 2002).

VELOCITY ANISOTROPY AND FIRST VELOCITY MOMENT

Using MGEs also enables the modelling of anisotropy gradients by allowing each Gaussian
component k to have a different value bk. When these components are different the global
anisotropy can be computed weighted by the tracer density νk:

βz ” 1 ´
v2z

v2R
« 1 ´

ř

k νk
ř

k bkνk
(2.8)

that corresponds to radial anisotropy for βz ą 0, characteristic for strongly eccentric orbits,
vertical anisotropy for βz ă 0, and semi-isotropy for βz “ 0. Since one of the second moments
is not accounted for in the βz as seen in Eq. 2.8 the interpretation of its value may not be as
straightforward, especially for systems with strong rotational signature.

The Jeans equations provide a prediction for the second velocity moments. To obtain a unique
solution for the first velocity moments, additional assumptions must be made to connect the
relative contributions of ordered and random motions:

κk “
rvφsk

b

rv2φsk ´ rv2Rsk

(2.9)

where vφ is the first moment in the tangential coordinate φ. It is helpful to think of κk as a proxy
for rotation, and κk “ 0 when the kth Gaussian component is non-rotating. The global mean
velocity can be computed by summing the contributions from the individual Gaussian components:

ν vφ “

«

ν
N
ÿ

k“1

κ2
k

`

rνv2φsk ´ rνv2Rsk
˘

ff1{2

(2.10)

Both bk and κk define the velocity ellipsoid and are needed to interpret the intrinsic velocity
anisotropy.

2In this thesis we adopt inc for the inclination to avoid confusion with the indexing used for iterations in chapter 6.
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2.3. Constructing the tracer density profile

2.3 CONSTRUCTING THE TRACER DENSITY PROFILE

As can be seen in Eq. 2.4, 2.8 and 2.10, the tracer density profile ν acts as a weighing function in
the JAM models. Therefore, its accurate characterisation is crucial for unbiased predictions of the
projected velocity moments that are compared with observations. Typically, dynamical modelling
studies of the stellar kinematics in the central 1-2 Re of galaxies use integrated surface brightness
profiles based on photometric imaging (e.g. Cappellari et al., 2013; Thater et al., 2023; Zhu et al.,
2023). However, the types of kinematic tracers used in this thesis require a different approach to
recover ν. This is needed for kinematic tracers that are intrinsically sparse, such as extragalactic
GCs, as well as when the proximity of the stellar system or its low surface brightness hinders
deep imaging, such as for Galactic GCs or dwarfs. In such systems where only the positions of
individual tracers are available, binning is required to recover their spatial distribution.

When using individual photometric sources, removing foreground and background contamina-
tion can be non-trivial. Recent works from Taylor et al. (2017, hereafter T17) and Hughes et al.
(2021, hereafter H21) demonstrated this for GC candidates of NGC 5128, a nearby elliptical galaxy.
The methodology we developed to establish a sample of GCs least affected by observational biases
for GCS is explained in Sect. 4.4. Here, we outline how to create an MGE input of the tracer
density profile for CJAM once a clean sample of discrete sources is available.

2.3.1 POSITION ANGLE AND FLATTENING

The analysis is performed in the projected Cartesian coordinate system px1, y1q, where x1 is in the
direction of West and y1 North. When needed, we transform the equatorial coordinates of the
discrete tracers pαi, δiq (van de Ven et al., 2006):

∆α “ α ´ α0

∆δ “ δ ´ δ0

x1 “ ´r0 cospδq sinp∆αq

y1 “ r0
`

sinpδq cospδ0q ´ cospδq sinpδ0q cosp∆αq
˘

,

(2.11)

where α0, δ0 are the coordinates of the centre of the galaxy hosting the tracers. The scale factor
r0 “ 180{π ˆ 3600 converts the x1, y1 from radians to arcsec.

In the projected Cartesian coordinate system, position angle PA3 and flattening q1 are computed
by constructing an inertial tensor Ii,j . The eigenvectors of the tensor are aligned along the semi-
major axis. We use the following equations to compute both quantities:

Iij “

řN
n“1 xi,nxj,n

N
(2.12)

where i, j are the projected coordinates x1, y1. Then the position angle is given by

PA “
1

2
arctan

˜

2 Ix1y1

Ix1x1Iy1y1

¸

. (2.13)

The semi-major a and semi-minor b axis lengths and the ellipticity e are given by

a “
Ix1x1 ` Iy1y1

2
, b “

«˜

Ix1x1 ´ Iy1y1

2

¸2

` I2x1y1

ff1{2

, e “ 1 ´

”a ´ b

a ` b

ı1{2

, (2.14)

and, finally, the projected flattening is connected with the ellipticity e by

q1 “ 1 ´ e. (2.15)

3Increasing from North to East.
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2. DISCRETE DYNAMICAL MODELLING

To ensure a robust result for a given set of discrete tracers, we apply the above-outlined
procedure to a subset of sources within an increasing radius. We compute the PA and q1 in
running radial shells of width ∆R, as is done for shapes of simulated galaxies (e.g. Pulsoni et al.,
2021; Zemp et al., 2011). This is achieved by setting the width of the shell and the step size d
(d ă ∆R) by which we move outward such that the centre of the pn`1q shell is at Rn`1 “ Rn `d.
This increases the number of sources in each shell and avoids nonphysical sudden changes in the
recovered parameters due to the stochasticity of the discrete dataset.

Both the step size and shell size are adjusted for individual galaxies to yield robust results
depending on the number of photometric sources. Additionally, when modelling GCSs (chapter 4,
5 and 6), the PA is compared with that of the stellar distribution PA‹ to further verify the
robustness of the results.

2.3.2 FITTING AN ANALYTIC PROFILE

To construct the MGE of the tracer density profile, we could bin the photometric data for each
galaxy and fit the MGEs to the binned profile. However, binned profiles are stochastic and the
number of bins is often small. So instead we choose to fit an analytic function to the binned
data as an intermediate step. Throughout this work, we fit three different kinds of tracer density
profiles:

Power-law: ΣPpRq “ ΣP,0 Rα
1 (2.16)

Broken power-law: ΣBPpRq “ ΣPB,0

$

&

%

´

R
RPB

¯α2

: R ď RPB
´

R
RPB

¯α3

: R ą RPB

(2.17)

Sérsic: ΣSpRq “ ΣS,0 exp

˜

´ bn

ˆ

´ R

Re

¯1{n

´ 1

˙

¸

(2.18)

where ΣP,0, ΣPB,0 and ΣS,0 are the normalising constants rNtracers arcsec
´2s, and α1, α2, and

α3 are the power law slopes. For the Sérsic profile (Sersic, 1968), n is the Sérsic index, and to
compute bn we used the asymptotic expansion bn “ 2n ´ 1{3 ` 4{p405nq ` 46{p25515n2q from
Ciotti and Bertin (1999). The parameter RPB is the break radius of the broken power-law and
Re is the effective radius. The choice of fitting function depends on the intrinsic and observed
properties of the system we are modelling, as we will discuss further in each chapter.

To account for the flattening of the discrete tracers, we do not bin in spherical radii, instead,
we use the elliptical radius Rell “

a

x12 ` y12{q12. We investigate two binning strategies:
logarithmically-spaced bins and bins with an equal number of tracers. For each binning strategy,
we additionally create 5 different binned profiles, varying the number of bins or number of tracers
per bin. To each of the binned profiles we fit an analytic function and compare the recovered
parameters to ensure the binning is minimally impacting the resulting tracer density. This step is
motivated by the large variation in the number of tracers per galaxy we modelled throughout the
thesis work. This approach yields good results even in the presence of low-number statistics.

To fit the analytic profile, we use a Bayesian framework, with flat priors on the free parameters
and a Gaussian likelihood. The best-fit parameters and the posteriors are sampled using EMCEE

(Foreman-Mackey et al., 2013) a python implementation of the Goodman and Weare (2010)
affine-invariant Markov Chain Monte Carlo (MCMC) ensemble sampler.

2.3.3 MGE DECOMPOSITION

The last step is to represent the tracer density profile in the MGE format required for the dynamical
models we will use later. We draw samples of the modelled parameters from their posteriors and
use them to evaluate the profile at each radius. This step mimics observational noise and provides
a more realistic treatment of the tracer density profile.
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2.4. Gravitational potential in JAM

2.4 GRAVITATIONAL POTENTIAL IN JAM

A different set of Gaussians can describe the total mass density of the galaxy that generates the
gravitational potential:

ρpR, zq “

M
ÿ

j“1

Mj

p
?
2πσjq3qj

exp

«

´
1

2σ2
j

˜

R2 `
z2

q2j

¸ff

(2.19)

where Mj is the total mass in the Gaussian and qj its intrinsic flattening. Galaxies consist of
different components, such as stars, gas4 and DM. Their relative contributions to the gravitational
potential can be accounted for in JAM by combining their MGEs.

The mass distribution of stars can be obtained by scaling the stellar surface brightness MGEs
in a given photometric band b with mass-to-light ratio M‹{Lb

5. We arrive at the total mass density
of a galaxy by adding the stellar mass density to the adopted dark matter density (for discussion
on the dark matter distributions see Sect. 1.1.2):

ρtot “ pM‹{Lbq ˆ νb ` ρDM (2.20)

where νb is the MGE representation of the deprojected luminosity density and ρDM the MGE
representation of the DM component.

A central supermassive black hole can also be incorporated into the JAM models through a
Keplerian potential. However, the systems modelled throughout this work are not sensitive to the
potential in the innermost regions of galaxies and we, therefore, do not include it in our analysis.

2.5 DISCRETE LIKELIHOOD ANALYSIS

Once both the observed velocities and model predictions are available, we use discrete likelihood
analysis to recover best-fit parameters. The kinematic tracers used throughout my work are
discrete, such as individual stars and GCs, as opposed to integrated stellar light or gas kinematics
where, from their spectra, the moments of LOSVD can be recovered. The discrete tracers on the
other hand are a single sample drawn from an underlying velocity distribution. Discrete modelling
has several key advantages, the main among them is that it avoids the need for arbitrary spatial
binning. This means we can trace the mass distribution out to the outermost measured position.
Moreover, past studies have shown that contaminants can greatly impact binned statistics.

In this thesis, we adopt two main approaches to finding the best-fit parameters: Bayesian
analysis and χ2. Where possible, we employ the former as it can self-consistently account for prior
information on the free parameters of our model and degeneracies in the modelling parameters,
and results in a full posterior distribution in the multi-dimensional parameter space. However, it
can be more time-intensive, particularly when the model is computationally intensive. Exploring
a χ2 surface on a predefined grid of parameters can significantly reduce the computational time
while still yielding comparable results. Throughout this thesis, we use Gaussian likelihood to
compare the model predictions pv, σq with the observed velocities (both proper motions and LOS).
The computational simplicity and flexibility to account for measurement uncertainties make this
functional form a very practical choice with minimal bias. For a tracer n with velocity component
vi,n and measurement uncertainty ϵi,n, the likelihood is given by:

lnLn “ ´
1

2
ln

`

2πpσ2
i,n ` ϵ2i,nq

˘

´
pvi,n ´ vi,nq2

2pσ2
i,n ` ϵ2i,nq

, (2.21)

where i stands for the three projected components of the velocity pµα, µδ, vLOSq. For computational
efficiency, we use the logarithm of the likelihood. The chosen functional form of the likelihood
directly relates to the χ2:

χ2 “ ´2 lnL (2.22)
4The galaxies we model have negligible gas content, so we ignore it.
5Throughout this work the mass-to-light ratio is in solar units [MdL´1

d ] and for clarity of the text we omit it.
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2. DISCRETE DYNAMICAL MODELLING

This enables consistent methodology among both approaches.

2.5.1 BAYESIAN ANALYSIS

In the Bayesian framework, the posterior distribution of the parameters is:

PpΘ|dataiq9Lpdatai|Θq ˆ ppΘq (2.23)

where Θ is a vector of model parameters, Lpdatai|Θq is the likelihood of the data given the model,
ppΘq represents the prior, and datai the ith data point. Additionally, we can reasonably assume
the measurements are independent and for computational simplicity, we write the combined
posterior as:

lnpPpΘ|dataqq9

data
ÿ

i

lnLpdatai|Θq ` ln ppΘq (2.24)

Throughout the thesis, we used a mix of uninformative (flat) and informative priors. For
the informative priors, we choose to use Gaussian priors for their simplicity and computational
efficiency. From the sample returned by EMCEE, we estimate the best-fit parameters and their
confidence intervals. The number of walkers and steps is adjusted for each analysis.

2.5.2 χ2 ANALYSIS

Where it is computationally impractical to adopt the Bayesian analysis, we evaluate χ2 on a grid
of parameters. The best-fit solution is found at the location of the minimum of the statistics. The
caveat is that when there are N free parameters constructing an N dimensional grid can be just as
computationally expensive as full posterior sampling. The solution therefore is to evaluate the χ2

for one parameter at a time and keep the other pN ´ 1q fixed, thereby evaluating a slice of the N
dimensional χ2 surface. Far from the global minimum, the best solution for any given parameter
will strongly depend on the values of the other pN ´ 1q parameters. That is why careful iterations
need to be employed to find the global minimum.

The computational efficiency and simplicity of χ2 analysis also offer a unique opportunity to
coarsely explore the parameter space and refine the initial guesses for the Bayesian analysis.
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Chapter 3

MOCK DATA TO RESOLVE THE CORE-CUSP PROBLEM

“So important is this dark matter to our understanding of the size, shape, and ultimate fate of the universe
that the search for it will very likely dominate astronomy for the next few decades.”

- Vera Rubin





3

3.1. Introduction

3.1 INTRODUCTION

Galactic dwarf spheroidal galaxies are ideal systems in which to address the question of whether
DM-dominated systems are hosted in a primordial cuspy or cored DM halos as introduced in
Sect. 1.2.3. The typical velocity dispersion of dwarfs σ „ 10 km s´1 requires a large number of
velocity measurements with a precision of the Opϵiq km s´1, which is observationally challenging.
Here we focus on observational guidelines motivated by the limitations of current ground- and
space-based facilities for systems analogous to Galactic dSphs.

In this chapter, we consider what observational data is needed—in size, spatial coverage,
and precision—to make advances in answering this question. To do this, we create a series of
mock kinematic datasets of dSph galaxies, attempt to recover the intrinsic galaxy properties with
CJAM (Sect. 2.2), and then assess which of the mock datasets were able to recover the properties
correctly. From this, we provide observational guidelines for what data is needed to break this
longstanding problem.

We start by introducing the discrete dynamical approach in Sect. 3.2. Followed by the
description of how we generate mock observations in Sect. 3.3. The results are presented in
Sect. 3.4.

3.2 DISCRETE DYNAMICAL MODELLING

Dwarf spheroidal galaxies are well approximated as axisymmetric systems in a steady state.
Observations have also found evidence of deviations from isotropic orbital configuration (e.g.
Massari et al., 2018, 2020b). As we discussed in Sect. 3.3.1, the mock datasets we generate are
spherical and isotropic. However, we model them with a dynamical modelling approach that
can account for velocity anisotropy and flattening in the spatial distribution to prepare for future
application to real systems and to ensure that the models can constrain the isotropy and sphericity.
For the nearby dSph galaxies, the kinematic tracers of the potential are discrete velocities of stars.
Henceforth, when we discuss tracers and tracer number density we mean the individual stars and
their spatial distribution.

We use CJAM, introduced in Sect. 2.2, to predict velocity moments for both the LOS velocities
and PMs. Through the use of Gaussian likelihood (Eq. 2.21) we use Bayesian analysis to find
the best-fitting model parameters and sample the posterior. The methodology closely follows the
approach outlined in chapter 2 and in this section, we further explain the steps we adapted for
application to mock dSph datasets.

MASS DENSITY PROFILE

This work aims to identify the observing strategy needed to discriminate between cored and
cusped DM profiles at the low mass end of the galaxy mass function. The systems we are modelling
are DM-dominated at all radii, therefore the mass model we adopt only takes the dark component
of the potential into account as the source of the gravitational potential.

The mass density profile could be fit parametrically, where we adopt a functional form to
which we fit an MGE, or non-parametrically, where we fit the MGE parameters directly. We elect
to do the former as it significantly reduces the number of free parameters in our models.

We adopt a generalized Hernquist profile (Read et al., 2021) to characterize the DM density
profile:

ρDMprq “ ρDM,0

ˆ

r

rDM

˙´γDM
„

1 `

ˆ

r

rDM

˙αDM
ȷ

γDM´βDM
αDM

, (3.1)

where ρDM,0 is the central DM density, rDM is the scale radius of DM, αDM is the “sharpness” of
the transition between the inner γDM and outer logarithmic slope βDM. This profile has variable
inner and outer slopes, making it very flexible; such profiles have been used in the literature to
describe the density of MW dwarfs (e.g. Hayashi et al., 2020).
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3. OBSERVATIONAL REQUIREMENTS TO RESOLVE CORE/CUSP PROBLEM

Additionally, as we will see in Sect. 3.3, the literature dataset, which we down-sample to
create different mock datasets, was generated assuming the same functional form for the mass
distribution. Our primary goal is to see how well we can recover the overall shape of the mass
profile regardless of the particulars of its parameterisation, but it is nevertheless useful to see how
well we can recover the generalized Hernquist parameters as well.

TRACER DENSITY PROFILE

Similarly to the mass density, we elect to perform a parametric fit to the tracer density profile,
whereby we adopt a functional form and then fit to it an MGE. We also adopt a generalized
Hernquist profile here, but with an independent set of parameters1. So for the tracer density, we
have,

νprq “ ν0

ˆ

r

r‹

˙´γ‹
„

1 `

ˆ

r

r‹

˙α‹
ȷ

γ‹´β‹
α‹

, (3.2)

where ν0 is the central number density of the luminous component, r‹ the scale radius, γ‹ and β‹

the inner and outer slope respectively and α‹ the transition.
Again, the simulated dataset we use in this work used a generalised Hernquist profile to

generate the tracer population of luminous matter. So although the focus of this work is to recover
the shape of the overall tracer profile, with this choice we will be able to investigate how well we
can recover the true parameters as well.

ANISOTROPY AND ROTATION

Real stellar systems are characterised by the radial variation of their velocity anisotropy, which
reflects their dynamical state and formation history (Eggen et al., 1962). Here we also assume
anisotropy is not constant. To reduce the number of free parameters and impose a continuously-
varying anisotropy profile, we assume Osipkov-Merritt form (OM, Merritt, 1985; Osipkov, 1979)
for the anisotropy,

β “ β0 ` pβ8 ´ β0q
r2

r2 ` r2ani
, (3.3)

where β0 and β8 are the values of velocity anisotropy in the centre and the outskirts respectively,
and rani is the transition radius. This form has been widely used for dispersion-dominated systems
and is typically used to describe systems with radially-biased orbits in the outskirts (β8 „ 1) and
isotropic central regions (β0 „ 0). For each Gaussian component, we compute the local velocity
anisotropy rβzsk “ βpskq, where sk stands for the dispersion of the kth MGE component of the
tracer density.

The models do allow for rotation, however, we know that these are non-rotating mock systems,
and adding rotation significantly increases the computation time. So we elect here to assume
that the models are not rotating. Or more correctly, we assume that the rotation profile is flat
rκsk “ κpskq “ κ, which is the same for each tracer Gaussian component.

3.2.1 BAYESIAN ANALYSIS

Now that we have described the models, we can move on and fit them to the datasets. We follow
the basic approach outlined in Sect. 2.5.1 and here we offer more details on the aspects particular
to this chapter.

1In general (and in our mocks) the tracer and mass distributions can be very different in dwarf galaxies, so it is
important to fit their parameters independently.
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3.2.1. Bayesian analysis

Table 3.1: Limits of the uniform priors and initial guesses for the free parameters in the models. The :

denotes the parameters specific for the cored model and ‹ for the cuspy.

parameter lower upper initial
limit limit guess

γDM ´0.1 2 0:{1‹

log10 ρDM,0 0 1 ´0.4:{ ´ 1.19‹

log10 rDM 0 3 1
αDM 0 2 1
βDM 2.5 3.5 3
β1
0 ´1 1 0

β1
8 ´1 1 0

FREE PARAMETERS

In principle, we have 14 free parameters: five for the mass profile, five for the tracer profile, three
for the anisotropy, and one for the rotation. However, for real stellar systems, we can typically
measure the surface brightness profiles very well and when the stars are used as kinematic tracers
the surface brightness profile is a proxy for the tracer number density needed for JAM. So we
choose to fix the tracer parameters in Eq. 3.2, which reduces the number of parameters by five.
By assuming the stellar system is not rotating (κ “ 0) we further reduce the number of free
parameters by one.

Although we do not fit for rotation, we do fit for anisotropy. Mass and anisotropy are tightly
linked. Real systems have been shown to deviate from isotropy, and incorrect measurements of
velocity anisotropy can lead to biased inferences about the cored or cusped nature of the mass
profile (e.g. Binney and Tremaine, 2008; Read et al., 2021). So even though we are investigating
isotropic models, we do fit the anisotropy to ensure that the models can recover the isotropy (and
mass) correctly when both profiles are left free. However, we further assume that the anisotropy
profile follows the tracer distribution and set the anisotropy radius rani “ r‹, where r‹ is the scale
radius of the tracer distribution from Eq. 3.2, reducing the number of free parameters by one.

For the practicalities of fitting, we apply mathematical transformations that improve the
convergence of the MCMC chains to some of the free parameters. We sample the ρDM

0 and rDM

in log space; this allows them to efficiently span many orders of magnitude, and also ensures
that both values are always positive. The anisotropy parameters β0 and β8 are defined from 1 to
´8. To symmetrise the sampling of these parameters, and to make their range finite, we instead
reparameterize them following Read et al. (2006) so that

β1 “
β

2 ´ β
, (3.4)

where now β1 is defined between 1 and -1.
So we are left with 7 free parameters: 5 corresponding to the DM profile (log ρDM,0, log rDM,

αDM and βDM, γDM) and 2 to characterize the velocity distribution (β1
0 and β1

8).

PRIORS

All the priors are set to be uniform, returning 0 within the prior limits and ´8 otherwise. The
cored and cusped models have the same priors. They were chosen such that the true values,
known from the simulated dataset, were roughly in the centre of the prior limits, but still provide
enough freedom for the walkers to explore the parameters space and find the maximum likelihood
region. The priors and initial guesses for the parameters are summarised in Table 3.1 with the
second and third columns including the limits.

We explored different ranges in priors as well as different initial positions and found they have
negligible impact on our results.
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3. OBSERVATIONAL REQUIREMENTS TO RESOLVE CORE/CUSP PROBLEM

LIKELIHOOD

The one-dimensional projected velocity distribution can be well approximated by a Gaussian
function as introduced in Sect. 2.5 and we assume that the uncertainties are uncorrelated. At the
position of each discrete tracer n, the Gaussian velocity distribution informs the likelihood of the
measured velocity - pvi,n, ϵi,nq, for the ith velocity component, given the free parameters - Θ as
shown in Eq. 2.21.

POSTERIOR

In this work, we combine the priors and the likelihood as given in Eq. 2.24. Owing to the
independent samples of PM and LOS velocities we compute the posterior separately for LOS
velocities and both PM components before combining them into a joint posterior. As outlined in
Sect. 2.5.1 we use EMCEE to find and explore the best-fitting region of parameter space. From
the resulting samples, we estimate the best parameters and their confidence intervals. We use
100 walkers and we adjust the number of steps („ 2000) such that the parameters converge. We
inspect the evolution of the walkers to determine the convergence.

3.3 MOCK OBSERVATIONS

In this section, we will introduce the mock datasets used in this work. The mock datasets were
constructed from simulated samples from the Gaia Challenge2. In the discussion that follows we
will adopt the terms: simulated dataset or simulations when referring to the literature dataset
and mock observations or datasets when referring to datasets generated in our work from them.

The methodology for obtaining the velocity measurements along the line-of-sight and in the
plane of the sky (PM components) are very different. With the former requiring spectroscopic
observations and the latter photometry over a long temporal baseline. That is why an observed
sample with measured LOS velocities and PM can have a low number of overlapping sources for a
given stellar system and therefore, the assumption on uncorrelated velocities is reasonable.

We first introduce the simulations, then explain how we computed the tracer density, and
lastly, describe how the simulated data was down-sampled to generate mock kinematics, and how
observationally-motivated errors were incorporated.

3.3.1 SIMULATED DATASET: Gaia CHALLENGE

The simulated datasets were sampled from distribution functions constructed for different tracer
densities, gravitational potentials and velocity anisotropies aimed at generating realistic dSph
galaxies (as described in Read et al., 2021). Here we will briefly summarize the properties of the
simulated datasets used in this work.

The full simulation suite spans a wide range dSph properties and is more comprehensive than
we need for this work.

We use a subset of the full simulation suite that best mimic real dwarf spheroidal galaxies. The
parameters of the two models are summarized in Table 3.2.

The simulated datasets are provided in different sample sizes and we use the largest with 104

tracers with and without measurement errors. For the greatest flexibility and reproducibility, we
use only the largest dataset to generate the mock observations.

3.3.2 TRACER DENSITY PROFILE

As described in Sect. 2.3, we require the tracer density profile in the form of an MGE. Dwarf
spheroidal galaxies have been extensively studied since their discovery and the distribution of the
stellar component is often well understood (e.g., Moskowitz and Walker, 2020).

2http://astrowiki.ph.surrey.ac.uk/dokuwiki/doku.php?id=tests:sphtri:spherical
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3.3.3. Kinematic Catalogues

Table 3.2: Parameters of the two models used in this work for tracer density profile and DM profile.

core cusp
γDM 0 1

ρDM,0 rM{pc3s 0.400 0.064
r˚ rkpcs 1.0 0.25

To mimic the observations we can expect the sample of photometric candidates of Galactic
dwarfs to be much larger both in the photometric depth and spatial extent than the spectroscopic.
Hence we treat the tracer density profile separately from the kinematic dataset. We assume the
tracer density profile is known from literature studies and use the exact functional form from the
simulations of the tracer density to decompose it in the series of Gaussians.

3.3.3 KINEMATIC CATALOGUES

To provide guidelines for observers, we focus on three properties of kinematic datasets:
• the number of the kinematic tracers,
• their spatial distribution,
• the precision of the velocity measurements.

We will consider these properties for LOS velocities and PM datasets separately. We create 3
different subsets of mocks that consider each these key properties. The overall properties of the
mock catalogues are given in Table 3.3.

Briefly, the A datasets investigate the effect of including PMs, and the effect of PM uncertainty
size. All have LOSVs typical of current catalogues in terms of sample size, spatial coverage, and
uncertainty. A3 has no PMs, A2 has PMs with uncertainties typical of current catalogues (and is
the closest to a realistic present-day mock), and A1 has smaller PM uncertainties.

The B datasets investigate the effect of increasing the precision and sample size of the LOSVs.
B1 is similar to A2 but with smaller LOSV uncertainties. B2 is similar to A2 but with a 3ˆ larger
sample of LOSV.

The C datasets investigate the LOSV sample size and uncertainty for stars near the centres of
the dSphs that will be most sensitive to the inner profile shape, and the uncertainties of stars in
the outermost parts of the dSph that will constrain the outer shape. C1 has no LOSV for stars
near the centre and small LOSV uncertainties for the outer stars. C2 is the same as C1 but with
LOSVs for stars at the centre. C3 is the same as C2 but with larger LOSV uncertainties in the outer
regions.

Now we describe in detail how we generate each mock dataset.

MOCK RADIAL VELOCITIES

When making the LOS sample we defined three radial regions motivated by potential observational
limitations: R{Rc ď 0.2 - inner, 2.5 ă R{Rc ď 8 - intermediate and 2.5 ă R{Rc ď 8 - outer. The
choice to define these three regions was motivated by the fact that central regions tend to be
affected by crowding and intrinsically sparse outer regions require many telescope pointings with
few targets. These arguments also motivated the choice of the velocity uncertainties assigned to
the mock velocities.

We defined the different radial ranges in multiples of the core radius Rc because it is one of
the quantities that can be robustly measured from the light profile. The core radius is defined as
ΣpRcq “ Σ0{23 and, in our approach, it is computed from the MGE of the tracer density profile.
We randomly sampled a fixed number of stars from the simulated dataset and projected the
positions edge-on at a typical distance of Galactic dwarf galaxies of 100 kpc. The number of
expected targets was informed by the existing radial velocity datasets (e.g. Walker et al., 2009).
The radial ranges and number of tracers in each range are shown in Table 3.3.

3Σ stands for projected surface density of the tracers.
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Table 3.3: Details of the mock datasets generated in this work. Column 1 shows the name of the mock
dataset with datasets A targeted at the effects of the PMs. Datasets B compare increased precision in LOSVs
(B1) and an increase in the sample size of LOSVs (B2). Datasets C explore the effect of varying the mean
velocity uncertainty in different radial ranges of the LOSV samples. The medpϵiq in Column 5 is in units
km s´1 for the LOS samples and mas yr´1 for PM samples. The velocity dispersion of this mock stellar system
is „ 25 km s´1.

Mock i Region # tracers medpϵiq
(1) (2) (3) (4) (5)
A1 LOS inner 20 3.5

LOS intermediate 1100 2.6
LOS outer 250 2.4
PM R{Rc ď 8 100 0.01

A2 LOS inner 20 2.0
LOS intermediate 1100 2.6
LOS outer 250 2.7
PM R{Rc ď 8 100 0.35

A3 LOS inner 20 3.5
LOS intermediate 1100 2.6
LOS outer 250 2.4
PM – – –

B1 LOS inner 20 1.2
LOS intermediate 1100 1.7
LOS outer 250 1.8
PM R{Rc ď 8 100 0.37

B2 LOS inner 60 2.4
LOS intermediate 3300 2.7
LOS outer 750 2.6
PM R{Rc ď 8 100 0.48

C1 LOS inner 0 –
LOS intermediate 2200 1.2
LOS outer 60 1.1
PM R{Rc ď 8 100 0.02

C2 LOS inner 30 3.9
LOS intermediate 2200 1.2
LOS outer 60 1.2
PM R{Rc ď 8 100 0.02

C3 LOS inner 30 3.4
LOS intermediate 2200 1.2
LOS outer 60 4.6
PM R{Rc ď 8 100 0.02

MOCK PROPER MOTIONS

The Gaia4 mission has provided the largest sample of stars with precise positions and PM for
stars brighter than G „ 21 mag. Along with the census of the Galactic stars, it has also provided
positions and velocities for the brightest stars in the nearby dwarfs. The survey nature of
the mission means the spatial coverage of the PM catalogue will most likely not be matched
in the foreseeable future. Recent data releases (Gaia Collaboration et al., 2018, 2021) have
already demonstrated that the measurements can be used to study the internal kinematics of
dwarf galaxies (e.g. Massari et al., 2020a). End-of-mission measurements will further reduce
uncertainties and increase the sample size.

At a distance of 100 kpc the apparent magnitude range in the Gaia G-band for stars from the
horizontal branch (HB) up to the tip of the red giant branch (RGB) spans 20 Á G Á 16, meaning
that the brightest stars in these old stellar systems are within the detection limits, with the survey
completeness dropping sharply below 21 magnitude. Another consideration can be done on the
spatial extent: while spectroscopic observations tend to be targeted and hence warrant the split
in different radial ranges as mentioned in the chapter above, Gaia is an all-sky survey and we
assume a small number of brightest stars will be observed over the whole body of the galaxy. The

4https://www.cosmos.esa.int/gaia
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3.3.3. Kinematic Catalogues
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Figure 3.1: An example of the error distribution for the LOS tracers of sample C3 from Table 3.3. The blue
histogram corresponds to the inner region with 30 tracers, the orange one to the outer region with 60 tracers,
and the green one to the intermediate region, where the largest amount of tracers are located.

spectroscopic and proper-motion observations are independent and hence we draw at random
100 stars from the simulated dataset.

SIMULATING OBSERVATIONAL VELOCITY UNCERTAINTIES

Once we have created a sample of LOSVs and PMs, we proceed to add observationally-informed
uncertainties. The error distribution of observed LOS velocity measurements follows a log-normal
distribution (e.g. Walker et al., 2009), which is parameterised by a mean and dispersion. We use
this to simulate the observational uncertainties. To guide our adopted values for the moments
of the distribution, we use the observations of LOSVs of stars in Milky Way dwarfs from Walker
et al. (2009) with a median uncertainty of 2.1 km s´1 and for PMs of RGB stars at a distance of
100 kpc we use projected end-of-mission uncertainties for the Gaia mission.

To simulate real observations, we first generate a distribution of uncertainties with a log-
normal distribution and randomly assign them to each mock tracer. A new velocity is then sampled
by randomly drawing a velocity from a Gaussian distribution centered at the velocity given by the
simulation and with a specific dispersion, that represents the measurement uncertainty.

To investigate the effect of velocity error on the recovery of the DM density profile, we scale
the mean LOSV uncertainty in individual ranges as shown in Col. 5 of Table 3.3. The fiducial
mean LOSV uncertainty of „ 2.1 km s´1 is taken from Walker et al. (2009). To simulate a more
or a less precise dataset we multiply the mean uncertainty by a factor of 0.5 and 2 respectively.
An example of the mock uncertainty distribution for the LOSV sample is shown in Fig. 3.1 for a
cored mock, where each colour corresponds to the error distribution in different radial ranges for
the C3 dataset.

For the PM sample, we use the pygaia5. The PM measurements depend on the magnitude and
colour of the stars and Galactic latitude. To simulate the uncertainties we use the magnitude range
of the RGB above the horizontal branch at the distance of 100 kpc, colour minpV ´ Iq ą ´0.2
and Galactic latitude of b “ 45˝ (similar to Sculptor dSph). The pygaia package computes
the uncertainties of the instrument for different planned data releases. We use end-of-mission
projections for the most precise PM measurements. At the distance of 100 kpc, the typical velocity
dispersion of the dSph („20 km s´1) results in the PM µ „ 0.042 mas yr´1. The typically end-
of-mission uncertainties are 5 times larger than the expected velocity dispersion of a dSph like

5https://github.com/agabrown/PyGaia
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Figure 3.2: The post burn-in posterior from the dataset C3 for the parameters of the DM density profile.

Sculptor (Tolstoy et al., 2009, and reference therein), that is why we reduce the PM uncertainties
in models A1 and C.

3.4 RESULTS

Now we have described the details of the model fitting and the suite of mock catalogues, we can
proceed to fit the models to the catalogues. We run model fits independently for each of the mock
catalogues in Table 3.3, analyze the quality of each fit, and then compare the relative performance
of all the fits.

3.4.1 POSTERIORS

First, let us look at a typical posterior distribution for a model fit – we choose the fit to the C3
catalogue as our example. Fig. 3.2 shows the 5 parameters of the DM density distribution from
Eq. 3.1. Fig. 3.3 shows the two parameters that describe the velocity anisotropy profile.
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3.4.2. Recovered dark matter profile
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Figure 3.3: The post burn-in posterior from the dataset C3 for the parameters of the inner (β1
0) and

outer(β1
8) velocity anisotropy.

The central density and scale radius are constrained, with clear degeneracy in the two
parameters. The inner γDM and outer slopes βDM as well as the transition αDM do not show a
clear peak and reach the prior limit. Only γDM shows anti-correlation with ρDM,0 and correlates
with rDM, other two parameters show negligible correlation with the scale density and radius.

Both parameters of the velocity anisotropy are well constrained as seen in Fig. 3.3 and are
consistent with isotropy.

3.4.2 RECOVERED DARK MATTER PROFILE

Our primary goal is to see how well we can recover the underlying DM potential of each mock
dSph, which we do by fitting an analytic function. In Sect. 3.2, we intentionally chose this function
to have the same form as the function used to generate the mocks so we can compare the fitted
parameters with the generating parameters. However, the generating parameters do not uniquely
define the profile shape. So while it can be instructive to see how well we can recover the input
parameters, investigating how well we can recover the DM potential is our focus here.

We chose to show the resulting best-fit profile constrained by the C3 dataset. We draw 100
random samples from the posterior of dataset C3 and evaluate the DM density profile for each
parameter set. We show the resulting profiles in the left panel of Fig 3.4. The black line shows the
true profile with grey-shaded regions showing the 16th and 84th percentile. The true profile used
to make the simulated dataset is shown in red. The right panel of Fig. 3.4 shows the distribution of
the tracers in the position-velocity diagram with the dispersion profile from the best-fit parameters
shown in red. The blue points show the LOSV dataset and the binned velocity dispersion is shown
in black to guide the reader. We use these to compare how close the resulting profile is to the true
profile shown with the solid black line. The model can reproduce the dataset very well at all radii.

3.4.3 INNER AND OUTER SLOPE OF THE DARK MATTER PROFILE

For an individual mock catalogue, we can investigate the fit of the whole DM profile. To compare
the fits for different mocks, it is useful to consider specific quantities rather than a whole profile.
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Figure 3.4: The left panel shows the comparison between the true profile in black and the recovered profile
shown in red the grey shaded regions highlight the 1σ uncertainty intervals. The right panel shows the
distribution of the positions and LOS velocities for the mock dataset C3. The dispersion profile computed
from the data is shown in black and the resulting best-fit model in red.

To that end, for the 1000 samples drawn from each posterior, we compute the local slope of
the DM density d ln ρDM{d ln r at the locations of the innermost (rmin) and outermost (rmax)
kinematic tracers. The results for the different datasets are shown in Fig. 3.5. The left column
shows the distributions of rmin slopes and the right column shows the distributions of rmax slopes.
The true slopes are shown as vertical black dashed lines in each panel.

The top row shows the A datasets, which explore the effect of using PMs and the uncertainty
on the PMs. The A3 model (orange) has LOSVs only. We see that this is unable to recover the
central cored shape of the profile as the range of central slopes is very broad. The A2 model
(green) has PMs included, with typical uncertainties from present datasets. This distribution is
very similar to the A3 distribution, showing that A2 also cannot recover the core, and that the PMs
have made little difference to this fit. The A1 model (blue) has PMs with better-than-present-day
uncertainties. We see that this model has successfully recovered the central cored shape. All 3
models are able to recover the outer shape equally well.

The middle panels compare the effect of sample size and precision of LOSV sample in datasets B
and can be most closely compared with dataset A2 in the panels above. The reduced uncertainties
of dataset B1 (red) wrt with dataset A2 (green, above) do not improve the fit in a meaningful
way. The posterior of the outer slope is not affected, while the mean inner slope from dataset B1
is slightly shallower (more consistent with a cored) compared with the A2. The increase in the
sample size of dataset B2 (purple) wrt with dataset A2 (green, above), similarly does not improve
the fit.

The bottom panels show datasets C that explore the radial variation of the precision in the
LOS samples. Dataset C1 (dark grey) has no LOSV in the inner region. It has a 2ˆ larger LOSV
sample compared with datasets A and the same precision in PMs as dataset A1. The resulting
posteriors show negligible difference wrt to the datasets A2 and A3. Particularly the absence of
central LOSVs worsens the fit of the inner slope wrt to the dataset A1. Dataset C2 (light grey)
introduces the central LOSVs with the mean uncertainty 2ˆ the fiducial value from Walker et al.
(2009). This results in improved recovery of the inner slope, however, the mean recovered slope
is still too steep. Dataset C3 (light blue) has the same LOSV sample in the inner and intermediate
region as dataset C2, but increased LOSV uncertainties in the outer regions by a factor of 2. The
inner and outer slope constrained by this dataset can best recover the true inner and outer slope
of the dark matter density distribution.
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Figure 3.5: The distribution of the local logarithmic slope at the location of the inner and outermost
kinematic tracer is shown in the left and right columns, respectively. The top 2 panels correspond to datasets
A in Table 3.3, the middle panels to datasets B and the bottom to datasets C. The vertical black dashed lines
show the location of the inner slope γDM in the left column and of the outer slope βDM in the right column.

3.5 CONCLUSIONS

Current datasets of LOSVs of nearby dwarfs contain „1000 measured velocities with a median
precision of „2.1 km s´1. However, the dynamical modelling based on such datasets cannot
discriminate between a cored or cuspy DM profile. Here we constructed 8 mock datasets
(Table 3.3) of LOSV and PM to address the question of what datasets are needed to discriminate
between cored and cuspy profiles. Specifically, we varied the number of LOSVs and their precision.
Additionally, we investigated the importance of PMs and their precision in recovering the inner
and outer slope of the DM potential.

We find that precise proper motions are needed to constrain the inner slope as seen in dataset
A1. A sample of 100 measured PMs uniformly distributed across the body of the galaxy is sufficient
to improve the constraints on the inner slope. Our mock datasets varied the number and precision
of LOSVs in three radial regions: inner, intermediate and outer. We find that a sample size of
„2000 LOSVs is needed to improve the constraints on the inner and outer slope. Uncertainties of
LOSV that are not the same between the different radial regions improve the fit. Specifically, larger
uncertainties (by a factor of 2 wrt to Walker et al., 2009) in radial regions that have intrinsically
fewer stars (inner and outer) and smaller uncertainties (by a factor of 0.5 wrt to Walker et al.,
2009) in the region where most of the stars are observed results in the best fit.
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3. OBSERVATIONAL REQUIREMENTS TO RESOLVE CORE/CUSP PROBLEM

These results suggest that with an increase of a factor 2 in the sample of LOSVs, a factor 10
improvement in PM uncertainties and factor 2 improvement in LOSV uncertainties, we predict we
will be able to determine whether dSph halos have cusps or cores. The next step is to run these
tests on cuspy models and verify that this conclusion holds.
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Chapter 4

IMPACT OF THE KINEMATIC DATASET ON RECOVERED

GRAVITATIONAL POTENTIAL - NGC 1380

“You’re unlikely to discover something new without a lot of practice on old stuff, but further, you should get a heck of
a lot of fun out of working out funny relations and interesting things.”

- Richard P. Feynman
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4.1. Introduction

4.1 INTRODUCTION

The goal of this work was to take advantage of the novel precise LOSV measurements of GCs in the
Fornax cluster galaxies and map their mass distribution. We focused on the NGC 1380 (FCC 167)
galaxy, an S0 galaxy in the Fornax cluster that experienced the last major mergers 10 Gyrs ago
(Zhu et al., 2022). This suggests that the population of halo tracers is reasonably relaxed and
therefore suitable for dynamical modelling. It is at a distance of 21.2˘ 0.7 Mpc (distance modulus
=31.632 ˘ 0.075) (Blakeslee et al., 2009), has a stellar mass of 9.85 ˆ 1011 Md (M‹{Li “ 1.1),
Re“ 60 arcsec (6.17 kpc) in the i photometric band and ellipticity of 0.49 at 1 Re (Iodice et al.,
2019a). The central dust ring in the inner 0.1 arcmin enables geometric determination of the
inclination angle, and Viaene et al. (2019) determined it to be 77˝ ˘18˝. The galaxy is at 0.21 Mpc
from the cluster centre (Iodice et al., 2019b) and doesn’t have many nearby neighbours. This
makes it easier to assign membership probabilities to GCs based on their position and kinematics.
The virial mass is estimated to be M200 “ 6.4ˆ1012 Md (Sarzi et al., 2018) this galaxy is expected
to host 555 GCs (Kissler-Patig, 1997).

Within the Fornax 3D survey (Sarzi et al., 2018) 33 galaxies (23 ETGs) were observed with
MUSE IFU instrument down to µB ě 25 mag arcsec´2 and with a mean spectral resolution of
2.5Å. Fahrion et al. (2020) measured LOSV of 722 GCs in 32 galaxies; due to the observational
footprint of the survey, most of the GCs are at R ă 3 Re from their host galaxy, with a typical
velocity uncertainty of xϵrvy ă 20 km s´1 (up to ą 50 km s´1 for faint GCs with low S{N). In
this work, we complimented this precise and centrally concentrated sample of GCs with a less
precise literature dataset from Puzia et al. (2004) that covered a larger area. Additional kinematic
information from the PNe tracing the stellar kinematics were taken from Spriggs et al. (2020). An
overview of the datasets used is presented in Sect. 4.2.

4.2 DATA

To construct a tracer density profile we followed the methodology outlined in Sect. 2.3, and
we used the photometric catalogue of candidate GCs from ACS1 Fornax cluster survey (Jordán
et al., 2007a). The LOSV measurements came from three literature studies of GCs and PNe
(Fahrion et al., 2020; Puzia et al., 2004; Spriggs et al., 2020). This heterogeneous kinematic
dataset is especially adequate to constrain the gravitational potential both in the inner and outer
regions of the galaxy. The kinematics were corrected for the systemic velocity of the galaxy
vsys “ 1878 ˘ 2 km s´1 (Iodice et al., 2019b).

4.2.1 PHOTOMETRIC DATASET

Owing to the proximity of the Fornax cluster, the brightest GCs are spatially resolved with
space-based HST2 observations. This enables us to better remove foreground and background
contamination to get a high-fidelity sample of GCs. Jordán et al. (2015) compiled a sample of
558 GC candidates within 150 arcsec (i.e., within around „ 2 Re). This dataset is the largest and
deepest sample of GCs around this galaxy. Together with positions (α, δ), magnitudes (F475W
« Sloan g and F850LP « Sloan z) and half-light radii from a fitted King profile, the catalogue
also provides a probability of a source to be a bona fide GC. The survey extends more than 2 mag
below the TOM and 368 GC candidates have membership probability pGC ą 0.8. In what follows
we used these highest probability members.

The colour distribution of the GCs in NGC 1380 shows clear bimodality, but it is dominated
by red GCs, with less than 1/3 having pg ´ zq ă 1.15. This is consistent with the findings by Zhu
et al. (2022), suggesting very quiescent past „10 Gyrs, with few mergers. Fahrion et al. (2020)
find consistent rotation in both blue and red GCs, but systematically higher velocity dispersion in
the red compared with the blue GCs.

1Advance Camera for Surveys.
2Hubble Space Telescope.
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4. NGC 1380

−200 −150 −100 −50 0 50 100 150 200
x [arcsec]

−600

−400

−200

0

200

400

600

v l
os

[k
m
s−

1
]

ReffReff

GC F+20

GC P+04

PNe

−20 −10 0 10 20
X [kpc]

Figure 4.1: Distribution of the velocities with corresponding uncertainties and position along the major
axis of the galaxy. The three kinematic datasets used in this work are shown here: GCs with velocities
from Fahrion et al. (2020) are indicated with black circles, less precise (and more spatially extended)
measurements coming from Puzia et al. (2004) with blue circles, and PNe with red triangles Spriggs et al.
(2020). The light blue dashed lines show the stellar Re of the galaxy.

Table 4.1: Overview of the kinematic datasets used in this work.

Source Tracer Ntracers xϵy [km s´1] Rmin [Re] Rmax [Re]
Fahrion et al. (2020) GC 59 10 0.13 2.4
Puzia et al. (2004) GC 43 47 0.24 3.8
Spriggs et al. (2020) PNe 91 25 0.08 0.77

Column 1 shows the source of the dataset, Col. 2 indicates the type of tracers included in the sample (GCs
or PNe), Cols. 3 and 4 show the number of kinematic tracers and the median LOSV uncertainty. The last
two columns show the minimum and maximum extent of the tracers.

4.2.2 KINEMATIC DATASETS

The summary of the kinematic datasets is presented in Table 4.1 and the positions and velocities
of all tracers are shown in Figure 4.1, where GCs are indicated with circles and PNe with triangles.
The positions along the semi-major axis, corrected for the PA of the stellar component, are shown
on the x-axis and the LOSVs corrected for the systemic velocity of the galaxy are shown on the
y-axis. The dataset from Fahrion et al. (2020), shown with black points, is not symmetric with
respect to the centre of the galaxy (as also seen in Fig. 3 of Sarzi et al., 2018) and extends up to
„ 2 Re on the North side of the galaxy. The GCs measured by (Puzia et al., 2004), indicated with
blue circles in Figure 4.1, are evenly distributed on both sides of the galaxy. Both samples show
the presence of rotation, which has also been analysed and reported in Fahrion et al. (2020). The
rotation signature is also evident in the PNe (Spriggs et al., 2020), which are mainly located in
the very inner regions of the galaxy. For the GCs, we combined the samples from Fahrion et al.
(2020) and Puzia et al. (2004) and for overlapping GCs, we used the LOSV measurement from
the former, with smaller uncertainty.

4.3 DYNAMICAL MODELLING

We adopted a similar modelling approach as outlined in Sect. 2.2, 2.5 and 2.3 and explored the
impact of different kinematic samples and gravitational potentials on the models.
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4.3.1. Anisotropic Jeans modelling

4.3.1 ANISOTROPIC JEANS MODELLING

To characterise both the stellar contribution to the gravitational potential and the tracer density
of the PNe we used the stellar surface brightness MGE obtained from the F3D (Fornax 3 D)
survey (Ding et al., 2023). To find the best-fit parameters we employed a similar methodology
as explained in Sect. 2.5. We used CJAM with 100 walkers and 2000 steps. This choice was a
compromise between the computational run-time and convergence of the MCMC sampling.

4.3.2 MODELLING SET-UP

We explored different modelling set-ups in terms of datasets used (GCs vs PNe) and the
gravitational potential (without DM, NFW, Eq. 1.1.2 and Einasto profiles Eq. 1.6). Owing
to the increased precision of the measurements we adopted the LOSV measurements from Fahrion
et al. (2020) as the fiducial sample and additionally explored how the recovered best-fit values
change when the Puzia et al. (2004) and Spriggs et al. (2020) datasets are added. This enabled us
to study the impact of precision and spatial extent on the recovery of different parameters. As the
PNe dataset has only a characteristic uncertainty of 25 km s´1 reported, we use this value but also
explored the impact varying the uncertainty by a factor 2 and 3 has on the results. To investigate
how well the gravitational potential can be constrained we explored models without DM but
with constant or varying M‹{L and models with DM focusing on Einasto and NFW profiles to
investigate which parameters can be constrained.

To describe the gravitational potential of dark matter we use a more general form of the NFW
profile:

ρprq “
ρs

pr{rsqγ p1 ` pr{rsqηqp3´γq{η
, (4.1)

where ρs and rs are the scale density and radius and η and γ the inner and outer slope,
respectively. The classical NFW cusped profile can be recovered with η “ γ “ 1. To reduce the
number of free parameters we additionally used the literature relation between the halo mass
and its concentration (see Sect. 1.1.3). We use the literature relation from Dutton and Macciò
(2014) to compute the value of c200 (see their Eq. 8) for the results from Planck cosmology.

We explored the following modelling set-ups:
1. Gravitational potential: How well can different parameters of the gravitational potential

be recovered?
1.1 Constant M‹{L and no DM
1.2 Radially varying M‹{L3

1.3 Impact of including a central black hole MBH “ 1.47ˆ 108 Md (Kabasares et al., 2022)
1.3 Constant M‹{L and DM parametrised with NFW for both Eq. 4.3.2 and classical NFW

parametrised only by M200

1.4 Constant M‹{L and Einasto DM profile
2. Effect of different datasets: What impact do different datasets have on the recovered

parameters?
2.1 GCs from Fahrion et al. (2020)
2.2 GCs from Puzia et al. (2004)
2.3 GCs from Fahrion et al. (2020) and PNe from Spriggs et al. (2020)

4.4 TRACER DENSITY PROFILE

This work was the basis on which we established a 2 step approach to identify the sample of
GCs that are least affected by survey incompleteness and observational footprint as introduced
in Sect. 2.3. Here, we did not use theoretical GCLF, as the incompleteness of the survey was
extensively studied in Jordán et al. (2009) and we used their results to analyze incompleteness

3This is done by independently assigning a value of M‹{L to each of the surface brightness MGE components.
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4. NGC 1380
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Figure 4.2: Radial variation of flattening for the whole GC population in black, red population (pg´zq ą 1.1)
in red and blue (pg ´ zq ď 1.1) in blue. For all samples, only those clusters with pGC ą 0.8 are used. The
red curve corresponding to the axis on the right shows the cumulative number of GCs. Light blue, orange
and light green show the observational footprint for the 3 different HST pointings used in the survey.

based on background surface brightness - Ib, half-light radius of the fitted King profile4 - rh and
magnitude of the cluster. Additionally, we explored different fitting functions for the binned tracer
density profile that we will present here.

4.4.1 INCOMPLETENESS OF THE PHOTOMETRIC DATA

There are two sources of incompleteness in the ACSFCS5 dataset. Firstly, there is an observational
footprint corresponding to the 202 arcsec ˆ 202 arcsec field-of-view of the WFC6 on the Hubble
Space Telescope. In order to understand how important spatial incompleteness is we used the
location of image vertices as provided in the HST Legacy archive. We create concentric annular
bins, centred on NGC 1380, and determine the fraction of each annulus not observed due to the
observational polygon as a function of radius - incompleteness. As can be seen in Fig. 4.2 with
light blue, orange, and green lines this incompleteness has a significant effect on the observations
R ą 90 arcsec, where there is more than 90% of the GCs in our dataset.

Secondly, the survey incompleteness can be assigned to each globular cluster based on the
value of Ib, rh and mag by interpolating on the grid presented in Jordán et al. (2009). Using the
following selection we maximized the number of GCs to which the value of incompleteness can
be assigned as well as the spatial extent of the photometric data used to obtain the tracer density
profile: R ě 6.1 arcsec, pGC ą 0.8, gmag ď 25.29 mag, 0.0128 arcsecď rhpgq ď 0.077 arcsec.
We adopted the photometric filter g, but the results are consistent when photometry from the
photometric band z is used.

After establishing a sample of GCs least affected by survey incompleteness, we used Eq. 2.12,
Eq. 2.13, Eq. 2.14 and Eq. 2.15 to compute the radial variation of PA and q1. Starting with
the minimal radius of 50 arcsec where „ 85% of the highly probable members are located, we
computed the PA and q1 moving outward by 1 arcsec at each step. The results for the flattening
are shown in Fig. 4.2, with blue and red points for blue and red GC populations respectively and
black points for the whole sample.

This approach was repeated for all clusters, as well as the blue and red populations separately.
We use pg ´ zq “ 1.1 to split the blue and red population. In Fig. 4.2 we can see that there is
a non-negligible amount of flattening in the red population, while the blue population shows a
preference for a more spherical distribution. Such trends have consistently been found in the
literature (e.g. Brodie and Strader, 2006). The radial variation of the flattening q1 demonstrates

4In the survey the parameters of the GCs were extracted such that a King profile was fitted to sources on the HST
image.

5Advanced Camera for Surveys Fornax Cluster Survey.
6Wide-field camera.
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4.4.2. Fitting analytic tracer density profile

Table 4.2: Table with recovered flattening and position angle for GCs (pGC ą 0.8) in the ACSFCS survey
around NGC 1380.

q1 PA r˝s α1GCS α2GCS Rs

all 0.78 ˘ 0.02 172.3 ˘ 2.2 0.9`0.1
´0.1 5.8`1.3

´0.9 84.5`7.4
´6.2

red 0.78 ˘ 0.02 172.3 ˘ 2.2 – – –
blue 0.87 ˘ 0.06 193 ˘ 21 – – –

the effect of the observational footprint on this parameter. The value of q1 is constant in the radial
ranges 65 ă R ă 90 arcsec and starts to show progressively flatter distribution R ą 90 arcsec. This
coincides with the drop in the spatial completeness of observational fields 1 and 3, in blue and
green respectively, which results in the distribution appearing flatter. We use such rapid changes
in the q1 to determine the maximal radius up to which the sample is minimally impacted by the
observational footprint. Similar trends are seen in the PA determination. We use R ă 100 arcsec
to compute both orientation and shape parameters and present them in Table 4.2. Iodice et al.
(2019b) measured the stellar PA (measured N-E) of 186˝ ˘ 1˝ and our measurements for the GC
PA are consistent as seen in Table 4.2.

In the following analysis, we do not model blue and red GCs separately, as the number of
kinematic tracers would limit robust results, and instead, we adopt the values of q1 obtained for
the whole dataset. The latter value is very similar to that of the red population, which is not
surprising, given that this is the dominant population.

4.4.2 FITTING ANALYTIC TRACER DENSITY PROFILE

To fit an analytic profile we first corrected the positions for the PA and computed the Rell with the
value of q1 presented in Table 4.2. We modelled only the whole population of GCs because splitting
them based on colour reduced the number of GCs too much for a robust number density fit. The
GCs were then binned in such Rell such that 15 GCs were in each bin, ensuring a sufficient number
of GCs in each bin. We explored different binning strategies and found they have negligible
impact on the final profiles. Following the literature reports of GCS fitting functions we used
single power-law, broken power-law (Eq. 2.17) and a Sérsic function (Eq. 2.18). Using a Gaussian
likelihood and uninformative priors we found best-fit parameters in a Bayesian approach and
EMCEE to efficiently sample the posterior. The best-fit profiles are shown in Fig. 4.3 and the
best-fit parameters for the Sérsic fit are presented in the last three columns of Table 4.2.

The single power-law fit overestimates the number of GCs in the centre, which would result in
biased measurements. Both the Sérsic and the broken power-law agree reasonably well with the
observed distribution, and we adopt the latter as the fiducial tracer density profile.

4.4.3 MGE DECOMPOSITION

As the final step, we used the posterior of the Sérsic fitting function to compute the parameters of
the MGE as explained in Sect. 2.3.

4.5 RESULTS

4.5.1 GRAVITATIONAL POTENTIAL

In the model set-ups 1.1-1.4 we only use Fahrion et al. (2020) as tracers of the potential. The
parameters of the DM are not constrained in any of the setups, but the orbital properties of the
GCs and the M‹{L have converged. The latter did not converge in the case of 1.2 (varying M‹{L),
likely due to the lack of kinematic data.

Figure 4.4 shows the posterior distributions for three parameters of interest obtained from
different model set-ups. The posteriors for the orbital properties are consistent among the different
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4. NGC 1380
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Figure 4.3: The binned profile and the two fitting functions used in this work. The black points show
the binned profile with corresponding uncertainties, due to the Poisson noise. The coloured lines show
the different fitting functions, the broken power-law in blue and the Sérsic in orange with associated 1σ
uncertainty intervals.

set-ups, with all models showing clear signs of bimodality in β1 and an asymmetric distribution in
κ. The mass-to-light ratio M‹{L shows a slightly different behaviour for each of the four different
model set-ups. The NFW (with ρs and rs as free parameters) and Einasto profiles to represent the
DM halo both favour lower values of M‹{L, compared with models in which a central SMBH or
the relation M200 ´ c200 are taken into account. It is worth noting that the recovered values of
M‹{L are all higher than those found by Zhu et al. (2022). The presence of the bimodality in β1

is of particular interest and in what follows we explore it further.

4.5.2 EFFECT OF THE DATASET

The limiting radial extent and strong observational footprint of the Fahrion et al. (2020) catalogue
motivated us to study the effect of different kinematic datasets. The posteriors in the model set-up
with DM parameterised with NFW and M200 ´ c200, constant M‹{L and orbital properties for the
three different kinematic tracers are shown in Figure 4.5. We show here models 2.1 in grey, 2.2 in
blue and 2.3 in red. For model 2.3 we omit the orbital properties of the PNe for clarity.

The total DM mass (M200) is not constrained, but the posterior is narrower than the priors
when Fahrion et al. (2020) is not the only dataset that constrains the model. The bimodality in
β1
GC is weaker when PNe are used together with GCs (red contours) and almost disappears when

only Puzia et al. (2004) is considered. Similarly, the posterior in the κ parameter shows reduced
asymmetric feature, at stronger values of rotation, when PNe are also considered. Puzia et al.
(2004) further favours the lower value of the rotation parameter, which is more consistent with a
slower rotation of the GCSs.

The value of M‹{L is consistent between the two GC datasets, but it is systematically lower
when PNe are included. In the latter case, the resulting M‹{L is consistent with the findings
from Zhu et al. (2022) based on the dynamical modelling of the stellar population. PNe are
mainly located at R ă„0.5 Re, this may explain the added constraining power they provide in
the regions where the stellar component is expected to dominate the gravitational potential.
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4.6. Conclusions

0 2 4 6 8 10

(M?/L)
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κ

Figure 4.4: Posteriors for the different model set-ups 1.3, 1.4 and 1.5. The left panel shows the posterior
of the constant stellar mass-to-light ratio M‹{L, the middle panel the posterior of the velocity anisotropy
β1, and the right panel the posterior of the rotation parameter κ. The blue line shows the results when
the classical NFW profile is used and ρs and rs are free parameters. The orange line shows the model that
additionally includes a central SMBH. The model shown with the green line uses the literature M200 ´ c200
relation to reduce the number of free parameters. Finally, the red line shows the model where the Einasto
profile was used to generate the DM potential.

Table 4.3: Results for the three models shown in the corner plot in Fig. 4.5. The median values with the
16th and 84th percentile are shown.

kin. βGC κGC pM‹{Lq βPNe κPNe

2.1 Fahrion et al. (2020, F+20) ´0.04`0.13
´0.11 ´0.94`0.17

´0.41 6.85`1.33
´1.14 – –

2.2 Puzia et al. (2004) ´0.10`0.06
´0.08 ´0.60`0.13

´0.11 6.50`1.06
´0.91 – –

2.3 F+20 & Spriggs et al. (2020) ´0.07`0.06
´0.07 ´0.86`0.16

´0.13 4.60`0.59
´0.47 ´0.03`0.17

´0.17 ´0.97`0.13
´0.11

4.6 CONCLUSIONS

Fahrion et al. (2020) presented a kinematic study of the galaxy, finding that the globular
cluster system rotates with vGCS “ 117.4`27.5

´26.8 km s´1 and has a velocity dispersion of
σ “ 172.4`17.5

´15.4 km s´1. In addition to the global properties, the authors also present kinematic
properties for blue and red populations of GCs, finding higher dispersion for red GCs and lower
for blue, while the rotation velocities are similar.

These results suggest that in the particular case of NGC 1380 a secondary population of GCs
may be hiding and coincidently the observational footprint of F3D survey captured it. It is worth
noting that in the area observed by the survey, long-slit observations of the stellar kinematics
along the semimajor axis have reported a drop in the velocity dispersion at around 70 arcsec
(Bedregal et al., 2006). Recently deep observations with IFU from F3D survey have revealed
a complex kinematic and chemical behaviour of this galaxy (Mart́ın-Navarro et al., 2019; Zhu
et al., 2022). The 2D maps of the mean velocity and velocity dispersion show a distinct feature at
the same location, that coincides with younger stellar populations and higher metallicity. These
signatures could be caused by a foreground or background dwarf galaxy. Any GCs that belong to
such a galaxy would not be tracing the potential of NGC 1380 and could result in the bimodality
in β1 that is most prominent when F3D kinematics is used. The biased dataset could be hindering
the constraints on the DM mass. Discrete dynamical modelling is sensitive to the presence of
outliers and using different kinematic tracers enables us to identify when our modelling is biased
and study the reason for it.
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Figure 4.5: Posterior plots for the NFW DM and M200 ´ c200 model set-up, where different kinematic
datasets were used. Grey contours correspond to the results obtained when considering only the dataset
from Fahrion et al. (2020), blue to results obtained with the dataset from Puzia et al. (2004) alone, and
red for the results obtained when both Fahrion et al. (2020) and Spriggs et al. (2020) data were used. The
dashed vertical lines show the location of the median of each distribution.
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Chapter 5

GALAXY HALO MASSES AND SLOPES CONSTRAINED BY

GLOBULAR CLUSTER SYSTEM DYNAMICS

“There are two types of people in the world.
Those who can extrapolate from incomplete data.”

- Anonymous
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5

5.1. Introduction

5.1 INTRODUCTION

Early analytic efforts to characterize the mass distribution within ETGs were based on the
dynamical formalism of Jeans equations (Jeans, 1922) and implementing the effects of violent
relaxation (Lynden-Bell, 1967). With additional assumptions of spherical symmetry and isotropic
orbital distribution, the resulting radial density profile for both dark matter and baryons was
found to have a power-law distribution ρprq9rγtot with the slope of -2. A similar “isothermal”
distribution was also found for gas-rich late-type galaxies (LTGs) (see the review from Courteau
et al., 2014) and it results in their flattening of the circular rotation curves first reported by Rubin
and Ford (1970).

P17 investigated the correlations between the inner slope and stellar kinematic properties and
found that for galaxies with log σe Á 2.1 (where σe is the velocity dispersion at 1 Re), the stellar
velocity dispersion at 1 Re, the inner slope is constant. Recently, Zhu et al. (2023) extended the
study to late-type galaxies (LTGs) and found morphological and mass dependence of the γtot
in the sample of MANGA galaxies. LTGs with log σe ă 2.2 show an increasingly shallower total
mass-density profile in contrast with ETGs. They also found a steeper slope with increasing age of
the stellar component at a fixed value of σe.

The goal of this chapter is to constrain the total mass and the inner slope of the total mass
profile of ETGs for R ą 5 Re. These regions of ETGs are dominated by dark matter and we use
discrete dynamical modelling of GCs to trace the gravitational potential. In this chapter, we carry
out discrete anisotropic Jeans modelling accounting for the observed flattening of the GC systems
(GCS) to investigate the inner slope of the total mass profile and the virial mass. In Sect. 5.2 we
introduce the sample of GCs used throughout the paper and discuss the source of photometry and
kinematics. Then we discuss the modelling of the tracer density profile in Sect. 5.3, one of the key
components of the dynamical modelling. We introduce the dynamical modelling approach we
adopt, focusing on the Bayesian inference and different modelling set-ups in Sect. 5.4, followed
by a discussion of the results and exploration of potential biases in our modelling approach in
Sect. 5.5. In Sect. 5.6 we compare the results with literature values and discuss our results in
Sect. 5.7. Sect. 5.8 presents our main conclusions.

5.2 SAMPLE OF GLOBULAR CLUSTER SYSTEMS

In this section, we will introduce the data used throughout this work. For dynamical modelling,
we need kinematic data as well as information on the spatial distribution of the tracer population.
We use the sample of the GC radial velocities (RV) from the SAGES Legacy Unifying Globulars and
GalaxieS (SLUGGS; Brodie et al., 2014) survey that observed 27 nearby galaxies. First, we will
discuss the properties of the RV sample and define kinematic flags based on the visual inspections
of the GC velocities. Secondly, we will present the sources of GC photometry for 21 galaxies used
to determine the tracer density profile in Sect. 5.3. Observed properties of the 21 galaxies we
modelled in this work are presented in Table 5.1.
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5. GALAXY HALO MASSES AND SLOPES CONSTRAINED BY GCS DYNAMICS
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5.2.1. Kinematic datasets
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Figure 5.1: The position of GCs from SLUGGS survey is shown in blue and orange points. The orange
points are selected based on their position to be more likely belonging to NGC 5845 and blue points show
NGC 5846 GCs used in this work. The positions and systemic velocities shown as coloured crosses for the 4
galaxies are taken from Simbad (https://simbad.unistra.fr/simbad/).

5.2.1 KINEMATIC DATASETS

The kinematic tracers from the SLUGGS dataset have a typical spatial extent of „ 8 Re up to
Rmax „ 15 Re and a median of 80 GCs per galaxy, varying from 20 to 600 GCs per individual
galaxy. The median error of the radial velocities is 10-15 km s´1, representing around 10% of
the typical velocity dispersion of a GCS for SLUGGS galaxies. The SLUGGS catalogue excludes
foreground stars and background galaxies based on the phase-space diagram (Forbes et al., 2017).
Additionally, ultra-compact dwarfs (UCDs) are flagged and we exclude them from the following
analysis. UCDs can be misidentified as the bright tail of the GCs due to their compact size and
magnitude but they have a different origin, and therefore different spatial distribution and orbital
properties (e.g. UCDs in NGC 5128: Dumont et al., 2022).

NGC 5846

A special remark is needed for galaxy NGC 5846, which is the brightest cluster galaxy and
has 3 bright companions (NGC 5846A, NGC 5845 and NGC 5850). The projected phase space
distribution of GCs belonging to NGC 5846 from the SLUGGS survey and the locations of all 4
galaxies are shown in Fig. 5.1. The right ascension and RV of the GCs are presented with the blue
(GCs belonging to NGC 5846) and orange (GCs belonging to NGC 5845) points, the 4 galaxies
are presented with coloured crosses.

The spatial and velocity distribution of NGC 5846A and NGC 5845 overlap with those of
NGC 5846. In Fig. 5.1 there is a clear elongation of the GCS in the direction of NGC 5845, but the
contamination from NGC 5846A is not so apparent in this phase space diagram. To estimate the
contamination of the GC catalogue for NGC 5846 we first estimated the number of GCs for each
of these galaxies based on their absolute V-band magnitude. We used the observed correlations
between the number of GCs and the absolute V band magnitude of its host galaxy in high-density
cluster environment (e.g. Kissler-Patig, 1997; Zepf et al., 1994). We estimate that NGC 5846A
hosts fewer than 100 GCs, for NGC 5845 we estimate „ 300 GCs and NGC 5846 is expected
to host „2500 GCs. The GCs from NGC 5845 thus have a much stronger contribution to the
contamination than the GCs from NGC 5846A: to remove potential GCs belonging to NGC 5845
we remove clusters at α ă 226.52˝ from the kinematic dataset of NGC 5846. A more sophisticated
selection and additional removal of NGC 5846A GCs is beyond the scope of this work.
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5.2.2 KINEMATIC FLAGS

Strong rotation, substructures (non-relaxed populations), and a low number of kinematic tracers
or GC subpopulations with distinct kinematics can bias the results of the dynamical modelling.
Before proceeding with the modelling we visually inspect the velocity distribution of the GCS for
all galaxies.

We focused on the radial variation of mean velocity and velocity dispersion as well as the 2D
velocity field of the GCs, like the one shown in the left panel of Fig. 5.2 for NGC 3377. We visually
inspected the regularity of the velocity field looking for the presence of strong rotation signatures,
cold comoving groups, observationally biased sparse sampling or other peculiar features.

Focusing on these features we defined 4 flags: Good (9/21) and Good w. rot. (4/21) for GCSs
showing a highly regular velocity field and either being dispersion-dominated or showing non-
negligible rotation respectively. Galaxies flagged as Subpop. (subpopulations, 3/21) show distinct
kinematic subpopulations (such as the blue and red GC populations in NGC 1407, Romanowsky
et al., 2009) or cold comoving groups that can inflate their velocity dispersion. Lastly, galaxies
flagged as Pecul. (peculiar, 5/21) have on average the lowest number of GCs among the SLUGGSs
galaxies and show an irregular velocity field. Galaxy flags are shown in column 10 of Table 5.1.

5.2.3 PHOTOMETRIC DATASETS

One of the inputs for the dynamical modelling is the spatial distribution of the kinematic tracers,
i.e. tracer density profile and we use the approach outlined in Sect. 2.3 to construct it.

The SLUGGS catalogue provides photometry in the Sloan g and z bands that can be used to
construct accurate tracer density profiles for 12 galaxies. For the remaining galaxies we utilized
either literature photometry, when available, or the parameters of the fitted number density
profile. With the literature photometric information, we could construct the tracer density profiles
for additional 9 galaxies. The source of photometry or tracer density profile for each of the
galaxies is presented in the last column of Table 5.1.

Eight galaxies in the SLUGGS survey belong to the Virgo galaxy cluster. This nearby galaxy
cluster (d » 16.5 Mpc) has been extensively studied with the HST Advanced Camera for Surveys
(ACS) as part of the ACSVCS survey (Côté et al., 2004). We used the photometry in the
F475W (»Sloan g) and F850LP (»Sloan z) bands of 6 galaxies in the survey. ACSVCS targeted
only the innermost regions of the galaxies and the spatial extent of their tracers is limited to
Rmax „ 100 arcsec, which translates to „ 3 Re for a typical galaxy in our sample. For three of
the galaxies that we model, only the best-fitting parameters of the tracer density profile were
available.

5.3 MODELING TRACER DENSITY PROFILE

The key component of any dynamical modelling is an accurate spatial distribution of the tracer
population. For the dynamical modelling approach used in this work, the input tracer density
profile is needed in the form of Multi-Gaussian Expansion (MGE, Emsellem et al., 1994) and in
this section, we explain how we construct MGEs for the SLUGGS galaxies.

We applied the analysis to the 18 SLUGGS galaxies, for which the photometry of the GCs
is available in the literature (see Table 5.1). The sources of photometry used in this work
are heterogeneous and assessing magnitude completeness and observational footprint from
the photometric images was not possible. That is why we use the observed GC luminosity
function (GCLF) to asses the magnitude completeness and radial variation of PAGCS for spatial
completeness. Both steps are applied only to the photometric dataset as dynamical modelling is
less sensitive to incompleteness in the kinematic sample.

ETGs show the presence of multiple populations of GCs (Jordán et al., 2007b, and references
therein) found in their colour distribution.

Building on those findings and the work done by A16, Posti and Fall (2021) and B́ılek et al.
(2019), we treat the red and blue GCs as one population in our dynamical modelling. Notable
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Table 5.2: Results from the analysis of the tracer density profile fitting and completeness. Column (1)
lists the NGC identifier of the galaxy, column (2) the limiting magnitude for completeness as determined
using GCLF, (3) the outer radial limit for spatial completeness as described above in units of Re of the
stellar component of the galaxy. Columns (4) and (5) show the best-fit position angle and flattening for
the magnitude complete sample of GCS. Columns (6) and (7) show the best-fit effective radius Re,GCS and
Sérsic index and ne,GCS of the number density of the GCS with associated 16th and 84th percentile. Galaxies
NGC 720, NGC 3607 and NGC 3608 have only tracer density profiles presented in the literature and we used
those Sérsic parameters to perform the MGE for the dynamical models.

NGC maglim Re,max PAGCS qGCS Re,GCS nGCS

arcsec ˝ arcsec
(1) (2) (3) (4) (5) (6) (7)
720 — — 50.0 0.77 118.2 ˘ 20.4aq 4.16 ˘ 1.21aq

821 23.79 10.0 56 0.77 147.31`78.24
´34.79 2.74`1.47

´1.25

1023 23.87 8.0 67 0.75 104.40`7.57
´7.49 1.16`0.33

´0.23

1400 23.34 8.0 26 0.71 247.53`76.70
´88.55 3.21`1.21

´1.42

1407 22.94 6.0 165 0.87 276.13`116.57
´53.12 2.32`1.20

´0.76

2768 22.9 10.0 52 0.74 92.61`20.89
´19.08 2.75`0.83

´0.84

3115 22.35 6.0 40 0.8 214.53`98.07
´85.19 3.66`1.54

´1.73

3377 22.89 8.0 36 0.82 160.60`104.70
´40.32 3.14`1.95

´1.51

3607 — — 109 ˘ 8bq 0.61bq 119.4 ˘ 17.4bq 1.97 ˘ 1.19bq

3608 — — 66 ˘ 7bq 0.8bq 90 ˘ 9bq 0.93 ˘ 0.56bq

4278 22.53 12.0 168 0.93 213.84`203.95
´69.11 2.53`1.78

´1.12

4365 22.83 10.0 39 0.73 175.68`26.30
´20.36 2.45`0.86

´0.65

4374 25.5 1.0 140 0.89 71.69`5.33
´3.60 0.69`0.17

´0.13

4459 24.57 2.0 46 0.85 59.45`72.52
´24.48 4.13`1.33

´1.93

4473 24.86 3.0 110 0.82 170.63`65.81
´65.77 2.67`0.84

´0.92

4486 25.85 1.0 19 0.94 162.46`64.84
´59.52 1.17`0.32

´0.39

4494 23.58 10.0 10 0.75 119.95`15.63
´13.71 1.90`0.96

´0.58

4526 24.54 3.0 128 0.74 106.35`111.41
´46.06 1.64`1.28

´1.03

4564 24.4 8.0 48 0.67 80.98`65.95
´28.44 3.07`0.67

´1.06

5846 22.25 10.0 12 0.87 254.20`19.51
´16.18 0.49`0.21

´0.14

7457 22.28 6.0 131 1.0 173.58`108.52
´103.14 3.58`1.67

´1.89

References. aq Kartha et al. (2014), bq Kartha et al. (2016)

exceptions, where such treatment breaks down, are the central dominant galaxies NGC 1407,
NGC 4486 and NGC 5846. Such galaxies have been shown to have very different accretion
histories than other galaxies (e.g. De Lucia and Blaizot, 2007; Oliva-Altamirano et al., 2015)
and much richer population of GCs (Harris et al., 2017b). As Chaturvedi et al. (2022) showed
in a study of the central galaxy of the Fornax cluster, these galaxies host a population of blue
(metal-poor) GCs that trace better the group or cluster potential. We discuss these three galaxies
further in Sect. 5.7.2.1.

For the 3 galaxies with literature studies on the GCs number density profile, we use the
parameters of the fit. In Sect. 5.3.4 we focus on a close pair of Leo II galaxies, for which the GC
density profile was investigated with 2 different methods in Kartha et al. (2016).

5.3.1 MAGNITUDE COMPLETENESS

We use the observed GCLF to determine the limiting magnitude. Sources fainter than the limiting
magnitude are strongly affected by incompleteness. Including them in the analysis of the tracer
density profile would introduce a bias by mimicking a shallower profile close to the centre of the
galaxy as the galaxy light becomes brighter than the faint GCs.
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Figure 5.2: An example of spatial and magnitude distribution of the kinematic tracers. We used both to
determine an observationally unbiased sample of GCs to construct the tracer density profile for each galaxy.
The left panel shows the spatial distribution of the GCs in NGC 3377 centred at the coordinates of the host
galaxy and aligned with the photometric position angle. The GCs are colour coded by their velocity corrected
for the systemic velocity of the galaxy. The kinematic tracers extend beyond 9 Re. The solid grey line in the
right panel shows the GCLF of NGC 3377. The dashed black curve shows the arbitrarily scaled theoretical
GCLF, with the turn-over magnitude marked with a vertical solid black line. The dotted vertical line shows
the magnitude completeness of the sample, determined as described in the text.

To determine a magnitude-complete sample of GCs, we compare the observed cumulative
GCLF with the theoretical Gaussian function, assuming TOMV “-7.5 mag or TOMz “-8.5 mag
and a spread of σGCLF „ 1.2 mag computed from the absolute magnitude of the galaxy in
the B band and relation found in Jordán et al. (2007b). The theoretical luminosity function is
normalized to match the number of clusters up to the limiting magnitude in an iterative approach.
For each galaxy, we compute the square of the residuals between the observed cumulative GCLF
and theoretical function and we set the magnitude limit where the residuals exceed 1σ. This is
shown in the right panel of Fig. 5.2 for NGC 3377. The observed GCLF of this galaxy becomes
strongly affected by the incompleteness at the limiting magnitude of 23.8, shown with the vertical
dotted line in the right panel of Fig. 5.2. The limiting magnitudes and radial truncation for all of
the galaxies are presented in Table 5.2 together with the results of the Sérsic fit.

5.3.2 SPATIAL COMPLETENESS

After determining the magnitude limit we analyze the radial variation of PAGCS (increasing North
to East) and flattening defined as q1

GCS to understand the spatial completeness and measure both
parameters. We follow the methodology outlined in Sect. 2.3.1 assuming an oblate distribution of
GCs.

We assume that the intrinsic position angle of each GCS is constant with radius and that any
deviations we measure are introduced by the observational footprint in the SLUGGS survey. We
take the radius where the PAGCS and q1

GCS change rapidly as the maximal completeness radius
and we present it in column (3) of Table 5.2 in units of Re; columns (4) and (5) of this table show
the recovered PAGCS and q1

GCS of the spatially and magnitude complete sample.

5.3.3 SÉRSIC FITS

After establishing a spatially and magnitude complete sample we could bin the photometric data
for each galaxy and fit the MGEs to the binned profile. However, binned profiles are stochastic
and the number of bins is often small. So instead we choose to fit an analytic Sérsic function
(Eq. 2.18) to the binned data as an intermediate step as described in Sect. 2.3.2.
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Figure 5.3: Sérsic fit to the binned tracer density profile for NGC 3377 in elliptical radius. The binned profile
is represented by black points. The best-fit model is shown with the solid red line with 1 and 3σ uncertainty
regions indicated with dark and light grey shaded regions, respectively.

To fit the Sérsic function we use a Bayesian framework, with flat priors on the free parameters:
nGCS and Re,GCS and a Gaussian likelihood. The best-fit parameters and the posteriors are
sampled using EMCEE ensemble sampler.

As an example, the best-fit Sérsic model for NGC 3377 is shown in Fig. 5.3. The black points
with respective uncertainties represent the binned data. The solid red line is the best-fit model
and grey-shaded regions are 1σ and 3σ uncertainty regions. Full results of the fits are presented
in Table 5.2 in columns (6) and (7).

5.3.4 MGE DECOMPOSITION

The last step is to represent the tracer density profile in the MGE format required for the dynamical
models we will use later. For the 18 galaxies to which we have fit Sérsic profiles directly, we draw
samples of the Sérsic parameters from their posteriors and use them to evaluate the profile at
each radius as discussed in Sect. 2.3.3.

Three galaxies, NGC 720, NGC 3607 and NGC 3608, have only parameters of the Sérsic
profile reported in the literature and do not have GCs photometry available. For these we do not
have posteriors to draw from, so our approach is necessarily different. We generated random
samples of n and Re assuming a Gaussian distribution centred at the best-fit values presented in
the literature, generate the perturbed Sérsic and proceed in the same way as before. For these
galaxies, we take PAGCS from the main stellar component and qGCS from the literature studies.
These quantities are listed in Table 5.1.

NGC 3607 AND NGC 3608

NGC 3607 and NGC 3608 are part of the Leo II group. They are a close pair with a projected
distance of 39 kpc and a relative difference in the systemic velocity of „260 km s´1(Brodie et al.,
2014). The velocity dispersion of the GCS, of the order of 150 km s´1(Kartha et al., 2016), means
that membership cannot be assigned based on velocities alone. To that end, we use the results
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from Kartha et al. (2016), where the properties of GCS were investigated in a systematic way
and two different methods were used to determine the distribution of GCS in both galaxies (see
their section 4). The authors find that PAGCS and eGCS for NGC 3607 are consistent between
the different methods. The recovered PAGCS for NGC 3608 does differ by more than 2σ between
the two methods. We adopt the results from their major-axis method (see their section 4.2)
for both galaxies and we use the Sérsic parameters computed with this method as presented in
Table 5.2. We found this method better matched our analysis of the PAGCS of NGC 3608 based on
the kinematic sample.

5.4 DISCRETE DYNAMICAL MODELING

In this section, we will introduce the dynamical modelling approach used in this work. The
method was introduced in chapter 2 and here we emphasise aspects unique to this work. First,
we will present the anisotropic Jeans models followed by the Bayesian inference to find best-fit
parameters. The results and robustness test against the modelling assumptions are presented in
the next section.

5.4.1 AXISYMMETRIC JEANS ANISOTROPIC MGE MODELS

Most ETGs in the nearby universe are well approximated as axisymmetric systems in a steady
state. Jeans equations derived from the collisionless Boltzmann equation in cylindrical coordinates
pR, z, φq have been used extensively in the literature to determine the dynamical properties and
mass profiles of galaxies using a variety of different tracers (PNe, GCs, stellar and gas kinematics).
The recent study of simulated GCS by Hughes et al. (2021b) investigated the accuracy of Jeans
models applied to these discrete potential tracers of LTGs and showed its robustness in recovering
the enclosed mass.

We use CJAM implementation of axisymmetric Jeans Anisotropic MGE modelling. The models
provide the first and second velocity moments vi, v2i at a given position on the plane of the sky.
The velocity dispersion is given by: σ2

i “ v2i ´ vi
2. This enables discrete dynamical modelling,

through the assumption of local LOSVD as outlined in Sect. 2.5. This simplified assumption
is reasonable given the quality and size of the dataset and has been used in the literature to
model discrete kinematic datasets (e.g. Zhu et al., 2016). Read et al. (2021) compared different
modelling techniques on simulated datasets (spherical Jeans equations, distribution function
models and higher virial moments) and found good agreement in the recovered mass profile for
the different modelling techniques.

5.4.2 GRAVITATIONAL POTENTIAL

In this work, the total mass in a galaxy (luminous and dark matter) is assumed to follow a
spherical double power-law profile (as done in Bellstedt et al., 2018; Cappellari et al., 2013,
2015; Poci et al., 2017). We assumed the following functional form:

ρtotprq “ ρs

ˆ

r

rs

˙αˆ

1

2
`

r

2rs

˙´α´3

, (5.1)

where ρs represents scale density and rs scale radius. The inner total mass slope, parameterized
by α, transitions to an outer slope fixed at -3. The potential is incorporated into CJAM through
MGE components as discussed in Sect. 2.4.

5.4.3 BAYESIAN INFERENCE

We use Bayesian inference to find the best-fit models as described in Sect. 2.5.1. Each GC is
treated independently and no binning in velocities is used to obtain the mean velocity and velocity
dispersion profile.
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Table 5.3: The overview of the priors for different set-ups. Parameters with uninformative priors (α and
κ) have lower and upper limits (min/max). The other three parameters (log10 ρs, log10 rs, and βz) have
Gaussian priors characterized by mean µprior and spread σprior. The models A and B have anisotropy and
rotation fixed to 0, these assumptions are relaxed in model C.

log10 ρs rMd pc´3s log10 rsrkpcs α βz κ Comments
µprior σprior µprior σprior min max µprior σprior min max

A -3 1.5 1.78 1 -5 0 – – Narrow priors
B -3 4.5 1.78 3 -5 0 – – Wide priors
C -3 1.5 1.78 1 -5 0 0.0 0.2 -1 1 Rotating model

LIKELIHOOD

Gaussian likelihood is used as given in Eq. 2.21. At the position of each GC, this constitutes the
likelihood of the measured velocity pvi, δviq given the free model parameters Θ.

PRIORS AND SUMMARY OF THE MODELLING SET-UPS

In this analysis, we use both uninformative, flat priors and informative, Gaussian priors. The
informative priors were necessary to break the degeneracy in the modelled parameters (in
particular between ρs and rs) without the need for fixing one of them. The Gaussian function
was chosen for its simplicity and symmetry. To test and ensure that the priors are not driving the
resulting posteriors, we run two models with different prior widths.

We consider three different model set-ups: models A, B and C. They differ in the number of
free parameters and the widths of Gaussian priors. In models A and B we vary only the three
parameters of the total mass profile in Equation 5.1 (ρs, rs, and α) and change the prior widths
between the two models. In model C we additionally vary rotation and velocity anisotropy and
thus have 5 free parameters: ρs, rs, α, βz, and κ. The modelling set-ups and choices of priors are
summarised in Table 5.3.

The assumption of no rotation and isotropy in models A and B are motivated by the substantial
increase in the computational time of the models when βz ‰ 0 and κ ‰ 0. Before proceeding
with models A and B we explored the variation of the likelihood on a small grid of models by
varying βz and κ. We found that the peak of the likelihood corresponds to very mild radial
anisotropy (βz ą 0) and that the galaxies which were flagged as having strong rotation signatures
in Sect. 5.2.1 have a prominent non-zero peak. We discuss the impact of these assumptions on
the recovered parameters of the total mass density in Sect. 5.5.2.

The parameters ρs and rs can vary by several orders of magnitude and to sample the posterior
more efficiently they are sampled in logarithmic space. Other parameters are dimensionless and
even though anisotropy is a strongly asymmetric variable1, we do not reparametrize it as GCSs
show only mildly anisotropic orbital distributions, as discussed in Sect. 5.5.2. The effect our
choice of priors has on the posteriors is discussed in Sect. 5.5.1.

POSTERIOR

Having defined the likelihood and priors, the Bayes theorem gives the expression for the posterior,
as shown in Eq. 2.24.

MCMC SET-UP

To explore the parameter space and sample the region of best-fitting parameters we use the EMCEE

package, a Python implementation of an affine-invariant ensemble sampler for Markov chain
Monte Carlo (MCMC). For models A and B (isotropic and non-rotating) we use 100 walkers and
6000 steps and for model C (free βz and κ) 100 walkers and 2000 steps, due to the increase
in the computational time. In both set-ups, 600 steps are discarded as a burn-in phase. We

1Velocity anisotropy varies between 1 and ´8 for extremely radial and vertically anisotropic systems respectively.
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Figure 5.4: Posterior of model B for NGC 3377. The median and the 1σ percentiles are shown as dashed
lines on each of the marginalized posteriors and the corresponding values are written on the top of each
panel.

verified that this set-up is longer than several auto-correlation times and we visually inspected the
convergence of the chains. The initial conditions are the same in all runs: log10 ρs “ ´4 Mdpc

´3,
log10 rs “ 1.3 kpc, α “ ´1.5, for model C: β “ 0.01, κ “ 0.1. These initial conditions were
informed by prior dynamical modelling of GCs in FCC 167, an ETG of the Fornax galaxy cluster.
Given its properties, the modelled galaxy is a good representative of the ETGs in the SLUGGS
sample. We explored the robustness of the posteriors against the variations in the initial conditions
and found a negligible effect.

5.5 RESULTS: FIDUCIAL MODEL AND ROBUST SAMPLE

Now that we have described the dataset and laid out the models we can apply the models to
the data. We applied models A, B and C to all 21 galaxies in our sample and found that all
MCMC chains converged and all posteriors were unimodal. As an example, we show the corner
plot for NGC 3377 for the model B set-up in Fig. 5.4. The ρs and rs are strongly anti-correlated
and the informative priors we impose help to constrain both but cannot break the degeneracy.
The inner slope α is not degenerate with the scale density and radius but has a tail towards
shallower profiles. At such shallow profiles, rs „1 kpc (within the innermost kinematic tracer),
therefore in these cases the density is effectively a single power-law profile with the slope of -3
(see Equation 5.1).
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5.5.1. Effect of informative priors

Table 5.4: The summary of the posterior results from the fiducial set-up, model B. We list the median and
the 16th and 84th percentile on the parameters of the total mass slope. We also report the value of the
quality flag in the last column.

NGC log10 ρs log10 rs α Flag
rMd pc´3s [kpc]

p1q p2q p3q p4q p5q

720 ´0.95`2.58
´4.59 0.53`1.39

´0.94 ´2.36`1.42
´1.24 Good

821 ´1.57`3.08
´4.56 0.65`1.49

´1.08 ´2.46`1.28
´1.26 Good w. rot.

1023 ´3.65`2.39
´3.23 1.87`1.72

´1.14 ´1.64`0.69
´0.34 Good w. rot.

1407 ´5.2`1.17
´1.71 4.42`1.57

´1.06 ´1.06`0.09
´0.09 Subpop.

2768 ´1.09`1.24
´3.18 0.66`1.25

´0.54 ´1.55`1.04
´0.75 Good

3115 ´1.29`2.29
´4.5 0.67`1.66

´0.91 ´2.13`1.21
´0.54 Good w. rot.

3377 ´4.25`3.16
´3.28 1.77`1.44

´1.31 ´2.1`0.53
´0.24 Good

3608 ´2.79`2.73
´3.45 1.36`1.94

´1.22 ´1.61`1.0
´1.34 Good

4278 ´3.0`2.05
´3.7 1.54`1.69

´0.9 ´1.85`0.93
´0.29 Good

4365 ´5.54`2.3
´2.67 2.95`1.38

´1.1 ´1.87`0.2
´0.14 Good

4374 ´3.58`2.07
´2.71 2.65`1.85

´1.29 ´1.29`0.57
´0.47 Pecul.

4459 ´4.27`2.03
´2.59 2.57`1.8

´1.27 ´1.28`0.5
´0.38 Pecul.

4473 ´2.3`1.7
´3.87 1.12`1.7

´0.76 ´1.77`1.05
´0.43 Good

4486 ´4.72`1.52
´2.15 3.49`1.67

´1.05 ´1.21`0.16
´0.1 Subpop.

4494 ´3.84`2.31
´3.4 1.73`1.71

´1.06 ´1.72`0.76
´0.34 Good

4526 ´4.47`2.01
´2.43 2.81`1.78

´1.27 ´1.26`0.41
´0.28 Pecul.

4564 ´2.09`3.53
´4.51 0.53`1.59

´1.21 ´2.51`1.12
´1.32 Good w. rot.

5846 ´4.05`0.97
´1.69 3.37`2.02

´1.24 ´0.61`0.35
´0.43 Subpop.

7457 ´3.51`2.27
´2.92 1.6`2.14

´1.29 ´1.27`0.77
´0.87 Pecul.

We adopt model B as the fiducial model, following the arguments laid out in this section; the
robust sample of galaxies are the ones with the flags Good and Good w. rot. as introduced in
Sect. 5.2.2. We present the best-fit values of the total mass density profile for the fiducial model
in Table 5.4 for the 19 galaxies we modelled. NGC 1400 and NGC 3607 were not modelled due to
the literature value of the inclination, which was not consistent with the projected flattening of
their GCSs.

5.5.1 EFFECT OF INFORMATIVE PRIORS

To test the robustness of the results against our choice of priors we discuss the marginalized
posteriors of models A and B, the two isotropic and non-rotating set-ups, in this section. We focus
only on the parameters with informative priors log10 ρs and log10 rs as the prior for α is the same
in both set-ups (see Table 5.3). The posteriors for both set-ups are shown in Fig. 5.5. The top row
shows the results for model A and the bottom row for model B (fiducial model) as described in
Sect. 5.4.3. Each column corresponds to a different free parameter of the total density profile:
log10 ρs on the left and log10 rs on the right. The solid grey lines show the marginalized posteriors
for each of the modelled galaxies and priors are shown with coloured lines: the blue line shows
prior for model A and the orange for model B.

The posteriors and priors show similar widths on the top panels for model A making it unclear
whether the data or prior are driving the posterior distribution in this case. This motivated us
to test the robustness of the informative priors to ensure our choice of prior was not driving
the posterior. To that end, we increased the widths of the Gaussian priors on the log10 ρs and
log10 rs parameters and on the bottom row for model B the prior is wider than the posteriors.
This indicates the data is driving the posterior for this choice of prior. Thus we adopted model
B as the fiducial set-up. This effect is most strongly seen for the log10 ρs parameter, while the
posteriors in log10 rs are narrower than the prior in both instances. For clarity, the inner slope
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Figure 5.5: Comparison between the informative priors for log10 ρs and log10 rs in coloured lines for model
A and model B and posteriors for each of the 21 modelled galaxies in grey. In the fiducial model B the widths
of the posteriors are narrower than those of the priors, which indicates that the data (and not the prior) is
driving the posterior.

α is not shown in Fig. 5.5. We compared the values of the slope among both set-ups and found
minimal differences in their posteriors.

We did the same investigation for model C, which includes rotation and anisotropy and found
similar behaviour of the posteriors as for model A.

We further explored the impact of informative priors by comparing the resulting enclosed
mass for models A and B. To compute the enclosed mass we numerically integrate Equation 5.1.
We randomly drew 1000 samples from the posterior, computed the enclosed mass profile and
determined the uncertainties at fixed radii: 1 Re, 5 Re and at the radius of the maximal extent of
the tracers for literature comparison. In the integration, we excluded profiles with α steeper than
-3. These result in infinite enclosed mass, and with À0.5% of the chains having such extreme
values we considered this selection did not impact our results and conclusions.

The enclosed mass measurements for model B are presented in Table 5.5 and the comparison
between the fiducial and narrow set-up is presented in Fig. 5.6 within 5 Re. Different symbols
correspond to the kinematic flags defined in Sect. 5.2.2. The black points show galaxies flagged
as Good or with strong rotation signatures, red open symbols denote the galaxies with strong
subpopulations and blue open symbols peculiar galaxies with apparent peculiar velocity fields.
The dashed line shows the 1-1 relation to guide the eye, and is not fit to the points. This figure
demonstrates the negligible effect the prior widths in models A and B have on the enclosed mass.
The same is found for enclosed mass at all radii we investigated, with the uncertainties increasing
with increasing radius, and it also holds for model C.

5.5.2 EFFECTS OF ROTATION AND VELOCITY ANISOTROPY

After investigating the effects of informative priors on the posterior and enclosed mass we discuss
the impact of anisotropy and rotation of the GCS on the parameters of the total mass distribution.
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Figure 5.6: The effect of informative priors on the enclosed mass within 5 Re. The black dots and triangles
show galaxies flagged as Good and Good w. rot., respectively, as defined in Sect. 5.2.2. The measurements
for these galaxies are robust. Open red diamonds and blue squares highlight galaxies flagged as Subpop.
and Pecul., respectively, and for which the measurements are not robust. The dashed line is a 1-1 line for
reference.

We find the enclosed mass and inner slopes α are consistent between models A, B and C, suggesting
that velocity anisotropy and rotation have a negligible impact on the recovered properties of
the total mass profile. A16 studied the GCs of the SLUGGS galaxies and using a Tracer Mass
Estimator (TME, e.g. Watkins et al., 2010)2 they found minimal contribution („ 6%) to the
pressure-supported mass estimate due to rotation (see their Figure 7) and „ 5% when different
velocity anisotropy for GCs is assumed (see the right panel of their Figure 5).

This can be seen in Fig. 5.7 for NGC 3115; we chose this galaxy as it shows signs of strong
rotation in the kinematics of its GCs. In the figure, we compare the velocity moments computed
from the best-fit parameters of models B (in black) and C (in red). Blue squares and triangles
show the binned velocity dispersion and rotation of the GCs: they are only shown for visualisation
purposes and were not used in the dynamical modelling. To obtain the binned profiles we assumed
a point-symmetric velocity field, characteristic of a relaxed axisymmetric system, and symmetrised
the velocities to reduce the noise in each radial bin. We imposed a constant number of GCs in
each bin along the semi-major axis and computed robust mean velocity and velocity dispersion,
i.e. σ2

k “ v2k ´ vk
2, for the kth bin. The drop in the velocity dispersion close to the centre of the

galaxy is not realistic, but is due to incompleteness in radial velocity measurements in the galaxy
inner region.

In this galaxy, the rotation of the GCs in the outer parts is vLOS „ 100 km s´1 and velocity
dispersion is σLOS „ 130 km s´1. The results for model B are shown with black dashed lines and
the velocity moments from CJAM for model C are shown as solid red curves. In the top panel, we
see that model C can reproduce the observed rotation well, which by construction is not the case
for model B. The velocity dispersion profile is very well matched by model B in the bottom panel
and model C agrees within the 1σ uncertainties of the data. We can see that, both models B and
C agree with the velocity dispersion profile as seen on the bottom panel.

2The method assumes spherically symmetric tracer and mass distributions to evaluate pressure-supported mass
estimates and, through additional correction, provides mass corrections due to flattening of the tracer distribution, rotation
and velocity anisotropy.
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Figure 5.7: Comparison between the best-fit results from models B and C and the data for NGC 3115 along
the semi-major axis of the galaxy. The top panel shows the mean velocity and the bottom the velocity
dispersion. The blue triangles and squares show the mean velocity and velocity dispersion of the GCs,
respectively. The black dashed lines show the profiles computed with the best-fit parameters of model B,
the solid red lines those of model C. The vertical grey lines show multiples of the stellar effective radius for
comparison.

VELOCITY ANISOTROPY AND ROTATION MEASUREMENTS

In Fig. 5.8 we show the anisotropy (top panel) and rotation (bottom panel) parameters. We find
that most galaxies have velocity anisotropy consistent with zero, consistent with the assumptions
in models A and B. NGC 1023 and NGC 2768 deviate at the level of 3σ, showing more radial
orbits (βz ą 0). We also find that most GCs are consistent with having negligible rotation, with
the exception of those we flagged as having strong rotation signatures, highlighted with black
triangles. Two galaxies were not flagged as showing a strong rotation signature in the velocity
field of their individual GCs (NGC 2768 and NGC 4494), but the model prefers strong κ ‰ 0.

5.5.3 DEFINITION OF THE ROBUST SAMPLE

In this work, we present robust results for 12 galaxies out of the initial 21. These are flagged as
Good (8 galaxies) and Good w. rot. (4 galaxies) in Table 5.5 and in this chapter we refer to these
as robust measurements.

In our analysis, we identified galaxies with strong rotation signatures, low number of GCs or
strong presence of subpopulation in their GCS. Three galaxies, NGC 1407, NGC 4486 (M87) and
NGC 5846, are central galaxies of their respective groups and literature studies have identified a
strong presence of dynamically distinct populations. We flagged them as Subpop. (Subpopulations)
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Figure 5.8: The best-fit velocity anisotropy and rotation from model C. The symbols match those in Fig. 5.6,
with black points highlighting the galaxies with robust measurements and open symbols those without. The
top panel shows the velocity anisotropy for each galaxy and the bottom panel shows the rotation parameter
κ. The error bars represent the 16th and 84th percentile uncertainties on the measurement. The dashed
grey line shows the isotropic βz “ 0 and non-rotating κ “ 0 values for reference.

based on the differences in the kinematic properties between the red and blue GCs. We flag
four galaxies, NGC 4374, NGC 4459, NGC 4526 and NGC 7457, as Pecul., owing to the peculiar
signatures in the kinematics of their GCs. We will discuss individual galaxies with these flags in
more detail in Sect. 5.7.2. In the analysis that follows we show the results for these two classes
with open symbols for completeness.

5.5.4 SINGLE POWER LAW SLOPE OF THE TOTAL MASS DENSITY

The key advantage of this work is the large spatial distribution of the tracers, which enables us
to place robust constraints on the total mass profile. To compare the inner mass slope obtained
in this work with literature studies, we fit a single power law with slope γtot in different radial
ranges to our best-fit models, and present the results in Table 5.6. The radial ranges were selected
based on literature measurements.

To determine the single power-law slope, we first randomly draw 10000 samples of the total
mass parameters from the post-burn-in posterior of each galaxy. This represents 25% of the total
posterior sample and changing the number of samples affected the final results in a negligible
way. For each set of parameters we solve for the single power-law slope by computing the least
square solution of equation: log ρ “ γtot log r ` A, with the logarithmic slope γtot and scaling A.
The median and 16th and 84th uncertainty intervals for γtot are then computed and are presented
in Table 5.6 for the 5 different radial ranges we considered.

To illustrate the method an example of the fit to NGC 3377 is shown in Fig. 5.9. The red
solid line and red shaded regions show the median and 1σ percentiles of the total density profile.
The vertical red dashed line shows the location of the median scale radius of the total mass
density for reference. For comparison, we chose the γtot and A obtained from the fit in the range
0.1 ă r{Reă 4 (same as B18). The black solid line shows the power-law with the median and
grey-shaded regions highlighting the uncertainty. The vertical orange lines show the multiples of
the Re, and the small vertical blue lines indicate the projected positions of the GCs.

Depending on the radial region over which we fit the single power-law profile the resulting
power-law slope will vary as also commented on in B18. The larger the radial extent the more
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Table 5.5: Results from the fiducial run (model B set-up). Columns (2) and (3) show the total enclosed
mass within specific radii in units of 1011Md. The results are given as the median and the uncertainties
are computed as 16th and 84th percentile. For reference columns (4) and (5) give the effective radii of the
galaxy’s stellar component in angular and physical units and column (6) includes the quality flags introduced
in the text. Two galaxies (NGC 1400 and NGC 3607) do not have results due to the literature value of the
inclination being inconsistent with the flattening of the GCS.

NGC Mtot(1 Re) Mtot(5 Re) Re Re Flag
r1011Mds r1011Mds [arcsec] [kpc]

(1) (2) (3) (4) (5) (6)
720 1.01`2.08

´0.8 3.43`1.58
´0.7 29.1 3.8 Good

821 1.0`1.52
´0.56 2.81`1.53

´0.63 43.2 4.9 Good w rot
1023 0.22`0.24

´0.09 1.89`0.69
´0.32 48.0 2.58 Good w rot

1407 8.76`2.31
´1.15 202.53`40.28

´20.16 93.4 12.14 Subpop.
2768 1.15`0.79

´0.33 3.66`1.89
´0.72 60.3 6.37 Good

3115 0.37`0.73
´0.26 1.63`0.51

´0.24 36.5 1.66 Good w rot
3377 0.15`0.14

´0.06 0.67`0.2
´0.1 45.4 2.4 Good

3608 0.3`1.48
´0.49 3.05`4.27

´1.31 42.9 4.64 Good
4278 0.3`0.36

´0.15 2.13`0.65
´0.28 28.3 2.14 Good

4365 2.71`1.07
´0.5 16.46`3.96

´1.9 77.8 8.71 Good
4374 10.47`7.74

´3.24 72.89`185.51
´56.83 139.0 12.47 Pecul.

4459 0.2`0.23
´0.09 2.58`2.76

´1.09 48.3 3.75 Pecul.
4473 0.19`0.29

´0.12 1.24`0.47
´0.22 30.2 2.23 Good

4486 2.41`0.96
´0.49 47.78`6.66

´3.05 86.6 7.01 Subpop.
4494 0.18`0.17

´0.07 1.15`0.51
´0.23 52.5 4.23 Good

4526 0.13`0.19
´0.08 2.68`0.89

´0.39 32.4 2.58 Pecul.
4564 0.07`0.2

´0.07 0.26`0.27
´0.09 14.8 1.14 Good w rot

5846 0.52`0.9
´0.3 25.4`7.85

´3.66 89.8 10.54 Subpop.
7457 0.02`0.08

´0.02 0.23`0.31
´0.11 34.1 2.13 Pecul.
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Figure 5.9: Total mass density of NGC 3115 from the fiducial model. The red solid line with the associated
shaded region shows the median, 16th and 84th percentile of the total mass density profile. The red vertical
dashed line shows the median scale radius of the total mass density profile. The black solid line and grey
shaded regions show the resulting single power-law fit in the region 0.1 ă r{Re ă 4 and 1σ uncertainties as
explained in Sect. 5.5.4. Orange vertical lines show the locations of multiples of the stellar effective radius
and blue lines indicate the positions of the tracers for reference.
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5.6. Comparison with literature

Table 5.6: The single power-law slope of total mass density profile in different radial ranges, where
xr “ r{Re. Kinematic flags are also listed in the last column.

γtot
NGC xr ă 1 xr ă 4 0.1 ă xr ă 1 0.1 ă xr ă 4 Rmin ă r ă Rmax Flag
720 ´2.56`0.94

´1.0 ´2.59`0.78
´0.92 ´2.69`0.67

´0.69 ´2.76`0.56
´0.53 ´2.89`0.36

´0.28 Good
821 ´2.57`0.81

´0.98 ´2.62`0.71
´0.89 ´2.73`0.61

´0.66 ´2.8`0.54
´0.51 ´2.89`0.46

´0.32 Good w. rot.
1023 ´1.64`0.56

´0.32 ´1.67`0.44
´0.3 ´1.69`0.39

´0.29 ´1.74`0.29
´0.27 ´1.91`0.28

´0.28 Good w. rot.
1407 ´1.06`0.1

´0.08 ´1.06`0.09
´0.08 ´1.06`0.09

´0.08 ´1.07`0.09
´0.08 ´1.07`0.09

´0.08 Subpop.
2768 ´1.87`0.72

´0.51 ´1.96`0.56
´0.45 ´2.14`0.38

´0.4 ´2.28`0.28
´0.35 ´2.47`0.27

´0.28 Good
3115 ´2.21`0.78

´0.51 ´2.25`0.62
´0.48 ´2.3`0.54

´0.46 ´2.36`0.4
´0.43 ´2.61`0.32

´0.31 Good w. rot.
3377 ´2.11`0.37

´0.24 ´2.12`0.3
´0.23 ´2.13`0.26

´0.23 ´2.17`0.21
´0.23 ´2.28`0.19

´0.23 Good
3608 ´1.84`0.89

´1.15 ´1.89`0.84
´1.1 ´2.0`0.9

´0.99 ´2.11`0.92
´0.89 ´2.21`0.91

´0.79 Good
4278 ´1.87`0.72

´0.25 ´1.88`0.59
´0.25 ´1.89`0.55

´0.24 ´1.93`0.38
´0.21 ´2.12`0.19

´0.18 Good
4365 ´1.87`0.2

´0.14 ´1.88`0.19
´0.14 ´1.88`0.18

´0.14 ´1.9`0.14
´0.13 ´1.92`0.13

´0.13 Good
4374 ´1.32`0.45

´0.43 ´1.35`0.43
´0.43 ´1.43`0.45

´0.41 ´1.51`0.43
´0.42 ´1.57`0.45

´0.48 Pecul.
4459 ´1.3`0.42

´0.37 ´1.32`0.4
´0.36 ´1.34`0.41

´0.34 ´1.38`0.37
´0.34 ´1.44`0.36

´0.35 Pecul.
4473 ´1.78`0.8

´0.39 ´1.83`0.65
´0.36 ´1.86`0.59

´0.34 ´1.96`0.41
´0.28 ´2.17`0.23

´0.28 Good
4486 ´1.21`0.16

´0.1 ´1.21`0.15
´0.1 ´1.21`0.15

´0.1 ´1.22`0.13
´0.1 ´1.26`0.08

´0.08 Subpop.
4494 ´1.76`0.62

´0.31 ´1.77`0.48
´0.31 ´1.8`0.35

´0.29 ´1.87`0.29
´0.28 ´2.02`0.27

´0.3 Good
4526 ´1.28`0.39

´0.28 ´1.29`0.38
´0.28 ´1.29`0.37

´0.28 ´1.3`0.33
´0.27 ´1.38`0.25

´0.25 Pecul.
4564 ´2.66`0.9

´1.06 ´2.68`0.8
´0.95 ´2.74`0.77

´0.87 ´2.8`0.71
´0.7 ´2.92`0.59

´0.41 Good w. rot.
5846 ´0.65`0.29

´0.41 ´0.66`0.28
´0.41 ´0.68`0.28

´0.4 ´0.72`0.3
´0.37 ´0.76`0.32

´0.38 Subpop.
7457 ´1.42`0.7

´0.87 ´1.46`0.66
´0.88 ´1.5`0.69

´0.93 ´1.6`0.71
´0.89 ´1.68`0.73

´0.93 Pecul.

sensitive we are to the transition from the inner slope α to the outer, fixed to ´3. While the
profiles agree within the 1σ uncertainty, it is clear that using the single power-law profile will
result in a higher density and larger enclosed mass in the outer regions of the galaxy.

5.6 COMPARISON WITH LITERATURE

In this section, we compare the results from this work with the literature measurements obtained
with different dynamical modelling methods and kinematic tracers. We focus on the comparison of
the enclosed mass and the slope of the total mass profile. We discuss the results for all 19 galaxies
we modelled but focus on the sample of 12 galaxies with robust measurements as determined in
Sect. 5.5.3.

We compare our results with three different studies that have systematically investigated the
total mass profile of a large subset of SLUGGS galaxies: A16, P17 and B18. Their overlapping
science goals but different kinematic tracers or methodologies make them uniquely suitable for
comparison with our work. A16 determined the enclosed mass with GCs from the SLUGGS survey.
They used TME which assumes spherically symmetric tracer and mass distribution. The inner
slope γtot was studied by P17 and B18 with stellar kinematics and axisymmetric JAM. The former
used stellar kinematics from Atlas3D survey Cappellari et al. (2011) which extends out to 1 Re

and the latter combined the central Atlas3D kinematics with extended stellar kinematics from the
SLUGGS survey out to 4 Re. The summary of the literature studies is presented in Table 5.7.

5.6.1 ENCLOSED MASS

We compute the enclosed mass at different radii from model B as discussed in Sect. 5.5 and
compare it to literature results from A16. The study modelled 18 of the galaxies presented in this
work and used GCs with TME. It assumes that both mass density and the tracer density profile are
spherically symmetric with a power-law distribution. The slopes are not free parameters in their
modelling. Instead, for the GC tracer density slope the authors use literature studies to build an
observed correlation between the stellar mass of the host galaxy and the power-law slope of the
GCS. To get the slope of the total mass density the study uses simulated ETGs and observations to
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Table 5.7: The properties of the different dynamical studies from the literature in comparison with this
work.

Potential
tracers

Rmax

[Re]
Modelling
tool

Symmetry Tracer
density

Mass den-
sity

rs κ, β

This work individual
GCs

4 ´ 8 CJAM axisymmetry Sérsic Eq. 5.1 free free

A16 ensemble
GCs

4 ´ 8 TME spherical power
law

power
law

– 0

P17 unresolved
stars

„ 1 JAM axisymmetry SB MGE: Eq. 5.1 fixed
(20 kpc)

free

B18 unresolved
stars

„ 4 JAM axisymmetry SB MGE: Eq. 5.1 fixed
(20 kpc)

free

: SB MGE - stellar surface brightness multi Gaussian expansion

determine the correlation between the logarithmic slope and stellar mass of the galaxy. In their
modelling, they find that the steeper the slope of either profile the larger the recovered mass, and
their treatment of the tracer density profile could result in biased measurements.

Figure 5.10 shows the enclosed mass within 5 Re as computed from the fiducial set-up
described in Sect. 5.5, on the x-axis, and the values from A16 on the y-axis. We use the A16
masses corrected for flattening, rotation and presence of kinematic substructures. The dashed
line shows the 1-1 line as a guide. Solid black points show galaxies with robust measurements
and we highlight the galaxies with strong rotation signatures as triangles. These galaxies show no
systematic difference in the enclosed mass compared with the galaxies that do not show a strong
rotation signature. The biggest outlier is NGC 4564 with mass measurement more than 1σ lower
than the literature value. NGC 4365 shows more than 1σ higher value of the total mass.

The red diamonds and blue square open symbols indicate the galaxies with strong
subpopulations or other complications in the dynamical modelling. These galaxies deviate
most from the 1-1 relation. Blue points highlight three galaxies: NGC 4374, NGC 4526, and
NGC 7457. A16 found that NGC 4526 and NGC 7457 have a very large number of GCs in
kinematic substructures, 25 out of 107 measured GCs and 6 out of 21, respectively. We did not
remove such kinematic substructures and in the dynamical modelling framework used in this
work, the substructures bias the measurements. NGC 4374 is one of the most massive galaxies in
the sample, but it has only 41 observed GCs. A16 do not find strong corrections due to rotation,
flattening or kinematic substructures for this galaxy. They compare their measurement with the
literature and find a range of enclosed mass values, suggesting that this galaxy requires great
care when inferring its total mass. For our measurement, we conclude that the low number
of kinematic tracers is the main driver of the difference with the literature values, but a full
investigation is beyond the scope of this work. NGC 4526 shows peculiar kinematics but has twice
the number of GCs than the other two galaxies. With 107 GCs Jeans modelling can reasonably
constrain the enclosed mass, but the inner slope is a factor of 2 shallower than the literature
studies. Owing to their complex kinematic properties and observational caveats the measurements
of these three galaxies are not robust.

5.6.2 THE POWER-LAW SLOPE OF THE TOTAL MASS PROFILE

To compare the single power-law profiles with the literature we chose B18 (their model I) and P17
(their model 1). Both studies used integrated stellar kinematics in different radial ranges. P17
used central kinematics out to 0.9 Re and B18 extended the measurements to 4 Re. They both
used JAM modelling with cylindrically aligned velocity ellipsoid and the same total mass-density
profile to which they fit a single power-law slope. The spatial extent of their data does not allow
to constrain rs so they fix it to 20 kpc. B18 explored how their constraints on the γtot change
when rs is left to vary freely. They claim that in this case, the measurements agree within the
1σ uncertainties. Their similar methodology makes these studies ideal for comparison. We find
that our results agree within 1σ for the robust sample of galaxies, however, our measurements
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Figure 5.10: Comparison between the enclosed mass within 5 Re measured using GC kinematics presented
in this work and A16. The measurements on the x-axis were obtained with axisymmetric Jeans models
assuming general NFW total mass density; on the y-axis we report the values from the literature study, which
used spherical TME with power-law total mass density distribution. The colours and shapes of the points
correspond to the ones used in other figures. The dashed line is a 1-1 line for comparison and not a fit to
the data. We find consistent enclosed mass for galaxies with robust measurement, with the exception of
NGC 4564 and NGC 4365, highlighted in the figure, which show more than 1σ lower and higher values than
those reported in the literature, respectively.

have a larger spread. We postulate that this could be a consequence of a more flexible modelling
approach and fewer data points used to constrain the model.

The comparison of individual galaxies between this work on the x-axis and literature on
the y-axis is shown in Fig. 5.11. The top panel shows the comparison with P17 for the
logarithmic slope within 1 Re and on the bottom panel the comparison with B18 within 4 Re. The
symbols correspond to the ones in Fig. 5.6. The black points highlight the galaxies with robust
measurements and within 1σ uncertainties they agree with the literature value. NGC 1023 is
more than 1σ from the dashed 1-1 line and is highlighted in the figure.

The values of the slope are systematically lower than the literature values for galaxies shown as
blue open squares and red open diamonds similarly as found for the enclosed mass measurement
(discussed in Fig. 5.6). We highlight galaxy NGC 4526, which shows enclosed mass measurements
consistent with the literature in Fig. 5.10 but the inner slope is more than 1σ shallower than both
literature studies. This justifies the exclusion of this galaxy from our robust sample and further
supports our initial assignment of kinematic flags.

5.6.3 MEAN VALUE OF THE INNER SLOPE AND THE INTRINSIC SCATTER

After determining the samples with robust measurements we investigate the mean value of the
inner slope. We consider both the logarithmic power-law values γtot in different radial ranges
and the intrinsic inner slope α. The mean values with respective uncertainties are presented in
Table 5.8 together with a summary of literature results. The first two rows summarise our results
and are followed by literature values determined using different methodologies and tracers. The
first row summarises the results only for galaxies without strong rotation signatures and the
second row includes the galaxies with strong rotation signatures of the GCS. The third column
shows the mean values and 1σ error for the intrinsic inner total mass density slope α. The fourth
column is the mean value of the single power-law fit within 1 Re, for comparison with P17, who
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Figure 5.11: Comparison of the logarithmic slope of the total mass-density profile presented in this work on
the x-axis and literature studies on the y-axis. The top panel shows the comparison with model 1 from P17,
the bottom one with model I from B18; the dashed grey line is a 1 to 1 line. The colours and symbols match
those of Fig. 5.6 with solid symbols showing robust measurements and open symbols galaxies excluded from
the final analysis. The error bars correspond to the 16th and 84th percentile as presented in Table 5.6. In
both analyses JAM with integrated stellar kinematics was used; moreover, this work uses GC kinematics
while literature studies used stellar kinematics. Within the uncertainties, the measurements of the robust
sample agree with the literature.

determined an inner slope of xγtoty1 “ ´2.193 ˘ 0.016. The last column shows the mean value
for the power-law slope within 0.1-4 Re, comparable with γtot “ ´2.24 ˘ 0.05 found by B18.

76



5

5.6.3. Mean value of the inner slope and the intrinsic scatter
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5. GALAXY HALO MASSES AND SLOPES CONSTRAINED BY GCS DYNAMICS
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Figure 5.12: Correlation between the measurement uncertainty of the inner slope (from model B) and the
number of GCs per galaxy on the left panel, and the median error of the RV on the right panel. The grey
dashed line indicates the intrinsic scatter of the inner slope of 0.16 as determined by P17 and Auger et al.
(2010). In order to constrain the intrinsic slope on the same level the black solid line indicates the maximal
measurement uncertainty needed when using „10 galaxies.

Including only the measured slopes of galaxies flagged as Good results in a slightly shallower
slope than when galaxies with strong rotational signatures are included. When investigating the
effect of rotation and velocity anisotropy we did not find evidence linking rotation to a steeper
profile and we conclude that our kinematic classification is not linked to the measured values.
Our measurements are in broad agreement with these literature studies. Auger et al. (2010) finds
slightly shallower slopes, which could be a result of the systematically more massive galaxies that
were probed in this study with gravitational lensing. P17 and Yıldırım et al. (2017) use central
stellar kinematics, B18 and Cappellari et al. (2015) used extended stellar kinematics and Serra
et al. (2016) combined the central stellar kinematics with extended gas measurements; they all
agree within 1σ uncertainties.

The literature studies disagree on the value of the σγtot
, with Cappellari et al. (2015) and

Serra et al. (2016) preferring even smaller intrinsic scatter than Auger et al. (2010) and Serra
et al. (2016). This low intrinsic spread has been linked with the universality of the inner total
mass slope over several magnitudes in stellar mass. With the novel measurements presented
in this work, we attempted to constrain the intrinsic spread of the inner slope σα (e.g. Kirby
et al., 2011, eq. 8). We find that the measurement uncertainties δα are such that the intrinsic
spread cannot be recovered. This is mainly driven by the low average number of GCs per galaxy,
which is strongly correlated with the resulting measurement uncertainty as seen on the left panel
of Fig. 5.12. The figure shows how the δα for each galaxy is correlated with the number of
kinematic tracers on the left panel and the median RV error for GCs on the right panel. The
measurement uncertainty is strongly correlated with the number of kinematic tracers while up to
a median RV error of 14 km s´1 δα is not correlated with the velocity errors. The dashed grey
line indicates the literature value of the σγtot

„ 0.16 consistently found by Auger et al. (2010)
and (P17). We investigated what is the limiting precision of α needed to constrain the intrinsic
scatter at the same level with 10 galaxies by artificially scaling δα. The estimate of that limiting
precision is shown with the solid black line highlighting that at least 100 kinematic tracers per
galaxy are needed for sufficient precision. For galaxies with fewer observed GCs the modelling
has to be supplemented by stellar kinematics or other halo tracers such as planetary nebulae to
provide sufficient constraints on the α to recover the intrinsic scatter. Increasing the number of
galaxies will have an impact on the recoverability of the σα but more detailed quantification of
the observing guidelines is beyond the scope of this work.
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5.6.4. The relation between the inner slope and stellar mass
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Figure 5.13: Relation between the stellar mass and inner slope on the left panel and distribution of the
slopes as determined by this work and literature samples in the right panel. Measurements from this work
show the intrinsic inner slope - α of a generalised NFW and literature shows the single power-law slope -
γtot. The black-filled circles and triangles show the galaxies with robust measurements representing the
inner mass slope α as measured in this study from the GC kinematics, extending out to „8 Re. Symbols
correspond to those of Fig. 5.6. Large literature samples focused on the single power-law slope only; results
from Poci et al. (2017) and Auger et al. (2010) are shown as blue and orange points, respectively. The
gravitational lensing from the former study constrained the slope within 0.5 Re and the latter used stellar
kinematics within „ 0.9 Re. The arbitrary scaled distribution of the measurements on the right panel shows
the distribution of the slopes with colours corresponding to that of the left panel.

5.6.4 THE RELATION BETWEEN THE INNER SLOPE AND STELLAR MASS

Several relations have been reported in the literature linking γtot to different properties of the
galaxy. Due to the limited number of galaxies with robust measurements, we focus only on the
relation between the stellar mass and inner slope and present our measurements of the intrinsic
inner slope α in Fig. 5.13. The literature values in light blue from P17 were computed with the
central stellar kinematics with median radius probed 0.9 Re. Similarly, the orange points show
measurements with gravitational lensing (Auger et al., 2010) with median radius probed 0.5 Re.

We do not observe a statistically significant trend of α with the stellar mass. A similar behaviour
has been reported by B18 and has also been found in the Magneticum simulations3 (Remus et al.,
2017). Tortora et al. (2014) used spherical isotropic Jeans equations to carry out dynamical
modelling of SPIDER galaxies over large mass range and found that γtot becomes progressively
shallower with increasing stellar mass, a trend not observed by our study nor by Cappellari et al.
(2015).

The large spatial extent to which the discrete dynamical modelling of GCS is sensitive means
that we have tracers beyond the scale radius of the total mass profile. Therefore, the SLUGGS
GCs are sensitive to the intrinsic inner total mass slope α and we can compare α to the values
from the power-law studies of the inner mass slope, but its interpretation is not straightforward.

5.7 DISCUSSION

Comparing with the literature results from A16, P17 and B18 we investigated various properties
of the galaxies for potential trends with the environment (field, group, cluster), baryonic content
(stellar mass), pvrot{σqGCS as reported by A16, flattening of the GCSs and a number of dynamical
tracers on ∆γtot. We did not identify any parameters correlated with systematic offset for any of
the 3 literature datasets.

3www.magneticum.org
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5.7.1 THE LINK BETWEEN INNER SLOPE AND GALAXY FORMATION

The apparent universality of γtot „ ´2 has been linked to the formation history of the ETGs.
Remus et al. (2013) found in merger simulations that dry major mergers redistribute baryonic
and dark matter such that the resulting total mass distribution follows a singular isothermal
sphere. This configuration is very stable and only the accretion of large amounts of gas can
modify the inner slope. Major mergers were more frequent in the earliest phases of galaxy cluster
assembly and Derkenne et al. (2021, 2023) recently studied redshift evolution of γtot finding
shallower profiles in cluster galaxies compared to those in intermediate density environments at
z „ 0.3. With the trend persisting to z “ 0 and galaxies in intermediate density environments, that
experience fewer major mergers, show negligible evolution of γtot in the past 3-4 Gyrs. Recently,
Zhu et al. (2023) showed a strong dependence of the inner slope on the σe and morphological
type.

Different galaxy simulations disagree on the values for the inner slope. B18 found that EAGLE4

simulations (Schaye et al., 2015) produce galaxies with profiles shallower by „ 0.3 ´ 0.5 than
Magneticum simulations (Remus et al., 2017). Galaxies in the latter simulation additionally show
anticorrelation between the stellar mass and the inner slope γtot that is not observed in real
galaxies. Moreover, Remus et al. (2017) studied the correlations between the galaxy properties
and γtot for three different simulations that vary in whether they incorporate active galactic
nuclei (AGN) and star-formation feedback. They find that the AGN feedback in their simulations
acts to erase the correlation between the slope and stellar mass of the simulated ETGs. When
comparing the results for galaxies from the Magneticum simulation with those from the Oser
simulations (Oser et al., 2012) that do not include AGN feedback, they find large discrepancies
and systematically steeper values of γtot for Oser simulated ETGs. The study also finds evidence
that the slope in simulated galaxies is steeper at higher redshift and a strong anti-correlation
between the central stellar surface brightness and γtot.

Literature investigations have repeatedly found a narrow intrinsic spread in γtot (with σint.
γ „

0.16) for ETGs (P17, Auger et al., 2010). Two studies with extended potential tracers found an
intrinsic spread of 0.11 for ETGs using stellar kinematics out to 4 Re (Cappellari et al., 2015) and
coupling central stellar kinematics with HI circular velocity out to 6 Re (Serra et al., 2016). Studies
have found that bulge-halo conspiracy requires a non-universal stellar initial-mass function and
feedback mechanisms to counteract dark matter contraction resulting from dark matter cooling
(e.g. Dutton and Treu, 2014). However, observations have primarily relied on gravitational lensing
or IFU-based dynamical modelling. Both provide information well within 1 Re, where dark matter
fraction is on average ă 15%. While Auger et al. (2010) used a single power-law slope for the
total mass density, P17 had a more realistic double power-law profile with a fixed transition radius.
B18 used extended stellar kinematics out to 4 Re. However, the spatial extent of the tracers was
not sufficient to freely vary the scale radius of the total mass profile.

Recently, Derkenne et al. (2023) showed that fixing the scale radius has a systematic impact
on the recovered slope α. We have also shown that the radial region where the inner slope γtot
is fit will impact the recovered value of the parameter as seen in Table 5.8, a trend commented
also by B18. With discrete dynamical modelling of the GCs we have shown in this work that it is
possible to recover the intrinsic inner slope of the total mass profile, relaxing the assumption on
the scale radius. This opens an avenue for dynamical studies of a larger number of galaxies to
probe the intrinsic slope α and better understand the interplay between the baryonic and dark
matter physics in the process of galaxy formation.

In this work, we agree with the literature studies and find the mean inner slope γtot is steeper
than isothermal, but the exact value of the profile is strongly dependent on the radial range where
the profile is fit. Additionally, because of our flexible modelling approach and the large spatial
extent of our tracers, our results are sensitive to the intrinsic inner slope of the double power-law
profile α. As can be seen on Fig. 5.9 the projected positions of the GCs in NGC 3377 can also
be found around the best-fit scale radius of the total mass profile, meaning that there is enough
power in the data to constrain the intrinsic inner slope.

4Evolution and Assembly of GaLaxies and their Environments.

80



5

5.7.2. Limitations of our modeling approach

5.7.2 LIMITATIONS OF OUR MODELING APPROACH

Discrete dynamical modelling is very flexible, yet great care is needed to understand the intrinsic
and observational properties of the GCs. Kinematically cold substructures or biased sampling of
the underlying velocity field can result in the biased inference of the modelled parameters, an
effect that is strongly dependent on the number of the kinematic tracers.

5.7.2.1 EFFECT OF SUBPOPULATIONS

A subset of galaxies shows the presence of strong subpopulations that are not relaxed or trace
the group/cluster potential instead of the galaxy potential. These galaxies were identified by the
rising or constant velocity dispersion out to 7 Re from the centre without a strong presence of
rotation. NGC 1407, NGC 4486 (M87) and NGC 5846 are all the central galaxies of their group
and NGC 4486 is the second brightest galaxy of the Virgo cluster. Their GCS have been extensively
studied in the literature.

Zhu et al. (2016) and Napolitano et al. (2014) showed how the velocity dispersion of red GCs
in NGC 5846 rises in the outskirts of the galaxy. Both red and blue GCs also show distinct orbital
anisotropy with blue showing mild radial anisotropy and red tangential anisotropy in the outskirts.
Similarly, Pota et al. (2015) found a kinematically distinct red and blue population of GCs in
NGC 1407, with the velocity dispersion of blue GCs increasing towards the outskirts. Strader
et al. (2011) carried out a comprehensive kinematic and dynamical study of M87 (NGC 4486),
revealing complexity and strong presence of substructures in the GCS of the galaxy pointing to
active assembly.

NGC 1407

To investigate whether the presence of subpopulations is causing the systematic offsets we
modeled separately the blue and red populations of GCS in NGC 1407 as a test case. Romanowsky
et al. (2009) carried out a kinematic analysis of the red and blue populations using the colour
information pg1 ´ i1q “ 0.98 to separate the populations. They found that the dispersion profile
decreases up to R „ 20 kpc and then starts to increase. They report low vrot{σ in the outer parts
and find signs of misaligned rotation signature between the red and blue population with hints of
tangentially biased orbits in the outer regions. The blue population shows the presence of a cold
moving group around R „ 40 kpc.

We used the photometry and kinematics from the SLUGGS survey, which has 356 kinematic
members NGC 1407 and a median uncertainty on the velocity measurements of 15 km s´1. To
separate the blue and the red subpopulations we used the literature value of pg ´ iq0 “ 0.98
(Romanowsky et al., 2009), resulting in 49% of blue and 51% of red GCs. The colour distribution
is shown in the left panel of Fig. 5.14 with clear bimodality highlighted by the two Gaussian
components. Then we carry out the same completeness and tracer density analysis as described
in Sect. 5.3 and re-run the dynamical modelling.

After subtracting the systemic velocity of the galaxy (vsys “ 1779 km s´1, see Table 5.1)
We binned the GCs in radius and used Bayesian approach to evaluate the mean velocity and
dispersion in each bin. We compare the individual velocities of GCs with the radial trend of vrms

to investigate the behaviours of the two subpopulations shown in the right panel of Fig. 5.14. The
blue points and lines correspond to the results for the blue GCs and show an increasing vrms with
radius. In comparison, the red GCs show a flat vrms within 1 Reand a mildly declining profile
at larger distances. This different behaviour suggests that the red GCs are tracing the potential
of their host galaxy. In comparison, the rising vrms of blue GCs in the outskirts could be due to
the blue GCs tracing the potential of the galaxy group, as also commented by Chaturvedi et al.
(2022). This trend further motivates separate treatment of both subpopulations in the dynamical
modelling of this galaxy.

We show the resulting best-fit parameters of the total mass profile from dynamical modelling
of the red and blue populations in Fig 5.15. The black points show the results when both GC
populations are modelled as one, the blue and red points show the results from modelling the
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5.8. Summary and future work

corresponding GC population. The effect of the two populations is seen on the middle and right
panel for the rs and α respectively. The red population results in smaller rs and a steeper profile
compared with the blue population.

A similar trend is seen in Fig. 5.16. Where by modeling only the red populations the resulting
enclosed mass is consistent with literature studies and the results using blue GCs have enclosed
mass at the order of galaxy clusters. This supports our hypothesis that the subpopulations are
driving the discrepancies in pour measurements of galaxies flagged as Subpop.

PECULIAR GCS

A subset of galaxies, NGC 4374, NGC 4459, NGC 4526, and NGC 7457 showed peculiar trends
in their velocity field. All but NGC 4526 have fewer than 40 GCs sparsely populating their halo.
NGC 4526 has a peculiar velocity field in the GCS with the central region showing strong rotation
and the outer region showing a velocity offset. This particular galaxy has twice the number of
GCs compared with the other galaxies flagged as Subpop. and the recovered enclosed mass is
consistent with the literature studies by A16, as highlighted in Fig. 5.10. However, the inner slope
is more sensitive to the peculiar features in the observed GC velocity field, resulting in a biased
measurement of the inner slope α shown on Fig. 5.11.

To understand the discrepancy with the literature studies we explored trends with the galaxy
stellar mass, environment, and rotation parameter as reported by A16, the Sérsic index and the
number of tracers. We found the latter has the strongest impact together with a non-uniform
spatial distribution of the tracers. These observational effects result in the shallower profile and
overestimated mass when using discrete dynamical modelling. As for the galaxies discussed in
Sect. 5.7.2.1, we consider our measurements for galaxies flagged as Subpop. not robust.

5.8 SUMMARY AND FUTURE WORK

We carried out the discrete dynamical modelling of a large number of GCSs from the SLUGGS
survey. Detailed analysis of the tracer density profile and the investigation of the GC velocity field
limited the number of galaxies we modelled from 27 to 21 and we present robust measurements
for 12 galaxies. These galaxies have a sufficiently large number of kinematic tracers without a
strong observational footprint or presence of subpopulations. We used Bayesian inference and
MCMC sampler to efficiently sample the posterior and find the best-fit parameters. We find that
informative priors on log ρs and log rs can help break the degeneracy in these parameters.

We explore 3 different model set-ups (A, B, C) to investigate how the modelling assumptions
impact the best-fit parameters. Models A and B assume non-rotating and isotropic GCs and model
C explores the impact of velocity anisotropy and rotation on the recovered parameters of the
total mass profile. We find that βz and κ have a negligible impact on the enclosed mass and
inner slope. We identify model B as the fiducial model and find that the logarithmic inner slope
of the 12 galaxies with robust measurements is xγtoty “ ´2.22 ˘ 0.14 in the range 0.1-4 Re.
These values agree within the uncertainties but our values are systematically shallower than the
literature measurements. This could be a result of our more flexible modelling approach. The
large spatial extent of the kinematic tracers in tandem with the discrete modelling approach
enables us to constrain the transition radius of the total mass slope and measure an intrinsic inner
slope α “ 1.9 ˘ 0.01 that is shallower than γtot.

We find a large rms scatter in the inner slope which is in part driven by the large measurement
uncertainties. We demonstrate that in order to constrain the intrinsic scatter at the level of 0.16
at least 100 kinematic tracers are needed per galaxy.

In Sect. 5.7.2.1 we have shown that the modelling results of dispersion-dominated systems with
CJAM are minimally affected by rotation and anisotropy when the number of tracers is sufficiently
large, but providing quantitative guidelines is beyond the scope of this work. Modelling merger
remnants and GCS with a strong presence of distinct subpopulations leads to biased results.
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5. GALAXY HALO MASSES AND SLOPES CONSTRAINED BY GCS DYNAMICS

Namely, the enclosed mass is overestimated by several orders of magnitude and the density profile
is biased towards shallower inner slope α.

Both simulations and observations provide strong evidence that the total mass slope cannot be
extrapolated with a single power-law profile at a large spatial extent and new observations will
enable both larger photometric and kinematic samples of discrete tracers in the nearby universe.
We can use them to characterize the mass distribution on large scales and constrain structure
formation models. This work highlights the benefits and caveats of using sparse dynamical tracers
in the haloes of the galaxies. Combining integrated stellar kinematics in the inner regions with
more extended halo tracers can provide stronger constraints on the central mass distribution. Our
work can be expanded by including higher Gauss-Hermite moments or assuming an intrinsic 3D
Gaussian velocity distribution instead of the 1D projected.

With the upcoming wide-field photometric surveys, larger samples of extragalactic GCs will be
observed and this will open an avenue for more studies of these low surface-brightness diffuse
haloes that contain rich information on the total mass content of galaxies. With the full mass
profiles, dark matter content can also be investigated over large galactocentric radii. We would
also like to further explore methods to improve the precision of the modelling results and better
account for the kinematic substructures.
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Chapter 6

DARK MATTER HALO SHAPE IN NGC 5128 WITH GCS

“We should not fear questioning our beliefs, for only through questioning can we truly understand and advance our
understanding of the world.”

- Steven Weinberg
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6.1. Introduction

6.1 INTRODUCTION

As discussed in Sect. 1.3 understanding the intrinsic shape of galaxies is essential to prevent
biased conclusions when interpreting results derived from dynamical modelling. In this work, we
use the dynamical modelling approach outlined in chapter 2 to constrain the shape of the dark
matter halo hosting the NGC 5128 galaxy.

NGC 5128 is the closest ETG to us classified as giant Elliptical or S0 (Harris, 2010) and has
clear evidence of a recent accretion history or possibly a major merger (Wang et al., 2020, and
references therein). It has a stellar mass of 1.6 ˆ 1011Md (Hui et al., 1995) and is estimated to
host up to 2000 GCs (e.g Harris et al., 2006). It hosts the radio source Centaurus A and, for
simplicity, we will refer to the galaxy as CenA. Its proximity has enabled detailed studies of the
resolved red giant branch (RGB) stars out to more than 25 Re (140 kpc) (Rejkuba et al., 2022),
providing constraints on the density distribution of the stellar halo. Spectroscopic observations of
a large population of PNe (Peng et al., 2004a; Walsh et al., 2015) and GCs (Hughes et al., 2022;
Peng et al., 2004b; Woodley et al., 2010b) over a vast halo area provide a necessary sample of
kinematic tracers for dynamical modelling that we are exploiting in this work. Several literature
studies took advantage of these kinematic samples to measure the spherical mass distribution
of this galaxy (Dumont et al., 2023; Hughes et al., 2021b; Peng et al., 2004a; Woodley et al.,
2007, 2010b). Observational evidence from PNe kinematics (Hui et al., 1995; Peng et al., 2004a;
Pulsoni et al., 2018) however supports strong triaxiality of the CenA stellar component and the
gravitational potential. In this work, we aim to test the validity of the assumption of spherical
symmetry of the CenA DM halo by means of axisymmetric dynamical modelling.

We utilise the large photometric and kinematics datasets of GCs recently compiled to determine
the shape of DM halo of NGC 5128. Throughout the chapter, we adopt the following properties:
distance D “ 3.8 Mpc (Harris et al., 2010)1, stellar effective radius of Re“ 5 arcmin and position
angle PA = 35o (Dufour et al., 1979), and systemic velocity vsys “ 541 km s´1 (Hui et al., 1995).
In Sect. 6.2 we introduce the photometric and kinematic datasets used in this work. In Sect. 6.3 we
present a careful analysis of both datasets. The aim of the analysis is to determine the population
of GCs that is consistent with being dynamically relaxed in the gravitational potential of CenA. We
describe the dynamical modelling tool used in this work in Sect. 6.4 and the statistical approach
to find the best-fit parameters in Sect. 6.5. We present the results of the modelling in Sect. 6.6
and discuss the findings in Sect. 6.7.

6.2 DATA

6.2.1 PHOTOMETRIC DATASET

In this work, we use the photometric catalogue from Taylor et al. (2017) (hereafter T17) with
multi-band u’g’r’i’z’ photometry based on the observational programme aiming to characterise the
baryon structures around CenA with the Dark Energy Camera (DECam, Taylor et al., 2016). T17
used 500,000 detected sources within „140 kpc of CenA and covering „21 deg2. To remove fore-
and background contamination, the authors used measurements of full width at half maximum
(FWHM) together with the location of kinematically-confirmed GCs from Woodley et al. (2010a)
in the pu1 ´ r1q0 - pr1 ´ z1q0 plane. The GCs are well separated from Milky Way stars at the red
end of the colour-colour plane, however, the confusion increases for blue GCs (see their Fig.2).
The final dataset of „ 3200 candidate GCs is therefore still affected by contamination, which we
discuss in more detail in Sect 6.3.

We excluded GCs that did not have photometry in all of the photometric bands and selected
those within 5 ă R ă 130 arcmin, to remove the impact of the inner polar dust ring and
observational footprint. Additionally, we corrected the online catalogue for extinction. We use the

1At the distance of CenA, 1 arcmin corresponds to 1.1 kpc.
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Figure 6.1: The spatial (left panel) and magnitude (right panels) distribution of the photometric and
kinematic datasets. The photometric GC candidates from T17 are shown in grey and the kinematic dataset
from H21 in blue. The blue circles and lines on the left panel delimit the inner and outer quadrants.
The Roman numerals indicate the number of the respective quadrant, the Arabic numbers indicate the
number of GCs with kinematic measurements in the corresponding quadrant. The right panels show the
comparison between the observed and theoretical GCLF. The top panel shows the GCLF and the middle
panel the cumulative GCLF, which allows for more precise determination of the magnitude subsamples. Both
theoretical GCLFs are scaled, to match the total observed number of GCs in regions A-C. The bottom panel is
based on the cumulative GCLF from the middle panel and it shows the difference between the theoretical
and observed distributions. The coloured vertical lines delineate different magnitude subsamples labelled
with A-E in corresponding colours.

online tool IRSA2 to obtain the reddening correction EpB ´ V qSFD
3 at the location of each GC.

We combine these with Ab{EpB ´ V qSFD values from Schlafly and Finkbeiner (2011, see Table 6)
for RV “ 3.1 in relevant SDSS bandpasses (b) to compute the colour excess Ab. The reddening
corrected magnitude is then b0 “ b ´ ASFD

b .

6.2.2 KINEMATIC CATALOGUE

In this work, we use a heterogeneous compilation of literature kinematic measurements of GCs as
presented in H21 (see their Sect. 3 and Table 4). Together with the positions and velocities the
authors also report their g and r-band photometry. Out of the whole sample of 557 GCs only 482
have both photometric and kinematic information and we use this subset of GCs in the following
analysis and dynamical modelling. This is the largest sample of kinematic measurements for CenA
GCs in the literature and the authors carefully matched the different datasets. The 482 GCs span
a magnitude range ´11 ă r0 ă ´6 mag and have a median radial extent of 8 arcmin (9 kpc,
1.6 Re) with 95% of the GCs within 25 arcmin (27 kpc, 5 Re). The median velocity uncertainty is
33 km s´1.

2https://irsa.ipac.caltech.edu/applications/DUST/
3SFD stands for the dust corrections from Schlegel et al. (1998).
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6.3. Selection of the relaxed tracer component

The spatial distributions of both the kinematic and photometric catalogues used in this work
are shown on the left panel of Fig. 6.1. The dashed and solid blue circles mark the radius of
30 arcmin and 130 arcmin respectively and they delimit the quadrants used in Sect. 6.3.1 to
determine the magnitude-selected subsample of GC candidates from T17 that are consistent
with a relaxed axisymmetric distribution. The photometric dataset extends much further than
the kinematic one. The photometric dataset at R ą 130 arcmin clearly shows the observational
footprint. The kinematic sample is concentrated in the inner 30 arcmin („6 Re), with a few GCs
located in the outer halo. It also shows an elongation in the NE - SW direction, with a larger
number of GCs in the II. and IV. quadrants compared with I. and III. in the inner halo. The same
trend is also seen in the outer halo, but the number of GCs there is significantly lower.

6.3 SELECTION OF THE RELAXED TRACER COMPONENT

The dynamical models used in this work (see Sect. 2.2) assume that the kinematic tracers are
relaxed and fully phase-mixed in the gravitational potential. Additionally, they require accurate
characterization of their spatial distribution, the tracer density profile.

The presence of shells, streams and a young population of halo stars all support a recent
merger scenario of CenA (e.g. Crnojević et al., 2016; Malin et al., 1983; Rejkuba et al., 2011;
Rejkuba et al., 2005). Recently Wang et al. (2020) used an N-body simulation that can reproduce
several observed features of the galaxy. The major merger scenario dates the merger back to
„6 Gyrs, with the final fusion of the progenitors „2 Gyrs ago. Woodley et al. (2010a) found
that CenA’s globular cluster system is dominated by old GCs (τ ą 8 Gyrs) and has evidence of
intermediate age (5 ă τ ă 8 Gyrs) and young (τ ă 5 Gyrs) populations. The metallicities and
ages of the GCs and halo stars suggest that few minor mergers took place after the bulk of the
galaxy was assembled „10 Gyrs ago (e.g. Beasley et al., 2008; Woodley et al., 2010a). Such
timescales suggest that a population of GCs may not be completely phase-mixed in the CenA
potential and necessitates a careful photometric and kinematic analysis to determine the relaxed
population of GCs for the modelling.

In this section, we present our analysis of the photometric GC candidates from T17 to identify
the relaxed population. Furthermore, we analysed the kinematic GC catalogue from H21 and
used the smooth component of the PN velocity field as determined by Pulsoni et al. (2018) to
investigate the possible presence of prominent non-relaxed features. Lastly, we present how we
build the tracer density profile used for dynamical modelling.

6.3.1 ANALYSIS OF THE PHOTOMETRIC DATASET

To build up the tracer density profile of the relaxed GC population we followed the two-step
approach presented in Veršič et al. (2024). In the first step, we select a subsample of GCs that is
complete up to a limiting magnitude and radius and in the second step we fit an analytic function
to the complete subsample. A hallmark of a clean and dynamically-relaxed sample of GCs is that
the magnitude distribution should closely follow a lognormal globular cluster luminosity function
(GCLF) up to the completeness limit of the survey and the spatial distribution should be close to
point symmetric. For CenA we adopt literature values TOMr “-7.36 and σr “1.2.

COMPARISON BETWEEN OBSERVED AND THEORETICAL GCLF

Deep observations of GCs in the nearby Universe have revealed that the magnitude distribution of
GCs around galaxies follows a nearly universal shape (e.g. Harris et al., 2014; Jordán et al., 2006;
Rejkuba, 2012). The Gaussian shape of the GCLF is characterised by a peak turnover magnitude
(TOMr) and a spread (σr). The values of these parameters mildly depend on the mass of the
host galaxy (Villegas et al., 2010) and, for CenA, we adopt literature values TOMr “-7.36 and
σr “1.2. In the first step of the analysis, we leverage the universality of the GCLF to further
remove contaminants from the T17 catalogue of GC candidates.
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Table 6.1: Overview of the different magnitude ranges defined in this work. The subsample name is shown
in Col. 1. The r0 band magnitude range of the corresponding subsample is in Col. 2 with the number of
candidate GCs from the T17 dataset in Col. 3 and theoretical prediction based on the work by H21 in Col. 4.
The ratio between the number of theoretically predicted GCs and candidate GCs (N theo

GC {NGC) is shown in
Col. 5. The last column shows the fraction of red GCs based on the separating magnitude of pu ´ zq “ 2.6.

Mag cut NGC N theo
GC N theo

GC {NGC f :
r

all – 2341 1450 ˘ 160 0.62 ˘ 0.07 0.48
A r0 ă ´9 338 124 ˘ 13 0.37 ˘ 0.04 0.36
B ´9 ď r0 ă ´8.5 259 123 ˘ 13 0.48 ˘ 0.05 0.41
C‹ ´8.5 ď r0 ă ´7.9 412 225 ˘ 24 0.55 ˘ 0.06 0.53
D ´7.9 ď r0 ă ´7 1029 422 ˘ 46 0.41 ˘ 0.05 0.56
E; r0 ě ´7 303 554 ˘ 61 1.83 ˘ 0.2 0.35

: Fraction of GCs with pu ´ zq0 ě 2.6.
‹ The most relaxed sample of GCs.
; This subsample is strongly affected by the magnitude completeness limit of the survey.

To remove the effect of the central polar dust ring and the observational footprint of DECAM
(as seen in Fig. 6.1), we additionally limited the sample to 4 arcmin ď R ď 130 arcmin (4.4 kpc
ď R ď 143 kpc). By comparing the theoretical GCLF and the observed magnitude distribution,
we identified 5 different photometric subsamples, which we labelled A-E. The observed GCLF
corrected for distance and extinction is compared with the theoretical GCLF. The right panels in
Fig. 6.1 show the two GCLFs together with the delineation of the different magnitude subsamples.
The limiting magnitudes that correspond to the different subsamples are shown in Table 6.1.
Column 3 shows the number of candidate GCs in the corresponding magnitude range and in
Column 4 we computed the estimated number of GCs based on the lognormal GCLF and a total of
NCG “ 1450 ˘ 160 as estimated by H21.

Based on the strong deviations from the theoretical GCLF, we refer to all sources with r0 ą ´7.9
(D, E) as faint and r0 ď ´7.9 (A-C) as bright in the following discussion. The brightest GC bin A is
expected to have the lowest contamination fraction, with the contamination expected to increase
in fainter magnitude bins; a trend that is observed in subsamples D and E. Subsample D shows the
largest excess of observed GCs with respect to the theoretical GCLF, and the completeness limit
of the survey is evident in subsample E, with the number of GCs dropping rapidly towards the
fainter magnitudes. The faint sources are progressively affected by the survey’s incompleteness
and contamination, therefore we excluded them from the subsequent analysis.

On the bright end, we observe less strong deviations between the observed and theoretical
GCLF. The brightest magnitude bin A has potential contributions from ultra-compact dwarfs
(UCDs, Dumont et al., 2022), that have distinct origins from GCs (Haşegan et al., 2005; Mieske
et al., 2008; Voggel et al., 2020), therefore they could bias the GC tracer density profile. There is
an unexpected overdensity of sources in subsample B that deviates from the theoretical GCLF.
Identifying whether this is a real feature or the result of the GC candidate selection process is
beyond the scope of this work.

Among all of the samples, subsample C shows the best agreement between the theoretical and
observed GC numbers. The values in Cols. 4 and 5 of Table 6.1 should be taken as guidelines and
not as exact contamination fractions, since different studies estimate the total number of GCs in
CenA from 1000 to 2000 GCs (Harris et al., 2010; Harris et al., 2006), which would alter the
exact values of the fraction, although the general trends would remain.

POINT SYMMETRY OF MAGNITUDE SELECTED SUBSAMPLES

To further investigate whether the bright GC subsamples are consistent with being dynamically
relaxed, we investigate the azimuthal variation of GCs in 8 quadrants as shown in Fig. 6.1. Guided
by the findings of Rejkuba et al. (2022), who reported a transition between the inner and outer
halo of RGB stars at R „ 30 arcmin, we separately inspected the number of sources in 4 quadrants
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6.3.2. PNe vs GCs velocity field

NW NE SE SW

5

10

15

f G
C

p
er

in
n

er
q
u

ad
ra

n
t 5 < R ≤ 30 arcmin

NW NE SE SW

5

10

15

20

25

f G
C

p
er

ou
te

r
q
u

ad
ra

n
t 30 < R ≤ 130 arcmin

A B C

Figure 6.2: The fraction of candidate GCs in each of the 8 angular bins as shown on the left panel in Fig. 6.1.
We focus on the subsamples A, B and C in yellow, light blue and purple, respectively as defined on the right
panels in Fig. 6.1 and Table 6.1. The left panel shows the azimuthal variation of the fraction of GCs in the
inner halo (5 ă R ă 30 arcmin) and the right panel the outer halo (30 ă R ă 130 arcmin). The shaded
regions show the associated 1σ uncertainties. The stellar position angle is along NE - SW. To guide the eye,
the grey dashed lines show an azimuthal variation for a mock ellipsoidal distribution of points aligned along
the CenA stellar PA.

of the inner (5 ă R ď 30 arcmin) and outer (30 ă R ď 130 arcmin) regions. These regions are
shown in Fig. 6.1 as solid and dashed lines for the outer and inner halo regions, respectively.

The azimuthal variation of the fraction of GCs for the subsamples A, B and C in each of the 8
quadrants is shown in Fig. 6.2. A flattened point-symmetric distribution of tracers will show an
increased fraction along the major axis of the flattened system. For comparison, we also sampled
positions of mock GCs from an elliptical distribution aligned with the stellar PA. The azimuthal
variation of such a point-symmetric distribution is shown with a grey dashed line. The coloured
lines show the fraction of GCs compared with the subsample as fGC “ Ni,quad.{Ni r%s, where i
stands for A, B and C, coloured yellow, light blue and purple, respectively. The shaded regions
highlight the corresponding 1σ uncertainty region. The orientation of the stellar major axis is
along the NE - SW direction and the magnitude-selected population C agrees best with the same
alignment both in the inner and outer halo regions. This subsample exhibits a higher than 1σ
difference in the fraction of the sources along the major and minor axis.

Subsample A shows deviations from point symmetry both in the inner and outer halo indicating
a strong presence of non-relaxed features. Subsample B does show signs of point symmetry in the
inner regions, however in the outer regions the behaviour mimics that of subsample A. There has
been recent observational evidence supporting the presence of a younger and brighter population
of GCs that might not be fully relaxed, which might explain the trends we observe (Dumont et al.,
2022; Voggel et al., 2020). However, as is evident from Table 6.1, there might still be substantial
contamination and it is beyond the scope of this work to identify whether the source of the
deviation from point symmetry in subsamples A and B is intrinsic or observational. Therefore, we
adopt subsample C as the most relaxed sample of candidate GCs from T17 and use it to determine
the tracer density profile.

6.3.2 PNE VS GCS VELOCITY FIELD

Radial velocity measurements in the H21 dataset offer the possibility to investigate whether this
sample of kinematic tracers is phase-mixed in the galactic potential. Non-relaxed structures,
originating in a recent interaction, appear as overdensities in phase space or perturbations of a
point-symmetric velocity field (e.g. Coccato et al., 2013). In this section, we investigated whether
the kinematic sample of GCs is consistent with a smooth, point-symmetric velocity field or whether
there are substructures that sample a broader range of magnitudes. We investigate both the whole
kinematic sample as well as the magnitude selected subsample C. The magnitude distribution
of the kinematic sample is shown in Fig. 6.1 as a light blue histogram on the top right panel.
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Table 6.2: Percentage and absolute number of GCs outside of the nˆσ range of the PN velocity field.
1σ r32%s 2σ r5%s 3σ r0.2%s.

sub sample Per. of nˆσ outliers No. of nˆσ outliers NGC,tot

1σ 2σ 3σ 1σ 2σ 3σ
All 30.3 4.1 0.2 146 20 1 482

All blue 30.4 3.5 0.4 78 9 1 257
All red 30.2 4.9 0.0 68 11 0 225

C 34.7 6.6 0.8 42 8 1 121
C blue 32.3 3.1 1.5 21 2 1 65
C red 37.5 10.7 0.0 21 6 0 56

Compared with the photometric dataset it samples a narrower range in magnitude, due to the
brighter limiting magnitude of the spectroscopic observations.

To investigate the presence of such features, we take advantage of the results from Pulsoni
et al. (2018). The authors used the PN catalogue from Walsh et al. (2015) as tracers of the
stellar halo kinematics to determine the minimum relaxed velocity and velocity dispersion fields.
Non-relaxed structures are higher-level perturbations of the relaxed field and the authors found
evidence for deviation from a point-symmetric velocity field at all radii. In this work, we consider
the point-symmetric model fitted to the PNe as a good proxy for the mean velocity field of the
relaxed population and thus use it for comparison with the GCs.

We carry out this analysis by using the entire sample of GCs with velocity measurements as
well as separating them by colour. A more detailed discussion on the colour distribution follows
in the next section and here we adopt a colour cut of pg ´ rq0 = 0.74 to separate the blue and
red GCs. We used this combination of photometric bands because it was available for the whole
kinematic sample and a two-component Gaussian mixture model to determine the colour cut.

To compare the GC velocities with the PN velocity field, we used the radial variations of the
harmonic expansion coefficients to generate the moments of the smooth PN LOS velocity field
at the position of each GC. The coefficients were computed in fixed annular bins and we used a
linear interpolator to compute the values of these parameters for arbitrary radii within the extent
of the literature measurements. Using higher-order interpolators resulted in unrealistic radial
variations of the coefficients.

The point-symmetric PN velocity field from Pulsoni et al. (2018) is plotted in Fig. 6.3 in the
background and the individual GC velocity measurements used in this work are shown with
coloured points. The stellar photometric PA and the kinematic PA show clear signs of misalignment
which is a signature of triaxiality. However the amplitude of rotation „ 50 km s´1 is much smaller
than the velocity dispersion „ 150 km s´1, which supports the axisymmetry assumption in the
dynamical modelling approach we use in this work (Sect. 6.4.1).

For each GC, we use the interpolated moments of the velocity field to compute the local LOS
velocity field (LOSVD). Then, we determine the probability of observing a GC with a velocity
as extreme as measured assuming a local Gaussian LOSVD. This assumption is reasonable for
discrete halo tracers and has been used in the literature (e.g. Zhu et al., 2016). By investigating
the spatial distribution of outliers greater than 1, 2 and 3σ from the PN velocity field we find no
discernible overdensity or trend with magnitude or colour out to R „ 40 kpc. We find that the
individual GCs are consistent with being randomly drawn from a local Gaussian LOSVD, where
the mean and σ are informed by the PN velocity field and convolved with the measurement error.
The fractions of the GCs with velocities more extreme than 1, 2 and 3σ from the local LOSVD are
given in Table 6.2. We repeated the analysis for the whole kinematic sample and again for the
kinematic sample in the magnitude range of subsample C. In both cases, we redid the analysis
for the whole subsample as well as the colour-selected subsample. Given that the local Gaussian
LOSVD is informed by the point-symmetric velocity and dispersion field our investigation justifies
dynamical modelling of the whole kinematics sample of GC based on the assumption of dynamical
equilibrium.
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6.3.3. Tracer density profile
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Figure 6.3: The mean velocity field of the PNe in the background obtained with harmonic expansion (Pulsoni
et al., 2018) in comparison with the individual kinematic measurements of GCs. The photometric position
angle of the stellar component is shown with a black solid line (Dufour et al., 1979).

These results expand the findings of Peng et al. (2004b) to R „ 40 kpc. These authors
determined a significant correlation between the GC and PN velocity field, finding that the
red GCs correlate more strongly with the velocity field of the PN. They also observed a mild
rotational signature both around the major and minor axis for the GCs. A rotation signature
was also identified in Hughes et al. (2022), where the velocity field was investigated with a
constant kinematic position angle and a constant rotation. The authors similarly find a stronger
rotation signature for red GCs than blue GCs further motivating the modelling of the blue and red
populations separately.

6.3.3 TRACER DENSITY PROFILE

In the dynamical modelling used in this work (see Sect. 6.4.1), GCs are used as massless tracers
of the gravitational potential. An essential input for the modelling is an accurate description of
their spatial distribution. In this section, we will build the tracer density profile of the relaxed
GCs subsample (the subsample C) in the form of multi-Gaussian expansion (MGE, Emsellem
et al., 1994). We also considered separately GCs according to their colour as independent tracer
populations as described in the following section.

COLOR DISTRIBUTION

GCSs of all large galaxies show bi-modal colour distribution as discussed in Sect. 1.4 and here we
determine the colour separation for the magnitude-selected population C. To separate the GCs
into red and blue populations we use Gaussian mixture model algorithm implemented in Python
package sklearn. As already pointed out in T17 the largest separation is in pu ´ zq0 colour, owing
to the large wavelength baseline, therefore we use this combination of magnitudes. We determine
the separation of the 2 components as the colour where the probability of belonging to either
component is equal. We use bootstrap with replacements to provide uncertainties and determine
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Table 6.3: Best fit results of the analytic tracer density profile for the blue and red GCs of the magnitude
selected subsample C, corresponding to Fig. 6.4. The results show 16th and 84th percentile uncertainties.

i Σe,i Re,i ni Ai αi

rNGC arcsec´2s [arcmin] rNGC arcsec´2s

blue 10.01`6.61
´7.06 4.44`2.27

´2.65 0.67`0.28
´0.29 0.004`0.008

´0.003 1.08`0.12
´0.13

red 6.95`4.95
´5.1 3.65`4.17

´2.37 0.7`0.28
´0.3 0.005`0.012

´0.004 1.1`0.14
´0.15

the separation to be pu ´ zq0 “ 2.69`0.04
´0.03. Reassuringly, a similar separating colour was found by

Hughes et al. (2021a).

POSITION ANGLE AND FLATTENING

In the next sections, we investigate the position angle PA and projected flattening q1 of the red
and blue GCs for which we followed the method described in Sect. 2.3.1. For different magnitude
regions, we compared the recovered flattening in the 4 radial regions informed by the overdensity
in GC candidates observed in T17 (R{Re ď 9 and 9 ă R{Re ď 17), as well as the radial regions
noted in the RGBs by Rejkuba et al. (2022) (R ď 30 kpc and R ą 30 kpc).

For subpopulation C, we observe that the flattening and PA are consistent within all the radial
regions. A comparison of the red and blue GCs shows that the red GCs prefer a more flattened
distribution with q1

GCS, red “ 0.72`0.08
´0.08 and blue a more spherical distribution with q1

GCS, blue “

0.82`0.01
´0.02. Within the uncertainties, the PAs of the two components agree with the photometric

position angle of the main body stellar component of the galaxy at 35o: PAGCS, red “ 46.0`10.5
´10.5

and PAGCS, blue “ 30.2`8.0
´8.0.

To correct for the PA and rotate the sample to a common PA, we use the literature results from
the main stellar component of the galaxy PA “ 35˝. This ensures the potential generated by the
stars and the kinematics of the GCs are aligned with the same PA as required by the axisymmetric
dynamical models used in this work.

FITTING AN ANALYTIC TRACER DENSITY PROFILE

Based on the colour, and as discussed in Sect. 6.3.3, we split the GCs in subsample C into blue
and red. To build the tracer density profile that will be an input to the dynamical modelling,
we first fit the observed number density profile of the GCs with an analytic function and then
decompose it in a series of Gaussians utilising mgefit as described in Sect. 2.3.3. Assuming the PA
of 35˝, we align the major axis of the GCS with that of the main body of the galaxy. To account
for the flattened spatial distribution of GCs, we assume the density is constant on confocal ellipses
R2

ell “ x2 ` py{qq2 and use this to make a binned profile with 16 logarithmically-spaced bins. Bins
with fewer than 3 GCs are removed because of low statistical significance. We explored different
binning strategies to ensure the best-fit profile is minimally affected by it.

To find the best-fit parameters we use a Gaussian likelihood and uninformative (flat) priors
on the modelled parameters (ΣS,0, Re,i, ni, ΣP,0 and α1) as described in Sect. 2.3.2. The priors
for the fitting of the analytic profile are uniform in the following regions: logRe P r1, 3s arcsec,
α1, n P r0.2, 6s and log ΣS,0, log ΣP,0 P r´10, 3s arcsec´2. The slope and Sérsic index were
sampled in linear space and ΣS,0, Re and ΣP,0 in logarithmic space as they can span multiple
orders of magnitude and such transformation results in a more efficient sampling of the parameter
space.

We sample the posterior, find the maximum likelihood region and explore the parameter space
with EMCEE (see Sect. 2.3.2). The posteriors on each of the 5 free parameters are unimodal with
the weakest constraints on the Sérsic index. The chains were allowed to evolve for 12000 steps to
ensure convergence of the best-fit parameters, the first 1000 were discarded as burn-in.

The best-fit parameters for different subpopulations are shown in Table 6.3. The Sérsic profile
can better capture the behaviour of the density profile in the inner regions and the single power
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6.3.3. Tracer density profile
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Figure 6.4: Tracer density distribution for population C of GCs. The left figure shows the blue and the
right the red population. The blue and red points with associated uncertainties indicate the binned profile
computed for the respective sub-population GCs. A solid black line shows the best-fit model to the data,
and dark and light grey shadings show 1 and 3σ uncertainties computed as the 16th and 99.7th percentiles
from the posterior. The dotted blue and red lines show the best-fit double power law from T17 for each
population. H21 used different datasets to determine three different stages of the clean photometric datasets.
They refer to the best sample as golden (Au) and the next best sample as the silver (Ag) sample. The dashed
yellow line shows the best-fit model of the golden sample from H21 and the dashed grey line the silver and
golden combined. The two literature results are arbitrarily scaled for comparison.

law in the outer regions. Because of the choice of the fitting function, the interpretation of the
individual best-fit parameters is not straightforward, especially in reference to literature studies.
We note that the blue population shows a slightly shallower Sérsic and power law slope and a
larger Re compared to the red population, which is consistent with the literature.

The resulting profiles for the blue and red C subpopulations are shown as solid black lines in
Fig. 6.4, with dark and light shaded regions corresponding to 1 and 3 σ uncertainties. The left
panel shows the blue GC data as blue points and the associated best-fit model. The right shows
the same for the red population. Arbitrarily-scaled dashed and dotted profiles show the literature
results.

The dashed H21 results were computed without the colour selection. Our profile in the inner
regions (R ď 30 arcmin) is steeper than their silver sample (Au+Ag) for both the blue and red
populations. The blue population profile shows a slope more consistent with their higher purity
(gold) sample, which is shown as a dashed orange line. In the outer regions (R ą 30 arcmin) our
best-fit profile drops off faster than the literature results. The latter might not be surprising as
they impose a constant background.

The dotted lines show the broken double power-law fits presented in T17. In the inner region,
we find a consistent slope for the red GCs and a steeper slope for the blue GCs, while in the outer
region our best-fit profile shows a steeper slope compared with T17 profiles.

In general, our profiles lie within the literature results and show the main characteristics that
have been observed for the GCS of CenA. The differences stem from the different methods of
selecting a high-purity and high-completeness sample of GCs and different fitting functions.

MGE DECOMPOSITION

In the last step, we constructed an MGE representation of the number density profiles separately
for the blue and red GCs of subsample C (as defined in Fig. 6.1). Such a representation is necessary
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Table 6.4: MGE for the blue GCs of subpopulation C in the input format needed for CJAM. The first column
shows the sorted number of the Gaussian components. Column 2 the central number density, Column 3 the
major axis dispersion of the Gaussian and Column 4 the projected flattening.

n NGC pc´2 arcsec q1

1 1.352e-07 70.71 0.82
2 5.567e-08 119.24 0.82
3 1.423e-09 192.91 0.82
4 1.090e-07 230.29 0.82
5 1.062e-08 436.06 0.82
6 2.145e-09 470.45 0.82
7 1.405e-09 779.61 0.82
8 1.831e-09 1012.21 0.82
9 1.373e-09 1939.49 0.82
10 7.152e-10 4612.45 0.82
11 3.477e-10 18257.41 0.82

Table 6.5: MGE for the red GCs of subpopulation C in the input format needed for CJAM. The column
structure corresponds to that of Table 6.4.

n NGC pc´2 arcsec q1

1 2.241e-07 72.37 0.72
2 9.751e-08 137.25 0.72
3 3.466e-08 216.51 0.72
4 1.886e-08 277.48 0.72
5 9.599e-09 482.48 0.72
6 3.424e-09 878.25 0.72
7 7.064e-10 1182.39 0.72
8 2.624e-11 1635.44 0.72
9 1.589e-09 1972.49 0.72
10 8.265e-10 4678.81 0.72
11 3.952e-10 18257.41 0.72

for the dynamical modelling used in this work and is obtained by following the procedure outlined
in Sect. 2.3.3. Lastly, we also accounted for the flattening of both the blue and red GC systems.
The MGE components for blue and red GCs are given in Table 6.4 and Table 6.5.

6.4 DYNAMICAL MODELING WITH GCS

To model the GCs, we use the axisymmetric JAM formalism introduced by Cappellari (2008) and
described in Sect. 2.2. In this section, we describe how we use it to reproduce the GC kinematics
and spatial distribution, and, thus, derive the mass distribution of CenA.

6.4.1 CJAM

As we need to reproduce the flattening of the tracer density distribution and the stellar and
dark matter distributions, we use axisymmetric models. We use the C implementation of the
JAM model CJAM. In principle, these models have two free angular parameters that describe the
orientation of the galaxy: the PA and the inclination angle i. In Sect. 6.3.3, we discussed the PA,
and we henceforth keep this fixed. The main rotation of the galaxy is along the photometric major
axis, which supports our choice of symmetry axis coinciding with the minor axis of the stellar and
GC distribution.
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6.4.2. Stellar surface density

The inclination angle is used to connect the intrinsic 3D quantities from the model with the
observables (density profiles and velocity components) projected on the sky, where i “ 0˝ for a
face-on system and i “ 90˝ for an edge-on system. We will keep this parameter free in some of
our models.

6.4.2 STELLAR SURFACE DENSITY

To construct the stellar surface density profile, we combine the stellar surface brightness in the
inner 1 Re from Dufour et al. (1979) with the appropriately scaled halo RGB number counts from
Rejkuba et al. (2022).

Accounting for the inner dust disk the stellar surface brightness in the range 70 arcsecď

R ď 255 arcsec (0.2 - 0.8 Re) is best represented by the de Vaucouleurs profile in the B-band
magnitude (Dufour et al., 1979, eq. 12) :

IB “ 8.32

«

ˆ

R

Re,B

˙1{4

´ 1

ff

` 22.94 , (6.1)

where IB is in mag arcsec´2 and Re,B “ 305 arcsec is the effective radius in the B band. We adopt
a position angle of 35˝ East of North and a flattening of q‹, main = 0.93 from Dufour et al. (1979).

Assuming the distance modulus of pm ´ Mq “ 27.88 mag (Harris et al., 2010) and absolute
Solar magnitude Md,B “ 5.48 (Binney and Tremaine, 2008), the B-band magnitude is converted
to surface brightness rLd arcsec´2s:

LB “ 10´0.4
`

IB´pm´Mq´Md,B

˘

. (6.2)

Rejkuba et al. (2022) used HST images to study the properties of resolved stellar halo of Cen A out
to 30Re. Constructing deep colour-magnitude diagrams (CMDs) that contained individual bright
RGB stars enabled the authors to remove fore- and background contamination and construct the
stellar number density profile from 28 individual HST pointings across the galaxy. Using the RGB
number counts in the range 0.23 ă R{Re ă 30 they find the tightest fit to the number density
profile of RGB stars by fitting both a single power-law and a de Vaucouleurs profile with an
increased flattening in the outer stellar halo corresponding to q1

‹, halo “ 0.54 ˘ 0.02. We adopt the
best fit de Vaucouleurs profile from Rejkuba et al. (2022):

log ΦRGB “ 7.685 ´ 3.008pa{Req1{4 , (6.3)

where a is the semi-major axis position. The authors convert the number counts to luminosity
and provide a shift to match the inner stellar surface brightness profile from Dufour et al.
(1979), thereby extending the inner stellar surface brightness out to 30 Re. By integrating the
combined functions, we recover the total luminosity of LB „ 0.3 ˆ 1011Ld corresponding to
MB “ ´20.7 mag, consistent with BT “ 7.84 mag (MB “ ´20.6 mag), the measurements in the
Third Reference Catalogue of Bright Galaxies (de Vaucouleurs et al., 1991).

To obtain the stellar surface brightness we combine the profile from Dufour et al. (1979) and
Rejkuba et al. (2022). To account for the difference in the flattening when making the MGE of the
galaxy’s baryonic component, we generate a 2D image using Eq. 6.2 and Eq. 6.3 in their respective
radial regions. We do not have information on the radial variation of the flattening, so we keep q1

fixed to 0.93 within 0.8 Re (the inner region) and to 0.54 in the outer region beyond 1.5 Re. In
the regions defined by both profiles, we assign the mean luminosity between both models. We
decompose the image with mgefit and the resulting components are shown in Table 6.6. The
profiles along the major and minor axes together with the MGE components are shown in Fig. 6.5.
The blue points show the observed stellar surface density along the major and minor axis in the
left and right panels, respectively. The individual Gaussian components are shown with faint
coloured lines and the cummulative profile is shown with a solid red line. The discontinuities
along the minor axis reflect the transition region where both profiles are evaluated as a result of
the different flattenings of the main stellar body and the halo RGBs.
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Table 6.6: The moments of the MGE components for the combined stellar density in the form required by
the modelling tool. The sorted number of a component is in Col. 1, the central surface brightness is in Col. 2,
the major axis dispersion is in Col. 3 and the projected flattening is in the last column.

n Ld pc´2 arcsec q1

1 1432.364 34.54 0.93
2 453.59 64.24 1.0
3 307.05 119.78 0.89
4 73.88 253.33 0.49
5 21.45 444.91 0.54
6 6.18 637.61 0.54
7 4.19 962.74 0.54
8 1.08 1710.16 0.54
9 0.13 3515.16 0.51
10 0.02 3515.16 0.83
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Figure 6.5: Combined stellar surface brightness profile of CenA from Dufour et al. (1979) and Rejkuba et al.
(2022) and its MGE decomposition. The left panel shows the profile along the semi-major axis and the right
along the semi-minor axis. The blue points show the observed 2D profile we generated with Eq. 6.1 in the
region highlighted by the grey horizontal solid line (D+79 fitting region) and Eq. 6.3 in the outer regions
highlighted with the grey horizontal dashed line (R+22 fitting region). The red line shows the resulting
MGE fit to the profile and the faint coloured lines are the individual Gaussian components. The blue vertical
bars at the bottom of the figure show the positions of the kinematic tracers.

6.4.3 DARK MATTER

For the dark matter potential, we assume an NFW profile (Eq. 1.1.2) in elliptical coordinates
m: m2 “ x2 ` y2 ` z2{q2DM, where qDM is the intrinsic flattening of the dark matter profile. It is
important to emphasize that we fix the axis of symmetry to the stellar component. Therefore, the
oblate and prolate shapes of dark matter haloes have the same symmetry axis in our modelling
approach. We parameterise the profile with the total mass M200, defined as the mass within a
sphere of radius r200 and an average density 200 times the critical density of the Universe (ρcrit),
and concentration c200 “ r200{rs as introduced in Sect. 1.1.1.

Similar to the stellar density profile, the dark matter profile is parametrised as an MGE
to generate the input for CJAM. We decompose the 1D radial profile and account for the
intrinsic flattening of the dark matter. Finally, qDM is projected based on the inclination

q1
DM “

b

q2DM sin2 i ` cos2 i and on the central surface density of the Gaussian components.
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6.5. Discrete likelihood analysis

6.5 DISCRETE LIKELIHOOD ANALYSIS

To compare our models with the data, we follow the discrete likelihood analysis approach
described in Sect. 2.5. Instead of the Bayesian analysis (see Sect. 2.5.1) carried out in chapter 3,
chapter 4 and chapter 5, here we employ the χ2 described in Sect. 2.5.2. Gaussian likelihood is
used as given in Eq. 2.21 which directly relates to the χ2 as seen in Eq. 2.22. In our modelling,
we use 7 free parameters: 3 to describe the dark matter (M200, c200 and qDM), one to scale the
stellar surface density M‹{LB, one to characterise the inclination (inc), and two to describe the
orbital properties of the tracer population (βz and κ).

This 7-dimensional parameter space is explored by evaluating CJAM models on a fixed grid.
Each grid point represents a combination of model parameters. Due to the computational time
intensity of the CJAM models, we computed the likelihood and χ2 statistics on this grid instead of
full posterior sampling. We carried out the analysis in two steps. First, to find the rough location
of the global minimum, we varied only one parameter, keeping the others fixed. Second, to find
the best-fit parameters as well as to investigate their covariances and quantify uncertainties, we
varied 2 parameters at a time keeping the others fixed. We carried out the analysis separately for
the blue and red GCs to get independent constraints on each of the parameters.

We found the best-fit solution through a series of iterations. Not all 7 parameters were explored
in each of the iterations. For each parameter (or parameter pair) that is explored, we evaluate the
likelihood on a grid; while one of the parameters (or two) was varied the rest were kept fixed to
the initial guess at the corresponding iteration. The initial guess of each successive iteration is
determined from the output of the previous iteration based on the likelihood that was also used to
determine the convergence of the best-fit solution. As the last step of the analysis, we derive both
the best-fit parameters and the uncertainties by combining the constraints from the individual 2D
grids.

6.5.1 FINDING A APPROXIMATE LOCATION OF THE GLOBAL MINIMUM

At each iteration step n, we compute the χ2 curve for each of the parameters θi that is varied
while keeping the other parameters θ

pn,fixq

j (for j ‰ i) fixed. We adopted initial estimates for
the two components of the gravitational potential from previous investigations: logM200 =124,
c200=10 (Peng et al., 2004a), and the dynamical pM{LqB = 3.9 (Hui et al., 1995). Our initial
estimate for the inclination was inc“ 75o, and for the orbital parameters we used βz “ 0 and
κ “ 0.

We used 20 grid points for each parameter as a compromise between the computational
time and the coarseness of the grid. For each free parameter θi, we evaluated the CJAM model,
calculated the χ2pθiq, and determined the minimum pχ2q

pnq

i that corresponds to the solution θ
pnq

i .
We used two criteria to inform the location of the global minimum as shown in Fig. 6.6. One
is related to the difference of the minimum χ2 of the two subsequent iterations. The second
is related to the difference in the value of the solution θ

pnq

i between two subsequent iterations
(∆θi “ θ

pn`1q

i ´ θ
pnq

i ). Figure 6.6 shows a sketch of χ2 for two iteration steps and demonstrates
these two criteria. Between steps n and n ` 1 we modified parameters θn`1, fix

j ; pj ‰ iq and the

resulting minimum of χ2 statistic is lower than the minimum at the previous step: χ2pθ
pn`1q

i q ă

χ2pθ
pnq

i q. This negative difference in the minimal χ2 value indicates that parameters θn`1, fix
j

are closer to the best-fit parameters than θn, fixj . Additionally, the value of the parameter at the

minimum is different: |θ
pn`1q

i ´ θ
pnq

i | ąą ∆θi, meaning that the θ
pn`1q

i is closer to the best-fit
parameter than θ

pnq

i . Therefore we considered the solution has converged once ∆θi was a few
grid step sizes and pχ2q

pn`1q

i « pχ2q
pnq

i . Because of the correlations in 7D parameter space, θpnq

i

will depend on the values of all other parameters θpnq

j , j ‰ i.

4In the following text logM200 is in units [Md] and for clarity of the text we omit the unit.
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Figure 6.6: A sketch of a variation of χ2 statistics as a function of parameter θi for iteration step n in blue
and n ` 1 in orange. Circles represent the grid points in θi, with a grid step size of ∆θi, where the χ2 is
computed. The coloured arrows highlight the value of the parameter at the minimum of the χ2 statistics on
the x axis and the absolute value of the statistics on the y axis.

As the result of the above iterative procedure, we identify the following best-fit parameters
that are close to the global minimum and use them for the initial estimates for the next step
of the analysis. These were: logM200 “ 12, c200 “ 10, qDM “ 1.2, inc “ 85o, M‹{LB “ 4,
βGC, blue
z “ ´0.2, βGC, red

z “ 0.1, κGC, blue
z “ 0, κGC, red

z “ 0.

6.5.2 TWO PARAMETER GRID MODEL

Next, we explored the covariances by co-varying 2 parameters (θi, θj) and keeping the others
fixed (tθuk, where i ‰ j ‰ k). The summary of the tθu

pm,fixq

k , the ranges of parameters pi, jq

and number of grid points in each parameter is presented in Table 6.7. The first column shows
the iteration step - m, columns (2) - (10) contain the values of the θm,fix

k in the top row and
grid range for (θi, θj) in the bottom row of each iteration. The last column shows the number
of linearly-spaced grid points for each θi and θj . If the covariance is not explored for a given
parameter at a given iteration step, then the range row is left empty (–).

In iterations 1-6, we set the rotation of both red and blue GCs to 0 (κ “ 0) and we introduce
rotation in iterations 7 and 8. This is motivated by an increased computational time when κGC ‰ 0
and a recent study that showed that βz and κz have negligible impact on the enclosed mass
measurements from GCS with similar methodology (Veršič et al., 2024).

In iteration step 5, we introduce the literature mass-concentration relation (Correa et al., 2015)
using the Python package COMMAH to assign c200 given M200 and the cosmological parameters
from Planck Collaboration et al. (2016). This choice was driven by two observations of the 2D
χ2 surfaces in the iterations 1-4: first, the strong degeneracy of c200 with both log10 M200 and
M‹{LB and second, the fact that the minimum χ2 c200 is consistent with the literature studies of
mass-concentration relation as shown in Fig. 6.7. The literature M200 ´ c200 relations are shown
as black dotted and dashed lines for relaxed and non-relaxed haloes respectively (Neto et al.,
2007), dash-dotted line (Prada et al., 2012) and black and red solid lines (Correa et al., 2015)
using cosmological parameters from two different studies, Komatsu et al. (2009, WMAP5) and
Planck Collaboration et al. (2016, Planck15). We adopt the latter relation highlighted in red.
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6.5.2. Two parameter grid model
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6. DARK MATTER HALO SHAPE IN NGC 5128 WITH GCS
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Figure 6.7: ∆χ2 surface for log10 M200´c200 plane in iteration 4 (see Table 6.7 for a summary of the
parameters). The black contour lines show the 68th, 90th and 95th percentile confidence levels, with
minimal χ2 solution shown with the blue cross. Dotted, dashed, dot-dashed black lines and solid red and
black lines show the different literature M200 ´c200 relations. The solid lines show the M200 ´c200 computed
with COMMAH code from Correa et al. (2015) using the cosmological parameters from Planck Collaboration
et al. (2016) in red and the cosmological parameters from Komatsu et al. (2009) in black.

We set two criteria for the convergence of the solution. First, θpmq

i « θ
pm,fixq

i for a given
parameter i in all 2-dimensional slices of the χ2 surface. Second, χ2pθ

pmq

i , θ
pmq

j q « χ2pθ
pmq

k , θ
pmq

l q

for all (i, j), (k, l) parameter pairs as shown in Fig. 6.8. Once both criteria were met, we are
confident to have found the global minimum. We used only the blue GCs to locate the minimum
in this step. The constraints from the red GCs were used only to inform the population-specific
parameters: velocity anisotropy βz and rotation κ. We chose this approach because, in this way,
the convergence of the parameters from the red GCs provides an independent verification of our
method and the location of the global minimum.

The iterative process for the blue GCs is demonstrated in Fig. 6.8 for blue and Fig. 6.9 for
red GCs, where each row corresponds to a different free parameter θi. The left panels show
the difference between the minimum value of χ2 statistics at iteration step m and the global
minimum value. The right panels show the difference in the best-fit value of the corresponding
free parameter at a given step and the fixed value at each iteration. The θj components are shown
with different symbols and each colour corresponds to a given iteration. On the left panels, the
convergence trend is evident, with the minimum value of χ2 decreasing with each subsequent
iteration. Additionally, the spread of the minimum of the χ2 is decreasing, suggesting that all the
parameter pairs are converging to the same global minimum. A similar trend is seen in the right
panels as the value of the parameter at the minimum χ2 becomes more consistent among the
different pi, jq pairs and gets closer to the value assumed at a given iteration.

A comparison of the initial run marked with blue symbols and the final set-up with black
symbols shows improved consistency between parameter pairs. Based on this, we conclude that
we identified the global minimum in the 5D parameter space.

6.5.3 BEST FIT PARAMETERS AND UNCERTAINTIES

For the quantification of the uncertainties, we start by taking the 2D likelihood surface and,
by marginalising over one of the dimensions, we come to the marginalised posterior, which is
equivalent to the probability. For each of the θi, we obtain four independent constraints on the
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6.5.3. Best fit parameters and uncertainties
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Figure 6.8: Convergence of the parameters and minimal χ2 for the blue GCs. The panels in the left column
show the evolution of the minimal value of the statistics in each of the two-parameter grids. The right panels
show the difference between the value of the corresponding parameter at the minimum and the value of the
parameter shown in Table 6.7 at a given iteration. The error bars show 1σ uncertainty intervals. Each colour
highlights the iteration step and the symbols correspond to the different parameters covarying in the 2D grid.
The grey horizontal line is shown as a guide.
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Figure 6.9: Convergence of the parameters and minimal χ2 for the red GCs. The symbols and colours
correspond to those in Fig. 6.8.
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6.6. Results

parameter from the blue GCs and another four from red GCs. We use the joint posterior to
quantify the best-fit solution and the 16th and 84th-percentile uncertainties.

6.6 RESULTS

In this section, we present the results from the final iteration – iteration 8. The convergence in
both the minimum χ2 and the values of the parameters at the minimum support the conclusion
that iteration 8 has converged. This is, therefore, our final iteration. We first focus on the ∆χ2

surface followed by the combined constraints from independent modelling of the red and blue
GCs and finally, we present the results of the modelling.

6.6.1 ∆χ2 SURFACE

The ∆χ2 surface for the 5 parameters explored in iteration 8 (see Table 6.7) is shown in Fig. 6.10
for the constraints from the blue GCs and constraints from red GCs show similar trends. Each
panel shows the smoothed ∆χ2 surface on a grid of parameter pairs. The black contours highlight
the 68.3th, 90th and 95th percentiles, where the 68.3th percentile approximately corresponds to
the 1σ region. The blue cross highlights the location of the minimum χ2.

This figure provides useful insight into the correlations between the different parameters.
However, combining the constraints on each of the parameters coming from the ∆χ2 surface is
not trivial, so we take advantage of the evaluated likelihoods instead. We show this figure for
demonstrative purposes and the black contours help to guide the eye.

There are several degeneracies between the parameters. The parameter best constrained
by the data is log10 M200, which has tight constraints and shows minimal degeneracy with the
parameters of the velocity distribution of the GCs, βz and κ. The total dark matter mass is strongly
anticorrelated with the stellar M‹{LB, in such a way that models with lower log10 M200 prefer
higher M‹{LB. The flattening of the dark matter halo is positively correlated with log10 M200,
with more massive haloes preferring stronger elongation of the isodensity contours along the
minor axis of the stellar and GC distribution of NGC 5128.

The flattening of the DM halo depends very weakly on both the virial dark matter mass
and M‹{LB. The strongest constraints on this parameter come from the properties of the GC
velocity distribution. As can be seen in the second column, κ provides the strongest constraints
on the flattening qDM, disfavouring an oblate or spherical halo. The velocity anisotropy provides
somewhat weaker constraints. The parameters of the velocity distribution are not correlated.

6.6.2 COMBINING CONSTRAINTS FROM RED AND BLUE GCS

Following the methodology outlined in Sect. 6.5.3, we compute the marginalised probability for
each of the parameters θi. Combining the probabilities we arrive at the joint posterior distribution
for all free parameters. The final results are shown in Fig. 6.11. The red and blue lines correspond
to the constraints from the corresponding population of GCs, and the black lines show the
joint posterior. The faint lines show the probability distributions coming from the individual
parameters.

The top row shows the parameters of the stellar and dark matter distributions, which should be
consistent between both GC populations. The bottom row shows population-specific parameters.
The median, 16th and 84th percentiles of the bold joint probabilities are presented in Table 6.8.

The total dark matter mass is best constrained by the data, with very consistent posteriors
coming from both GC populations. The flattening of the dark matter halo in the top-middle panel
shows a broader posterior, with the red population slightly favouring a more prolate halo. The
top-right panel shows that the stellar M‹{LB results differ slightly in that the red population
favours lower values than the blue population. However, these differences are within the 1σ
uncertainties.
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Figure 6.10: The smoothed ∆χ2 surfaces for the different combinations of parameters from iteration 8 from
the blue GCs. The black lines highlight the 68th, 90th and 95th percentile corresponding to ∆χ2 levels of
2.3, 4.6 and 6.3 respectively. The minimal χ2 solution is highlighted with the blue cross.
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Figure 6.11: Posterior distributions of the individual parameters for the final iteration. Red and blue
coloured lines correspond to the constraints from the corresponding GC subpopulation and black shows
the joint posterior. Thin lines are the marginalised posteriors from the different parameter pairs shown in
Fig. 6.10 and the thick lines are the joint probabilities from all of the parameter pairs. The parameters in the
bottom row are intrinsic to the two GC populations and we do not combine them.
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6.6.3. Best fit model

Table 6.8: The final results from the marginalised probabilities seen in Fig. 6.11.

θmi Joint red GCs blue GCs
logM200 12.27`0.21

´0.20 12.27`0.23
´0.20 12.27`0.20

´0.19

qDM 1.45`0.78
´0.53 1.52`0.77

´0.53 1.38`0.79
´0.51

pM{LqB 2.98`0.96
´0.78 2.66`0.91

´0.72 3.26`0.90
´0.69

βz – 0.02`0.16
´0.22 ´0.24`0.19

´0.24

κ – ´0.21`0.18
´0.18 ´0.15`0.13

´0.13

The bottom-left panel shows that the red population prefers an isotropic to mild radial velocity
anisotropy, while the blue population strongly disfavours isotropy, showing a preference for
negative cylindrical anisotropy. The bottom-right panel shows strong consistency in the rotation
parameters of both GC populations, with the red GCs preferring a slightly stronger rotation.

6.6.3 BEST FIT MODEL

Now that we have established the best-fit parameters, we can compare the resulting velocity fields
of the globular clusters with that of the best-fitting model. Figure 6.12 shows the velocity field of
the blue GCs in the left column and the velocity dispersion field in the right column. The first row
shows the smooth velocity and dispersion fields of the observed GCs, the second row shows the
model predictions, the third shows the residuals, and the final row the histogram of the residuals.
The smoothing parameters are the same as discussed in Sect. 6.3.2.

In the top-left panel, both major and minor axis rotation is strongly visible, indicative of a
triaxial potential. Axisymmetric modelling cannot reproduce this feature as can be seen in the
panel below. Instead, the model is sensitive to the average rotation between the major and minor
axis rotation and compensates by lowering the rotational amplitude. This can be seen as the
negative residuals close to the minor axis, where the axisymmetric rotation has the opposite sign,
and as the underestimation close to the major axis, where the residuals are positive.

The right column shows the velocity dispersion maps. The smoothed data shows signs of a
drop in the velocity dispersion along the minor axis, which is even more prominently visible in
the model panel below. The velocity dispersion residuals, which are of the order of „25%, do not
show coherent patterns, unlike in the left panel, and their distribution is much lower compared
with the velocity field residuals.

Both top panels show signs of clustering, which are partially driven by the smoothing procedure
adopted in this work. As the smooth velocity fields are only used for demonstration purposes and
were not used in the model, a full investigation is beyond the scope of this work.

6.7 DISCUSSION

6.7.1 ENCLOSED MASS

Based on the best-fit model, the parameters of the NFW distribution are: M200 “ 1.86`1.61
´0.69 ˆ

1012 Md, c200 “ 8.58`0.35
´0.41, rs “ 29.94`6.95

´5.21 kpc, and r200 “ 257.11`44.10
´36.23 kpc. Figure 6.13 shows

the comparison between the constraints for the enclosed mass from this work and literature
studies. The lines show results from this work with the stellar mass in grey, dark matter mass in
red and combined baryonic and non-baryonic in black. The shaded regions span the 16th to 84th
percentiles. The green point shows the measurement with the whole sample of GCs from Woodley
et al. (2007), the yellow point shows the most robust measurement from Woodley et al. (2010b),
and the light blue point shows the measurement from Hughes et al. (2023). Blue and red circles
show the enclosed mass estimates from blue and red GCs respectively from Hughes et al. (2023).
The stars show constraints from PNe, with yellow showing estimate from Hui et al. (1995), light
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Figure 6.12: Comparison between the smooth velocity field of blue GCs and the model. The left column
shows the mean velocity and the right column velocity dispersion. The first row shows the data and the
second row the CJAM model evaluation for the best-fit values as given in Table 6.8. The third row shows the
residuals between the smooth data and the model; the histogram of the residuals is shown in the bottom
row.
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Figure 6.13: Enclosed mass measurements from this work are shown with lines and literature studies with
symbols. The grey line shows the stellar enclosed mass, with M‹{LB determined in this work. The red
line with the associated shaded 1σ uncertainty region shows the enclosed dark matter mass integrated in
spherical shells with rs the scale radius of an NFW halo. The black line shows the total mass. Circles show
literature measurements of the total mass with GCs as dynamical tracers, stars show PN-based measurements,
and the square shows measurements from X-ray gas from Kraft et al. (2003). The location of the red and
blue GCs used in this work is shown in the bottom panel.

blue from Peng et al. (2004a), with correction from Woodley et al. (2007), and the measurement
from the latter study is shown in purple.

Our enclosed mass measurement is on average lower than the literature estimates from other
dynamical modelling of GCs. The origin of the discrepancy could be the difference in the slope of
the tracer density profile. Woodley et al. (2007) reanalysed the enclosed mass from Peng et al.
(2004a) and found a factor of 2 higher mass, when using the de-projected 3D tracer density
profile instead of the 2D one used in the original study. The slope used in Woodley et al. (2007) is
steeper than that used in our work.

Woodley et al. (2007) modelled the pressure- and rotationally-supported masses of PNe and
GCs separately, making no separation based on GC colour. To avoid biases in the inner regions
obscured by the dust they excluded R ă 5 arcmin. They adopted a distance of 3.9 Mpc to
CenA and we account for the different distances between our and the literature study. Later,
Woodley et al. (2010b) applied a tracer mass estimator (TME, Evans et al., 2003) to the whole
sample of GCs to estimate the enclosed mass within 20 arcmin. They found the total mass of
p5.9 ˘ 2.0q ˆ 1011 Md, which agrees within 2σ with our result at 20 arcmin. They excluded
eight outliers based on their projected velocity and radius (v2R), which could inflate the mass
estimate, and their robust measurements exclude GCs within 1 Re (R ă 5 arcmin). Relaxing the
latter criteria results in increased mass estimate at all radii almost by a factor of 2, hinting at the
sensitivity of this method to outliers.

Hughes et al. (2023) used the most spatially extended sample of GCs to provide enclosed
mass estimates separately for the blue and red GCs. Our measurements agree within 2σ, but are
systematically lower. They also used a TME (corrected for rotational support) to estimate the total
enclosed mass within a given radius assuming spherical symmetry in the total mass distribution. In
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Figure 6.14: Comparing best-fit prolate (blue) and oblate (orange) CJAM model results. The left panel
shows the mean LOS velocity along the major axis. The right panel shows the velocity dispersion along the
major axis (solid lines) and along the minor axis (dashed lines). The LOS velocity is shown symmetrically
along the major and minor axes, to highlight the asymmetric rotational signature. However, the velocity
dispersion on the right panel is shown for positive values of the axes due to the symmetry of σLOS.

their modelling, GCs are spherically distributed with a single power-law profile with an isotropic
distribution of orbits. Their measurements are in good agreement with mass estimates from GCs,
but are higher than the estimates using PNe. They postulate that the simplified assumption of
isotropy in their estimates could be one of the reasons for this, as also commented in Woodley
et al. (2007), but the mass-anisotropy degeneracy in spherical symmetry (Binney and Tremaine,
2008) prevents them from making a conclusive determination.

Pearson et al. (2022) used simulations to model stream formation due to a disruption of a
dwarf galaxy. They sampled different masses of the host galaxy and found a lower limit on the
mass of M200 ą 4.7 ˆ 1012 Md. They compared the visual appearance of the stream observed by
Crnojević et al. (2016) and a single RV along the stream with their simulation results to identify
the gravitational potential needed for the observed stream morphology and kinematics. Because
of covariances between the mass of the disrupted galaxy, the infall velocity and the line-of-sight
position, more RV measurements along the stream are needed to provide stronger constraints on
the mass.

Müller et al. (2022) used the satellite galaxies of the CenA to determine the dynamical mass
within Rmax „ 800 kpc (the maximal extent of their tracers). Using the mean circular velocity of 27
dwarfs, they estimated a spherical enclosed mass and determined M200 “ p5.3 ˘ 3.5q ˆ 1012 Md.
This agrees with our measurements within the uncertainties. The dynamical time scales at
such large distances, where the satellites are distributed, are longer than the Hubble time and
non-virialised motion could inflate the enclosed mass estimate.

The best fit M‹{LB from this work is lower than that of Hui et al. (1995) and Mathieu
et al. (1996), which could be attributed to the different treatment of the DM component in the
modelling. Cappellari et al. (2009) modelled the central region of CenA to determine the mass of
the central BH and found M‹{LK “ 0.65 ˘ 0.15.

6.7.2 LIMITATIONS OF THE MODELLING ASSUMPTIONS

In the context of CJAM, the flattening of qDM ą 1 that we recover corresponds to the elongation of
the dark matter distribution along the minor axis of the stellar and GC distribution. Literature
investigations (Hui et al., 1995; Mathieu et al., 1996; Peng et al., 2004a) have identified clear
signs of a triaxial halo and, in this section, we compare the modelling results from a prolate and
oblate halo to identify the features in the observing plane that favour qDM ą 1.

Figure 6.14 compares the projected velocity moments from the minimum χ2 solution for our
fiducial result qDM “ 1.45 in blue and an oblate case with qDM “ 0.7 in orange. For the latter, we
recomputed the other parameters from the 2D χ2 grids shown in Fig. 6.10. We chose a value
of qDM “ 0.7 as an intermediate flattening between the outer stellar halo flattening of 0.54 and
the flattening of the GCS (0.72 for red and 0.82 for blue GCs). The left panel shows the mean
LOS velocity and the right panel the velocity dispersion profile. We present simplified velocity
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moments along the major and minor axis only followed by a more detailed analysis of the 2D
velocity moments.

The mean velocity along the major axis is higher in the oblate solution, however, the difference
is smaller than the typical measurement uncertainty of 33 km s´1. Beyond 10 arcmin the velocity
dispersion profiles of the oblate and prolate DM haloes are very similar for both major and minor
axes, where the majority of the kinematic tracers lie. To match the velocity dispersion at these
radii, the resulting M200 and M‹{LB estimates for the oblate halo are lower compared with the
prolate halo. This anti-correlation between the flattening and mass can be seen in Fig. 6.10. A
lower total mass results in a central value of the velocity dispersion that is lower for the oblate
solution („ 150 km s´1), compared with the prolate solution („ 165 km s´1). The latter value
is in better agreement with the central stellar root-mean-square velocity of „ 170 km s´1 in the
inner 0.2 arcsec of CenA observed by Cappellari et al. (2009).

A drop in the velocity dispersion along the minor axis is also seen in the smooth velocity field
in Fig. 6.12. Such a drop is consistent with the projected dispersion map of a triaxial system with
short and long-axis tube orbits as seen in van den Bosch and van de Ven (2009). The full details of
how measured flattening constrained with axisymmetric modelling can be mapped to the intrinsic
shape and orientation of the DM halo is a topic for a future study.

2D VELOCITY MOMENTS

Now that we understand the impact flattening has on the projected velocity components along
the major and minor axis, we looked into the 2D maps of the LOS moments in Fig. 6.15. Such
comparison is very informative as the discrete dynamical modelling approach used here is sensitive
to the differences in the 2D velocity field originating from the different flattening of the DM
potential.

To make the plots in Fig. 6.15 we evaluated CJAM on a grid of points linearly spaced in R and
φ for the best fit parameters shown in Table 6.8. The left column shows the maps of the first
moment projected along the line-of-sight and the right column shows the second moment. The
first two rows show the model results from the blue GCs best-fit solutions for the prolate (top)
and the oblate (bottom) cases shown inFig. 6.14. The bottom two rows show the residual of the
prolate map with respect to the oblate case for the blue GC in the top and red GCs in the bottom.
The streaks along the major axis are an artefact of the plotting and not a real feature.

The 2D maps reveal the full complexity of the velocity moments which can be probed by
discrete dynamical modelling. The residuals for both blue (in the third row) and red GCs (in
the bottom row) show that the best fit oblate model favours a stronger rotational signature. The
residuals in the left column are higher for red than blue GCs and they consistently show higher
residuals along the semimajor axis. This means that the gradient of the mean velocity from
the minor to major axis depends on the flattening of the dark matter halo. Velocity dispersion
maps in the right column show a similarly complex signature, with the opposite sign of the
residuals. The prolate solution shows on average higher dispersion compared with the best-
fit oblate solution. These maps highlight the importance and strength of discrete dynamical
modelling, where the position of each GC is used to constrain the 2D velocity distribution, which
shows distinct signatures for oblate and prolate solutions.

6.7.3 EXTREMELY MISALIGNED DARK MATTER HALOES IN COSMOLOGICAL
SIMULATIONS

Within the axisymmetric modelling approach used in this work, the dark matter halo shape with
qDM ą 1 corresponds to its elongation along the minor axis of the stellar distribution. This raises
a question of how frequent are such misalignments between the minor axes of the stellar and DM
profiles. For example, in the Milky Way evidence disfavours a configuration in which the minor
axis of the disc and DM halo are parallel (e.g. Debattista et al., 2013; Han et al., 2023; Law et al.,
2009). In the Auriga analogues of the Milky Way, Prada et al. (2019, see their Fig. 6) found that
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Figure 6.15: Comparison between the first and second moment velocity maps for axisymmetric Jeans
modelling in the left and right column, respectively. The first two rows show the best-fit models for blue GCs,
with the best fit qDM “ 1.38 in the top qDM “ 0.7 below. The bottom two rows show the residuals for the
blue GCs on the top and red GCs on the bottom. The parameters used to evaluate the model were taken
from Table 6.8 and for qDM “ 0.7 we take the other parameters at the minimal χ2 based on the 2D χ2 grids
as shown in Fig. 6.10.
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the minor axes of the DM haloes and angular momentum vector of the stellar discs are aligned for
most of their 30 haloes, with 2 haloes showing misalignment ą 70o at 1/16 R200.

In this section, we conduct a qualitative investigation to examine the frequency of highly-
misaligned distributions in two cosmological simulations. This analysis aims to enhance our
understanding of the results by employing radial regimes analogous to the sensitivity observed
in the CenA study. For this purpose, we use IllustrisTNG (Nelson et al., 2019, and references
therein) and Magneticum pathfinder5 simulations to find analogues of CenA with a central oblate
stellar component hosted in a prolate DM halo elongated along the stellar minor axis. We follow a
procedure similar to Pulsoni et al. (2021) and Valenzuela et al. (in prep.) to measure the shapes of
the simulated galaxies, corresponding to method S1 from Zemp et al. (2011). This is not carried
out through dynamical modelling, but instead by computing the eigenvalues of the inertial tensor
calculated using the positions of the simulated particles and their masses within ellipsoidal shells.

In both simulations, we selected galaxies in the mass range of CenA as a first step: Mvir “

3 ˆ 1012 ´ 3 ˆ 1013 Md and M‹ “ 1 ´ 5 ˆ 1011 Md. Secondly, we selected those that have oblate
stellar distributions embedded in prolate haloes. We then looked at the angle between the stellar
minor axis and DM major axis and inspected the frequency of small misalignments between these
two axes. We use the definition for triaxiality: T ” p1 ´ q2q{p1 ´ p2q, where q “ b{a and p “ c{a
are the axis ratios between the major (a), intermediate (b) and minor (c) axis. A completely
prolate halo has T “ 1 (a ą b “ c), and perfectly oblate halo has T “ 0 with (a “ b ą c). We
first selected galaxies with T‹ ă 1{3 and that are hosted in a halo with TDM ą 2{3. To mimic the
configuration of stellar and dark matter in line with CenA as presented in this work, we compute
the shape of the stellar component at 3r‹,half (stellar half-mass radius) and the shape of the dark
matter halo at 5r‹,half . For those, we compute the angle between the minor axis of the stellar
distribution and the major axis of the dark matter.

MAGNETICUM

From Box4 (uhr) of the Magneticum Pathfinder simulation suite, which has side length of 68 Mpc,
DM particle mass of mDM “ 5.1ˆ 107 Md and average stellar particle mass of m˚ “ 1.8ˆ 106 Md

(Teklu et al., 2015; Valenzuela and Remus, 2022), we find 111 galaxies that match the mass
criteria, of which 94 have a modest star formation rate SFR ă 3 Md yr´1. Of these, 12 galaxies
meet the shape criteria laid out above, of which 10 have modest star formation rates; only one
of these galaxies has a small angle of 17˝ between the stellar minor axis and the DM major axis,
whereas the rest have angles above 80˝. That galaxy is at the lower end of the mass selection limits
with M‹ “ 1.0 ˆ 1011 Md and Mvir “ 4.6 ˆ 1012 Md. It has no star formation and shows signs of
recent interaction in the stellar halo. It should be noted, however, that the stellar component has
a relatively spherical shape, such that the orientation of its axes are not very well defined.

ILLUSTRISTNG

We considered the TNG100 simulation run, with a simulation box of 110.7 Mpc on a side,
DM particle mass of 7.5 ˆ 106 Md and mean baryonic particle mass of 1.4 ˆ 106 Md (Nelson
et al., 2019). From the redshift z “ 0 snapshot, we identified 455 galaxies in the mass range
around CenA. Of these, 121 have a prolate DM halo („ 27%), but only 17 have an oblate stellar
component within 3 r‹,half . Most of the 121 prolate DM haloes have the major axis close to the
plane defined by the intermediate and major axis of the stellar component within 20˝. Out of
the 17 galaxies selected, only in 1 case there is significant misalignment. This is a clear merger,
as shown by the presence of substructures or strong asymmetries in the stellar distribution and
velocities. This galaxy has a moderate SFR of 1.8 Md{yr. The similarities between the simulated
galaxy in the Magneticum simulation and CenA as well as the consistent merger imprints and
low probability of such extreme misalignment found in both simulation suite suggest that it is
likely a transient phenomenon. This work opens up possibilities for further studies of how the
dark matter halo shape is influenced by the merger history of its host and the environment.

5www.magneticum.org
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6.7.4 CONNECTION WITH THE CENA SATELLITES DISTRIBUTION

Recent studies of CenA satellites have found evidence of a corotating plane of satellites around
CenA (Müller et al., 2018). In their latest study, Müller et al. (2021) showed that 21 out of
28 dwarf galaxies, which have both distance and radial velocity measurements that make them
satellites of CenA, share a coherent motion within a flattened planar structure.

This plane of satellites is almost perpendicular to the dust disk and lies very close to the line
connecting CenA and its nearest massive neighbour M83. Müller et al. (2019) used the accurate
distances of CenA satellites using the tip of the RGB to determine the intrinsic 3D shape of the
satellite system. They find a PA“ 60˝ `21

´23 and determine the axis ratios b{a “ 0.71 and c{a “ 0.41,
which results in a triaxiality of T “ 0.6, close to prolate shape. They find that the long axis is
aligned along the line-of-sight, in contrast with the stellar shape measurements traced by PNe
within 25 kpc by Hui et al. (1995) and within 80 kpc by Peng et al. (2004a). The former found
T “ 0.4 (triaxial, but more oblate) and determined the viewing angles, such that the intermediate
axis lies along the line-of-sight. Using these viewing angles, Peng et al. (2004a) found that the
kinematics of the PNe at larger distances favour a significantly more prolate shape of T “ 0.98.

Müller et al. (2021) explored the frequency of similar flattened structures in TNG100 (Nelson
et al., 2019). Such flattened and coherently moving structures are found in only 0.3% of CenA
analogues in dark-matter-only simulations and in 0.2% in hydrodynamical simulations. More
generally, the distribution of satellite galaxies in ΛCDM is not expected to be completely random,
i.e. isotropic (e.g. Zentner et al., 2005), due to the anisotropic accretion from cosmic filaments.

In this framework, the DM halo of CenA is expected to be elongated along the major axis of
the PNe and the satellite system, which is in contrast with the results of our modelling under
axisymmetric assumptions. On the other hand, the triaxial shape of the satellite system with
T “ 0.6 (Müller et al., 2019) and of PNe with T “ 0.98 (Peng et al., 2004a) strongly disfavour
spherical or oblate distributions, which is in line with our findings.

6.8 SUMMARY AND CONCLUSIONS

We carried out axisymmetric dynamical modelling of the blue and red GCs in the CenA galaxy to
measure the total mass and the intrinsic shape of its dark matter halo. The axisymmetric JAM
modelling used in this work requires a relaxed system. Given that CenA shows signatures of
past mergers, special care was taken to identify a sample of GCs that shows a point-symmetric
distribution indicative of a relaxed distribution. The dataset that constrains the model is composed
of the photometric dataset from (T17) and the radial velocity sample from Hughes et al. (2021a),
which extend out to 115 kpc and include 225 red and 257 blue GCs. We note that 90% of the
kinematic dataset is within 40 kpc.

We used axisymmetric JAM modelling together with a discrete Gaussian likelihood analysis to
determine the best-fitting parameters of the gravitational potential and orbital properties of the
GCs. The gravitational potential is composed of both an axisymmetric stellar surface brightness out
to 140 kpc (25 Re), a mass-to-light ratio M‹{LB, and an axisymmetric dark matter distribution.
We assumed an NFW form for the dark matter profile, parametrised by M200 and used the latest
literature mass-concentration relation to determine the c200. By varying qDM we explored the
deviation of DM halo from spherical symmetry. To find the best-fit model, we maximise the
Gaussian likelihood. The best-fit parameters were determined in an iterative approach, accounting
for the covariances in the modelled parameters. We modelled the blue and red GCs separately
and used them as two independent samples to verify our approach and determine the highest
likelihood solution for the parameters of the gravitational potential. The need to treat them
separately was further motivated by the intrinsically different spatial distribution and orbital
properties.

We derive a dark matter mass of M200 “ 1.861.61´0.69 ˆ1012 Md and M‹{LB“ 2.98`0.96
´0.78, resulting

in a total stellar mass of M‹ « 0.9 ˆ 1011 Md. The total halo mass is lower than literature
investigations using GC kinematics, but in agreement with measurements from PNe as discussed
in Sect. 6.7.1. Our flattening of qDM “ 1.45`0.78

´0.53 disfavours an oblate or spherical DM halo. We
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6.8. Summary and conclusions

explored the implications of qDM ą 1 under the axisymmetry assumption of the JAM modelling
by examining the frequency of prolate DM haloes that host an oblate stellar distribution in the
Magneticum and TNG simulations. We found that in both simulation suites, DM elongated along
the minor axis of the stellar distribution is very rare and identified only in galaxies with strong
signatures of active or recent mergers. Comparing the smooth velocity field of the GCs, we
identified a difference in the velocity dispersion along the major and minor axes that can also
arise in intrinsically triaxial potentials (Sect. 6.7.3). This suggests that GCs, and the modelling
carried out in this work, are sensitive to deviations from spherical and cylindrical symmetry.

We find that the orbital properties of blue and red GCs are different. While both populations
show mild rotation, we find that the rotation parameter κ is larger for red GCs than blue GCs.
The blue population also shows negative orbital anisotropy in cylindrical coordinates while the
red population is consistent with being isotropic. Both results highlight the need for incorporating
rotation and anisotropy in future dynamical modelling.

Future work should include more complex modelling that can account for triaxial symmetry
and non-relaxed structures such as streams. To enable such modelling, RV measurements in the
outer halo need to include the full extent of the galaxy potential. This will allow us to gain a
better understanding of the global potential of the host and its assembly history.
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7.1. Summary

7.1 SUMMARY

Mass is the dominant driver of galaxy formation and evolution and according to ΛCDM cosmology,
„80% of it is made up of dark matter (DM), which only interacts with luminous matter
through gravity (chapter 1). The surface brightness of luminous matter is low in regions of
the galaxies where dark matter dominates. Dynamical modelling is sensitive to the properties
of the gravitational potential, and thus luminous and DM mass, out to the outermost kinematic
tracer. Thus constraints on the nature of dark matter using stellar kinematics in baryon-dominated
centres of galaxies ď 1 Re

1 rely on extrapolation out to the halo. The halo of every galaxy is
populated by globular clusters (GCs). The total mass of the globular clusters systems (GCS) is
correlated with the virial mass of the halo and can be observed out to 5 ´ 10 Re. Therefore these
are ideal kinematic tracers in the regions dominated by DM.

Throughout this thesis, I used discrete dynamical modelling based on Jeans equations (JAM)
(chapter 2) to constrain the parameters of the gravitational potential with spatially extended GCS.
In particular, I focused on the radial profile of the gravitational potential and on determining the
shape of the dark matter halo in NGC 5128, a nearby elliptical galaxy. By probing the spatial
distribution of DM in areas where it dominates over the luminous matter, we can get a deeper
understanding of its nature.

The research questions, datasets and stellar systems I studied were different throughout
the thesis but were connected by a joint dynamical modelling approach. Discrete dynamical
modelling alleviates the need for binning the kinematic dataset and offers unique advantages
when modelling intrinsically sparse systems, such as GCs in galactic haloes. I used the CJAM

implementation of the Jeans anisotropic MGE modelling in a cylindrical coordinate system that
can account for the flattening of the kinematic tracers and mass distribution.

The gravitational potential is comprised of dark and luminous components. Driven by different
research questions I characterised it either as a single total mass profile, combining dark and
luminous matter distribution, or by considering only one of the two components. I used different
functional forms (NFW, Einasto and generalised Hernquist profile) to parameterise the dark
matter distribution and stellar surface brightness profile scaled by the mass-to-light ratio (M{L).
Together with the gravitational potential I also modelled the orbital properties of the tracer
population, i.e., the cylindrical velocity anisotropy βz and rotation parameter κ.

Accurate modelling is based on accurate characterisation of the spatial distribution of the
kinematic tracers. For the heterogeneous datasets of GCs used in this thesis, I developed a two-step
approach to assess the spatial and magnitude completeness of a photometric dataset. I used both
simulated data of mock dwarf galaxies and observed kinematics of GCs and PNe. I used both χ2

analysis and Bayesian statistics to find the best-fit parameters of the gravitational potential. Both
were based on the assumption of Gaussian line-of-sight velocity distribution (LOSVD) which acted
as a likelihood. The posterior was computed from the likelihood of individual kinematic tracers.

In what follows I summarise the main conclusions of this thesis based on the open questions
posed in Sect. 1.5.

OBSERVATIONAL REQUIREMENTS TO RESOLVE THE CORE-CUSP PROBLEM

In chapter 3, I find that both line-of-sight velocities (LOSVs) and proper motions (PMs) of stellar
tracers are needed to robustly recover the inner and outer slope of a cored DM profile in a dwarf
spheroidal galaxy. The mock LOSV sample that can best robustly constrain the true slopes is
comprised of „2000 tracers, and with high precision ϵi „ 10V200 in the radial region where most
tracers are located p0.2 ď R{Rc ď 2.5q. A smaller number of tracers in the very inner and outer
regions are also needed. High precision in these radial ranges can bias the results due to the
stochasticity of small-number statistics. That is why a lower precision of LOSV measurements in
these regions yields better results. The associated mock PM sample of „ 100 tracers across the
whole body of the stellar system and with a typical precision ϵi „ 10V200 is also needed.

1Radius enclosing 50% of the total stellar light.
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ADVANTAGES AND CAVEATS OF DISCRETE DYNAMICAL MODELLING

In chapter 4, I developed a two-step approach to determine an accurate tracer density profile
of GCs (presented in Sect. 2.3) and determined how complementary observing campaigns and
kinematic tracers can be used to carry out robust discrete dynamical modelling. The low number
of kinematic tracers spread over a large radial range of the galactic haloes warrants a careful
approach to ensure robust measurements. I used a combination of two GC datasets and a PNe
dataset to demonstrate that discrete dynamical modelling is strongly sensitive to interlopers. Their
presence can result in multimodal posterior distributions and combining independent kinematic
tracers and datasets can mitigate their effect to produce robust dynamical modelling results.

IS THE TOTAL MASS PROFILE OF EARLY-TYPE GALAXIES ISOTROPIC AND UNIVERSAL?

In chapter 5, I present the discrete dynamic modelling of 19 SLUGGSs galaxies with a flexible
density profile with a fixed outer slope (-3) and free inner slope α. To break the degeneracy
between the density and scale radius of the total mass profile, I imposed informative priors
without impacting the parameters of interest M200

2 and α.
I modelled GCs as a single population and found biased results for massive cD galaxies in the

galaxy sample. By studying NGC 1407, I confirmed that the different orbital properties of blue
and red GCs in such galaxies is the source of the bias. Galaxies with fewer than „ 50 GCs also
tend to show biased results.

From the 12 galaxies with robust measurements presented here, I recovered a value for the
inner slope of α “ 1.9 ˘ 0.01. This is lower than the outer slope, therefore the single power law is
not a good description of their total mass density profile. By fitting a single power-law slope γtot
to the profile I find a value of xγtoty “ ´2.22 ˘ 0.14, stepper than isotropic γtot “ ´2.

The universality of the isotropic slope is identified by a small scatter in the spread across many
orders of magnitude in stellar mass. Our measurement uncertainties prevent us from making
such a statement and we demonstrate that the number of GCs is the strongest driver in the
uncertainties of the γtot measurements.

ARE DARK MATTER HALOES CONSISTENT WITH SPHERICAL?

I used the kinematics of GCs around the nearby galaxy NGC 5128 to model the DM shape with
the axisymmetric CJAM. I find that a spherical halo is strongly disfavored and a prolate halo is
preferred by the data. I modelled blue and red GCs separately and both favour such values of
the shape parameter. The strongest constraints on the shape parameter come from the orbital
properties of the kinematic tracers. Net rotation and anisotropy impact the projected 2D velocity
field of the GCs in the presence of a non-spherical DM halo, and discrete dynamical modelling is
sensitive to such signatures.

Since the axis of symmetry is fixed in the Jeans modelling that I carried out, a prolate halo
corresponds to a halo with a major axis aligned with the minor axis of the oblate kinematic
tracers. We find that in the cosmological simulations such configuration is rare and when it occurs
there is strong evidence for a recent merger, suggesting a transient configuration. Our modelling
assumptions limit a concussive answer on the exact orientation of the halo, however, the data
strongly disfavours a spherical distribution and future studies need to take this into account to
avoid biased measurements.

7.2 PROSPECTS FOR THE FUTURE

There are three avenues to expand this work:

2Mass of a spherical overdensity with average density 200ˆ the critical density of the universe.
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7.2. Prospects for the future

INCREASED SAMPLE SIZE

Novel wide-field photometric surveys like with the LSST, the Roman telescope, and the recently
launched Euclid telescope will provide large databases from which candidate GCs can be selected
for spectroscopic follow-up observations. This will increase the number of galaxies that can be
modelled using discrete dynamical modelling, thereby increasing the statistical sample available
to constrain cosmological models by providing a good observational handle on a large number of
M200 measurements as well as dark matter mass distribution (e.g. Dold and Fahrion, 2022).

COMBINING GCS WITH OTHER KINEMATIC TRACERS

While GCs offer possibilities to trace the gravitational potential in the halo, modelling only GCs
can lead to poor constraints in the inner regions of the galaxy. By combining halo tracers and
stellar kinematics we can provide stronger constraints on both the total halo mass and inner DM
slope.

Most galaxies host more PNe than GCs and because they are stellar remnants their orbital
properties and spatial distribution trace the stellar halo. They are distinct dynamical tracers of
the potential and provide complementary information on the dynamical mass. By combing GCs,
PNe and stellar kinematics we can provide tighter constraints on the stellar mass-to-light ratio, on
halo mass M200, on the inner and outer slope of the dark matter halo, as well as on the shape of
the halo.

TRIAXIAL DYNAMICAL MODELLING

The haloes of galaxies are expected to deviate from simple oblate or prolate shapes and are
expected to be triaxial. The statistical distribution of axis ratios can constrain dark matter
models and inform feedback processes in hydrodynamic simulations. Triaxial modelling offers the
opportunity to constrain the shape of the dark matter haloes.

While solutions to the triaxial Jeans equations exist (van de Ven et al., 2003), they have yet
to be implemented in a freely available open-source software like CJAM. More flexible triaxial
Schwarzschild modelling (Chanamé et al., 2008; Schwarzschild, 1979) can account for deviations
from cylindrical or spherical symmetry. Either open-source triaxial Jeans modelling or the discrete
triaxial Schwarzschild method would open up possibilities to use the discrete halo tracers to their
full potential and measure the intrinsic distribution of dark matter in galaxies to bring us closer to
addressing the question of its nature.
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Courteau, Stéphane et al. (Jan. 2014). “Galaxy masses”. In: Reviews of Modern Physics 86.1,
pp. 47–119. DOI: 10.1103/RevModPhys.86.47. arXiv: 1309.3276 [astro-ph.CO].

Crain, Robert A. and Freeke van de Voort (Aug. 2023). “Hydrodynamical Simulations of the Galaxy
Population: Enduring Successes and Outstanding Challenges”. In: ARA&A 61, pp. 473–515.
DOI: 10.1146/annurev-astro-041923-043618. arXiv: 2309.17075 [astro-ph.GA].
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Krajnović, Davor et al. (Mar. 2005). “Dynamical modelling of stars and gas in NGC 2974:
determination of mass-to-light ratio, inclination and orbital structure using the Schwarzschild
method”. In: MNRAS 357.4, pp. 1113–1133. DOI: 10.1111/j.1365-2966.2005.08715.x. arXiv:
astro-ph/0412186 [astro-ph].

Law, David R., Steven R. Majewski, and Kathryn V. Johnston (Sept. 2009). “Evidence for a
Triaxial Milky Way Dark Matter Halo from the Sagittarius Stellar Tidal Stream”. In: ApJ 703.1,
pp. L67–L71. DOI: 10.1088/0004-637X/703/1/L67. arXiv: 0908.3187 [astro-ph.GA].

Leung, Gigi Y. C. et al. (Jan. 2021). In: mnras 500.1, pp. 410–429. DOI: 10.1093/mnras/staa3107.
arXiv: 2104.04273 [astro-ph.GA].

Lynden-Bell, D. (Jan. 1967). “Statistical mechanics of violent relaxation in stellar systems”. In:
MNRAS 136, p. 101. DOI: 10.1093/mnras/136.1.101.
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ABSTRACT

In this thesis, I focus on constraining the gravitational potential of early-type galaxies (ETGs)
with discrete dynamical modelling to shed light on the nature of dark matter (DM). To that
end, I used CJAM, an implementation of discrete Jeans anisotropic MGE (JAM) modelling of
globular clusters (GCs) and planetary nebulae (PNe), both tracers found in the DM-dominated
haloes. Additionally, I worked with simulated datasets of dwarf galaxies to provide observational
guidelines for breaking the so-called core-cusp problem.

I find that both line-of-sight velocities (LOSVs) and proper motions (PMs) are needed to
recover the inner slope of the density profile in mock datasets of dwarf spheroidal galaxies. The
mock dataset for which the true inner and outer slope can be best recovered is characterized by a
radial variation in the number and precision of the LOSVs. A lower number of tracers and larger
measurement uncertainties, paired with a large number of precise measurements yield the best
results for cored DM haloes.

I developed a two-step approach to determine the tracer density profile from a heterogeneous
photometric dataset of GCs. It is based on the measurements of the position angle and flattening
together with comparing the observed and theoretical GC luminosity function. I employ it to
make a clean dataset of photometric tracers and generate a tracer density profile for dynamical
modelling.

I used different prescriptions for the gravitational potential, by using different dark matter
density profiles, stellar surface brightness, or modelling both with one total mass density profile.
I constrained the best-fit parameters by combining Gaussian line-of-sight velocity distribution
(LOSVD) as likelihood and informative as well as uninformative priors in a Bayesian analysis.

I find that GCs offer a unique possibility to constrain the dark matter density distribution
beyond the scale radius of the halo. However, galaxies with fewer than 20 GCs can result
in strongly biased measurements. Treating blue and red GCs as a single population does not
introduce biases for most galaxies. Nevertheless, in central dominant galaxies, the blue GCs tend
to trace the group/cluster potential and treating blue and red GCs as a single population will
result in an overestimation of the total mass.

The radial distribution of the total mass profile is not consistent with a single power law
profile and I find a steeper slope than the isothermal one of ´2. Dark matter in galaxies is not
spherically distributed and with GCs we can measure the deviations from spherical symmetry that
are expected in both DM-only and hydrodynamical cosmological simulations.
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Zu diesem Zweck habe ich Kugelsternhaufen (globular clusters - GCs) und Planetarische Nebel
(planetary nebulae - PNe) als Tracer für die Verteilung der dunklen Materie in den Halos der
Galaxien benutzt und mittels “discrete Jeans anisotropic MGE” (JAM) modelliert. Darüber hinaus
habe ich mit simulierten Datensätzen von Zwerggalaxien gearbeitet, um Beobachtungsrichtlinien
zur Lösung des “Core-Cusp-Problems” zu erstellen.

Der Fokus dieser Arbeit liegt darauf, das Gravitationspotenzial von frühen Typen von Galaxien
(Early Type Galaxies - ETGs) mit diskreter dynamischer Modellierung einzugrenzen, um Licht in
die Natur der dunklen Materie zu bringen. Zu diesem Zweck habe ich Kugelsternhaufen (Globular
Clusters - GCs) und Planetarische Nebel (Planetary Nebulae - PNe) als Tracer für die Verteilung
der dunklen Materie in den Halos der Galaxien benutzt und mit mit CJAM, einer Implementierung
von diskretem ”Jeans anisotropic MGE modelling”(JAM) modelliert. Darüber hinaus habe ich mit
simulierten Datensätzen von Zwerggalaxien gearbeitet, um Beobachtungsrichtlinien zur Lösung
des Core-Cusp-Problems zu erstellen.

Es stellt sich heraus, dass sowohl Geschwindigkeiten entlang der Sichtachse (Line Of Sight
Velocities - LOSV) als auch Eigenbewegungen (Proper Motions - PM) benötigt werden, um die
korrekte innere Steigung des Dichteprofils in Mock-Datensätzen von spheroidalen Zwerggalaxien
zu erhalten. Der Mock-Datensatz, für den die beste Übereinstimmung mit der wahren inneren
und äußeren Steigung erzielt werden kann, zeichnet sich durch eine radiale Änderung der Anzahl
und Präzision der LOSVs aus. Eine geringere Anzahl von Tracern und größere Messunsicherheiten,
gepaart mit einer großen Anzahl von präzisen Messungen, liefern die besten Ergebnisse für
cored”DM-Halos.

Ich habe eine zweistufige Methode entwickelt, um das Dichteprofil der Tracer aus einem
heterogenen photometrischen Datensatz von GCs zu bestimmen. Diese basiert auf der Messung
des Positionswinkels und der Abflachung zusammen mit dem Vergleich der beobachteten
und theoretischen Leuchtkraftfunktion von GCs. Damit kann ein homogener Datensatz von
photometrischen Tracern erstellt werden und ein Tracer-Dichteprofil für die dynamische
Modellierung erzeugt werden.

Ich habe verschiedene Ansätze für das Gravitationspotenzial verwendet, indem ich verschiede-
ne Dichteprofile der dunklen Materie oder die stellare Flächenhelligkeit verwendet habe, oder
beides mit einem Dichteprofil für die Gesamtmasse modelliert habe. Ich konnte die am besten
passenden Parameter durch die Kombination von Gauß’schen LOSV Verteilungen (LOSVD) als
Wahrscheinlichkeit und informativen sowie nicht-informativen A-priori-Verteilungen in einer
Bayes’schen Analyse eingrenzen.

Es zeigt sich, dass GCs eine einzigartige Möglichkeit bieten, die Dichteverteilung der dunklen
Materie über den Skalenradius des Halos hinaus zu bestimmen. Allerdings können Galaxien
mit weniger als 20 GCs zu stark verzerrten Messungen führen. Die Behandlung von blauen und
roten GCs als eine einzige Population führt bei den meisten Galaxien nicht zu Verzerrungen. Bei
Galaxien im Zentrum von Galaxienhaufen hingegen neigen die blauen GCs dazu, das Gruppen-
/Haufenpotenzial nachzuzeichnen, und ihre Behandlung als eine einzige Population führt zu einer
Überschätzung der Gesamtmasse.

Die radiale Verteilung der Gesamtmasse stimmt nicht mit einem einfachen Potenzgesetzprofil
überein und ich finde eine steilere Steigung als die isotherme Steigung von ´2. Dunkle
Materie in Galaxien ist nicht kugelförmig verteilt, und mit GCs können wir die Abweichungen
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von der sphärischen Symmetrie messen, die sowohl bei reiner dunkler Materie als auch bei
hydrodynamischen Simulationen erwartet wird.
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POVZETEK ZA NAVDUŠENCE

Tekom doktorske disertacije sem preiskovala porazdelitev snovi v galaksijah zgodnjega tipa (angl.
early-type galaxy, ETG). Galaksije vsebujejo vidno (barionsko) snov, zvezde, plin in prah, ter
halo temne snovi (ne-barionsko). Celotna masa haloja najmočneje vpliva na razvoj in evolucijo
galaksije in temna snov predstvalja 80% vse mase v vesolju. Kljub temu, je njena narava še
neraziskana saj je ne moremo direktno opazovat, temveč jo lahko preučujemo z dinamičnim
modeliranje.

Število galaksij določene mase se razlikuje glede na različne teorije o naravi temne snovi, kot
sta to topla temna snow (angl. warm dark matter, WDM) ali hladna temna snov (angl. cold dark
matter). Prav tako narava temne snovi vpliva na obliko haloja temne snovi (okrogla/sferična
ali elipsoidna) in na porazdelitev mase znotraj haloja (strmo naraščanje gostote temne snovi v
sredǐsču ali konstantna gostota). Preko preučevanja porazdelitve temne snovi lahko preučujemo
teorije o njeni naravi in to je cilj te dizertacije.

Uporabila sem posebno metodo za dinamično modeliranje: Jeansov anizotropično modeliranje
z razstvaljenjem na Gaussove funkcije (angl. Jeans anisotropic MGE, JAM). To metodo sem
uporabila v posebni: diskretni implementaciji. Ta omogoča, da izkoristimo vse podatke brez da bi
jih zdržužili ter s tem zmanǰsali razdaljo od sredǐsča galaksije kjer lahko z gotovosto preučujemo
porazdelitev snovi. Ker so galaksije v samih sredǐsčih halojev moremo uporabit objekte ki so bolj
oddaljeni od sredǐsča gravitatiskega potenciala. Kroglaste kopice so skupki več deset tisoč zvzed,
in so bolj oddaljene od sredǐsča haloja kot večina zvezd. Opazujemo jih lahko v bližnjih galaksijah
in omogočajo edinstven vpogled v porazdelitev temne snovi.

V tej dizertaciji sem uporabila JAM metodo in z izmerjenimi hitrostmi kroglastih kopic sem
izmerila porazdelitev snovi (zvezd in temne snovi) v 18 galaksijah in izmerila obliko haloja
galaksije CenA (NGC 5128). Moji rezultati nakazujejo, da so kroglaste kopice zelo močno orodje,
s katerim lahko bolje razumemo porazdelitev snovi. Naklon gostote snovi ni preprosta potenčna
funkcija temveč je bolj kompleksna in velik radijska porazdelive kroglastih kopic je bila ključna za
to potrditev.

Prav tako sem z JAM modeli potrdila, da haloji temne snovi niso okrogli in gibanje kroglastih
kopic je občutljivo na to odstopanje od preproste sferične simetrije. Ta potrditev je zelo
pomemebno za nadaljno modeliranje galaksij, saj lahko pripelje do napačnih sklepov v kolikor
modeliranje temelji na predpostavki sferične simetrije.

Zaključki te disertacije so odlična iztočnica za nadaljne študije ne-sferične porazdelitve temne
snovi s kroglastimi kopicami.
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jeseni do polne police,
pozimi do snežne kraljice,
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