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Abstract

It is well established that star clusters are valuable probes in Astronomy across a wide
range of disciplines from cosmology to stellar evolution. Indeed, star clusters are efficient
tracers of intense star formation episodes across cosmic time and rich cradles of stellar-mass
black holes (BHs), which are prime sources of gravitational waves. They are also important
witnesses of the epoch of cosmic reionization, and the formation of the first structures in the
carly Universe. Finally, star clusters are potentially efficient tracers of the assembly process of
galaxies in a cosmological context. However, fundamental questions about the possible uni-
fying principles governing their formation are yet unanswered. In addition, whether clusters
form through the monolithic collapse of the gas cloud or the hierarchical merger of clumps is
still an intense matter of debate. Despite tremendous observational and theoretical efforts,
our understanding of star cluster formation and the actual role of the different underlying
physical processes is still in its infancy.

This thesis exp]ores this long—standing problem with a multi-faceted approach, 1arge]y
based on the dynamical study of very young clusters and associations in nearby star-forming
regions and old massive clusters in the Galactic halo. Local star clusters represent the ideal
laboratory for constraining the physical mechanisms at the basis of cluster formation as they
can be resolved into individual stars, and thus they can be studied with a level of detail that
cannot be achieved for distant systems.

To this aim, this thesis uses a multi-diagnostic, and multi-instrument approach, which
is largely based on Gaia, Hubble Space Telescope (HST), and properly selected spectroscopic
surveys (such as observations from the Multi Unit Spectroscopic Explorer, MUSE). Complemen-
tary, we used tailored N-body and Monte Carlo simulations to interpret the observed stellar
cluster properties and constrain the initial physical conditions for cluster formation and evo-
lution.

Establishing the link between the progenitor gas clouds and the gas-free stellar popula-
tions is essential to address key questions about cluster formation and evolution. We con-
sidered quantities that are expected to be inherited from and linked to the very carly stages,
including dynamical (such as velocity anisotropy, expansion, and rotation), and structural
(e.g., mass segregation) properties. The fil rouge of chis chesis is thus stellar kinemartics as the
critical tool to study cluster formation and evolution. We are indeed in the golden era for star
cluster dynamical studies, thanks to all-sky astrometric surveys and large-scale spectroscopic
campaigns. This is even more timely, as GPU-accelerated numerical simulations approach
real star cluster complexities, providing the community with simulation surveys.

The analysis focused on two main aspects. The first is the study of the early phases of
cluster assembly and survival, and their dependence on the environment. The second targeted
the long-term evolution of star clusters and the role of massive compact objects, such as BHs.

To address the early stages of cluster evolution, we characterized the internal dynamical
state of virtually the full population of young clusters known in the Milky Way. We focused,
in the first place, on the expansion state, providing for the first time an estimate of the star
cluster expansion timescale, in response to gas expulsion and out-of-equilibrium dynamics.
Secondly, since increasing evidence shows that star clusters do not form or evolve in isolation,
we studied the properties of a group of young clusters in the Perseus complex. A comparison
between observations and numerical simulations suggests that these star clusters are part of a
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larger system, probably in the process of forming a more massive cluster-like system through
hierarchical mergers. We named this scructure LISCA 11 as it is the second of its kind identi-
fied so far in our Galaxy. Finally, we characterized the star-forming complex that hosts such
hierarchical structures. We first investigated the stellar content in the W3/W4/W5 complex.
We then zoomed out studying the Perseus complex evolution in a Galactic framework, to
shed further light on the formation and evolution of the Perseus region as a cluster nursery.

As a comp]ementary approach to constrain the initial conditions of massive cluster for-
mation, we also followed to route of reverse-engineering the present-day kinematic and struc-
tural properties of multiple populations (MPs) in a representative sample of Galactic old
(12 Gyr) globular clusters (GCs). In this context, we present here the first 3D kinematic
analysis of MPs with a particular focus on their rotation and relative differences. We found
that second—popu]ation stars tend to have typicaﬂy a ]arger rotation than ﬁrst—population
ones with differences decreasing for increasing cluster dynamical ages. Interestingly, these
results appear to suggest that globular clusters experienced multiple events of star formation
and self-enrichment processes.

Recent years witnessed a renewed interest in the role of exotic objects in the long-term
evolution of star clusters. We first studied (through numerical simulations) the role of stellar-
mass BHs within massive GCs. In particular, we discuss the possible degeneracies in inferring
such an elusive population concluding that multi-dimensional approaches are needed. We
also introduce a set of measurable parameters that nicely allow us to break these degeneracies
and we compare them with photometric and astrometric data of Galactic GCs. Within a
similar context, we present the dynamical mode]ing of the central kinematics of the GC
NGC 104 (Commonly known as 47 Tucanae) to probe the presence of a central intermediate-
mass BH (IMBH), as claimed by previous studies. The synergy between 3D kinematic data in
the central region and individual star modeling through distribution function-based models
allowed us to put the most stringent upper limit on the putative IMBH mass.



Thesis Outline

The thesis is organized as follows:

G Chapters 1 and 2 start introducing cluster formation and evolution, and the related
open questions. First, the physical processes involved in the early stages are discussed,
for example, stellar feedback, subsequent evolution. It follows a discussion about the
long-term evolution due to stellar interactions, galaxy tidal field, and the presence of
exotic objects. In addition, the puzzle of the multiple populations is briefly introduced.
Finally, the thesis methodology as well as an overview of the different datasets and
numerical simulations used throughout the thesis are presented (Chapter 2);

G Chapter 3 analyzes the internal kinematics of young star clusters with a particular
focus on their expansion properties. It starts with a preliminary analysis to update
the cluster member cata]ogs. It then follows the kinematic characterization of the star
clusters and numerical simulation results. Finally, a comparison with previous works
is presented;

G Chapter 4 focuses on the LISCA I hierarchical structure. After a preliminary data
analysis, the physical properties of the newly identified system were studied. The
structural and kinematical properties of the stellar halo embedding the star clusters
are presented. Finally, a detailed comparison with numerical simulation following the
hierarchical assembling of star clusters is performed;

G Chapter 5 characterizes the Perseus complex which hosts LISCA II. First, the W3/
W4/W5 star-forming complex is studied, focusing on the star clusters within the re-
gion (some of which are partially embedded), and the young stellar objects population.
Finally, the complex kinematics and evolution are traced using the six-dimensional
phase-space information available for the clusters and complementing previous stud-
ies on the subject;

G Chapter 6 investigates the differences between MP kinematics in Galactic GCs as relics
of their formation mechanism. The kinematic analysis is first introduced. After that,
results concerning the differences in rotation are thoroughly discussed. It follows a
comparison with the literature;

G Chapter 7 shifts the focus on old stellar systems, discussing the role of stellar mass BHs
within GCs. Observational proxies for the total mass in BHs are investigated through a
survey of Monte Carlo simulations. Particular attention is devoted to the degeneracies
Wide]y used parameters might be prone to. Fina]]y, the comparison between numerical
simulation results and observations is presented;

G Chapter 8 presents the dynamical modeling of the GC NGC 104 to constrain the mass
of the claimed IMBH. The dynamical models along with the fitting methodology are
carefully presented. After that, the structural and kinematical data sets are introduced.
Finally, the results of a large Monte Carlo exploration of the parameter space and the
comparison with previous studies are performed;
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G

Chapter 9 finally concludes with an overview of future projects.

The main reference articles for this thesis are summarized below:

G

G

Della Croce, et al., "Tracing the W3/W4/W5 and Perseus complex dynamical evolution with
star clusters”, submitted to A&A;

Dalessandro, Cadelano, Della Croce, et al., "A 3D view on multiple population kinematics
in Galactic globular clusters”, (2024, A&A, 691, A94);

Della Croce et al., "Inference of black-hole mass fraction in Galactic globular clusters: a multi-
dimensional approach to break initial-condition degeneracies”, (2024¢, A&A, 690, A179);

Della Croce et al., "Young, wild and free: the early expansion of star clusters”, (2024h, A&A,
683, A10);

Della Croce et al., "The most stringent upper limit set on the mass of a central black hole in
47 Tucanae using dynamical models”, (20244, A&A, 682, A22);

Della Croce et al., "Ongoing hierarchical massive cluster assembly: the LISCA I1 structure in
the Perseus complex”, (2023, A&A, 674, A93).
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Chapter 1

Introduction

[...] non erigeremo nuovi idoli, non ordineremo la
societa secondo inedite forme di strati cazione
sociale. Edi cheremo un unico tempio e lo
dedicheremo al solo faro che deve illuminare la strada
di ogni essere umano: la liberta

L'Organizzazione,
CR Edizioni

This introduction presents the observational and theoretical state-of-the-art of star clus-
ter formation and evolution, focusing in particular on topics investigated during the three
years of the PhD program. The introduction aims to provide the reader with all the necessary
notions to read the thesis uently without being verbose. At the same time, it is meant to
navigate the reader through the complex and multi-disciplinary eld of star cluster formation
and evolution.

The Introduction is structured as follows: section 1.1 introduces star clusters in general,
their importance across astronomy, and discusses open questions in cluster formation and
evolution. Section 1.2 introduces star cluster formation from the onset of star formation
in gas clouds to stellar feedback and cluster survival. Section 1.3 continues discussing the
processes involved in the long-term evolution of stellar clusters.

1.1 Setting the scene

The star formation process in galaxies primarily takes place in giant molecular clouds (GMCs,
Kennicutt & Evans, 2012). In particular, in denser regions of GMCs, usually referred to as
clumps. Turbulence is nowadays thought to be the main driver of the density enhancements
allowing the locally gravitationally unstable clumps to collapse and ultimately produce stars
(see Mac Low & Klessen, 2004; Ballesteros-Paredes et al., 2007; McKee & Ostriker, 2007,
Girichidis et al., 2020, for reviews on the role of supersonic turbulence and, more in general,
on the physics of star formation).

During the collapse, the gas cloud fragments in several star-forming regions, resulting in
groups of stars (Lada & Lada, 2003; Kruijssen, 2012). During this stage (referred to as em-
bedded phase), the proto star cluster accretes gas from the natal cloud. The details of the gas
accretion are strongly dependent on the surrounding environment (e.g., the availability of
gas and its relative position and speed, Girichidis et al., 2011; Kruijssen et al., 2012) and also
on the onset of star formation and stellar feedback (e.g., Geenetal., 2015a,b). Such processes
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regulate whether direct accretion onto the central object is favored (forming more massive
stars in gas-richer areas, e.g., Bonnell et al., 2001), or whether the gas becomes gravitation-
ally unstable on its way toward the center, forming more stars (Peters et al., 2010). Nearby
gas cloud observations revealed that star formation in clumps could account for nearly all
(70% 90% stars formed in GMCs (Lada & Lada, 2003). However, the exact fraction of
stars forming in dense environments is still debated (e.g., Bressert et al., 2010; Ward et al.,
2020), and the paradigm is shifting toward a more complex and hierarchical formation pro-
cess in which feedback plays a non-trivial role (see e.g., Krause et al., 2018). Nonetheless,
most stars in galaxies form in clustered environments within GMCs, making star clusters the
building blocks of galaxies and foundation pillars of modern Astronomy.

Despite more than four centuries since their rstreported observations by Galileo Galilei
(in 1610 in theéSideriur Nunciuasnd the tremendous observational and theoretical e orts of
recent years, the physical processes and ingredients driving cluster formation and evolution
are only poorly constrained so far and it remains an active research eld (as pointed out from
the number of recent reviews on the topic, Renaud, 2018; Forbes et al., 2018a; Bastian &
Lardo, 2018; Krumholz et al., 2019; Gratton et al., 2019; Krause et al., 2020; Adamo et al.,
2020). One of the main reasons for our lack of understanding is the intrinsic multi-scale, and
multi-physics nature of star cluster formation and evolution (see Renaud, 2018, for an inter-
esting review on the subject). The formation and evolution of GMCs (where clusters form)
are regulated by galactic-scale processes, such as the development of density perturbations
like spiral arms (Roberts, 1969), which may be triggered by tidal interactions with satellite
galaxies (Toomre & Toomre, 1972; Tully, 1974; Bottema, 2003; Oh et al., 2008; Dobbs & Baba,
2014). At the other end of the ladder, there is star formation. Shortly after the gas collapsed,
stars spring to life, injecting mass, energy, and momentum into the gas through feedback pro-
cesses: from pre-stellar out ows (Bally, 2016), ionizing radiation (Stahler et al., 1980), stellar
winds (Rogers & Pittard, 2013), up to the end of massive-stars life with supernova explosion
(Smartt, 2009), possibly shaping the cloud evolution. The precise role of stellar feedback
depends on the speci cs of the star formation process, such as the relative gas and stellar dis-
tributions and the chemical composition of the gas. In addition, feedback from star-forming
regions plays a role in regulating the star-formation rate of galaxies, driving galactic out ows
(van der Kruit & Freeman, 2011). This is even more critical at high redshift for the formation
of present-day globular clusters (GCs) since the hierarchical assembly of galaxies was likely
still in process (see for example the GC formation model by Kruijssen, 2015) and the lower
metal content in primordial gas allowed for more massive stars (Abel et al., 2002; Bromm
et al., 2002; Yoshida et al., 2006) resulting in more extreme feedback.

Star clusters, in particular the more massive ones, are thus intimately linked to the host,
and over the years they have proved powerful tools in studying the host properties and evo-
lution. Figure 1.1 shows a collage of star cluster images ordered by age: from the still-forming
Orion Nebula Cluster (ONC) to GCs (NGC 6535, 47 Tuc) through some open clusters (OCs),
highlighting the huge variety of properties and apperances of Galactic star clusters.

In our Galaxy, the population of young star clusters (historically identi ed with OCs)
was used to trace the Galactic spiral arms, studying their structure, and pattern speed in re-
lation to the Galactic rotation curve (Naoz & Shaviv, 2007; Bobylev & Bajkova, 2014, 2023;
Junqueira et al., 2015; Dias et al., 2019; Castro-Ginard et al., 2021; Hao et al., 2021; Joshi &
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Figure 1.1:Images of di erent star clusters spanning a wide range in ages

( 1Myrto> 10Gyr) and massesb® 10°M ). NGC 1252 s also shown,

an object previously classi ed as a cluster but now known to be an asterism

thanks toGaiadata (see discussion in section 2.1.1). Each eld of view in all

framesi8 pc 3 pc, and angular sizes are indicated by scale bars. Figure is
reproduced from Krumholz et al. (2019).

Malhotra, 2023). Possible age gradients along the arm (He et al., 2021) would allow testing dif-
ferent formation theories (i.e., the long-lived scenario, Lin & Shu 1964; Shu 2016, opposed to
the one in which spiral arms are short-lived, and co-rotating with the Galactic disk, Toomre
1964). In addition, OCs allowed us to study non-axisymmetric perturbations in the disk, like
the bar pattern speed (Thomas et al., 2023). In addition, the present-day spatial distribution
of young OCs in the Galactic disk could help us study the chemical enrichment history of
the Galaxy (see e.g., Yong et al., 2012; Reddy et al., 2016; Cunha et al., 2016; Donor et al.,
2020; Casamiquela et al., 2021; Spina et al., 2021; Myers et al., 2022; Ray et al., 2022; Gaia
Collaboration, 2023d).

Similarly, the old cluster population is intimately linked with its host (Brodie & Strader,
2006). GCs co-evolve with the Galaxy (see e.g., Reina-Campos et al. 2023 for an attempt
to model the galaxy-cluster population co-evolution for a Hubble time), and witnessed the
Galaxy assembly history possibly helping us to reconstruct it (Massari et al., 2019). In addi-
tion, their orbits in the Galactic halo trace the dark-matter mass distribution and the Galactic
total mass distribution (Eadie et al., 2015; Vasiliev, 2019b).

On extra-galactic scales, the connection between the galaxy and the GC population is
re ected in several scaling relations between the properties of the two: for instance between
the total mass in GCs and the galaxy halo mass that was found to be largely independent of
the galaxy type or environment (Spitler & Forbes, 2009; Hudson et al., 2014; Harris et al.,
2015; Forbes et al., 2018b). This suggests that the galaxy-star cluster population co-evolution
is a ubiquitous and fundamental process in galaxy formation and evolution. Therefore, it
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is of primary importance to study the formation and evolution of massive star clusters in
fully galactic and cosmological frameworks (Boley et al., 2009; Kravisov & Gnedin, 2005;
Kruijssen, 2015; Forbes et al., 2018a; Calura et al., 2022; Grudi¢ et al., 2023), and also to study
the initial properties of the GCs. In this respect, recent observations by the James Webb
Space TelescopBNST of lensed eld provided the rst observational evidence of massive
star-cluster formation at high redshift (Vanzella et al., 2022a,b, 2023b). Such observations
will allow us in the coming years to assess the initial GC properties and their formation
environments using larger and larger samples of proto-GCs.

The above discussion highlights the prominent relevance of star clusters in Astrophysics
across many elds: from stellar theory, galaxy formation, and dynamics, to cosmology. How-
ever, to properly use star clusters to trace such a variety of physical processes we need to
understand how star clusters form in the rst place. Yet, many critical questions are still
open. Did young star clusters form di erently from old ones? Or stated in another way, is
the star cluster formation process universal, and if so, how do star clusters form? What is
the role of the galactic and cosmological environment in shaping their initial properties and
evolution? Will young massive star clusters evolve into GC-like systems?

1.2 Star cluster formation and early evolution

The formation of star clusters involves a variety of physical processes acting at di erent scales
and characteristic times, as brie y touched upon in section 1.1.

We now delve deeper into the physics of star cluster formation. In particular, section 1.2.1
presents the early stages of star formation and cluster formation environments, section 1.2.2
continues with stellar feedback and its implication for gas removal and cluster survival. Sec-
tion 1.2.3 presents the subsequent phase of violent relaxation, where stellar interactions (fur-
ther discussed in section 1.2.4) already play an important role. Finally, section 1.2.5 concludes
by discussing the hierarchical formation scenario in more detail.

1.2.1 The onset of star formation in giant molecular clouds

GMCs are the densest gas regions of the interstellar medium. Also, they show complex, hier-
archical morphologies (Elmegreen & Falgarone, 1996), meaning that the densest regions are
embedded in sparser, lower-density ones and so on. The cloud properties and their evolution
are instrumental in determining the structure and kinematics of the cluster forming out of it,
and its evolution in the earliest stages when stars are still embedded in the natal gas (Klessen
et al., 2000; Klessen & Burkert, 2000; O ner et al., 2009b; Vazquez-Semadeni et al., 2017).
Since the early 70s, line width observations revealed that GMCs are dominated by su-
personic motion (Wilson et al., 1970). Given that GMCs are typically much more massive
than their Jean mass (Blitz, 1993), the rst, and simplest, interpretation was line broadening
due to large-scale radial motion, as a direct consequence of gravitational instability (Liszt
et al., 1974; Goldreich & Kwan, 1974). However, this explanation was soon rejected in favor
of small-scale supersonic turbulence (Zuckerman & Evans, 1974; Klessen et al., 2000). Indeed
the overall collapse of the region would predict star formation rates to be signi cantly higher
than the observed ones. Also, cloud-scale radial motions would produce redshifted emission
lines to the main star-forming region, that were not observed (Zuckerman & Palmer, 1974).
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Figure 1.2:Evolution of the gas surface density (in orange) and young stars (in
blue) for a simulated GMC 8f 10’ M and an initial radius ds0pc. The
leftmost panels show the initial conditions. Moving rightward, time increases
to 3:6 Myr, which is about three times the initial free-fall time scale. The top
row is showing the edge-on view of the disc and the bottom row, the face-on
view. Star formation starts within a free-fall time (he&Myr) and stops
after a few Myr, when the gas has been completely blown out by feedback.
Figure is taken from Grudi¢ et al. (2018a).

On the other hand, turbulence provides pressure support against the gravitational collapse,
accounting for the small (of the order of 1%) star formation e ciencies per free-fall time
(i.e., the fraction of gas mass converted into star per free-fall time, see e.g., Zuckerman &
Evans 1974; Zuckerman & Palmer 1974; Krumholz et al. 2019). Indeed, such low star forma-
tion e ciencies imply GMC lifetimes much larger than the free-fall time scale, whereas in
the absence of any form of pressure support the cloud should collapse in about a free-fall
time scale (Jeans, 1902). In this scenario, turbulence thus plays a dual role: preventing the
GMC from rapid gravitational collapse by providing global pressure support and produc-
ing density uctuations on smaller scales that may become gravitationally unstable, thereby
triggering star formation (Klessen et al., 2000; Mac Low & Klessen, 2004; Ballesteros-Paredes
etal., 2007; Bergin & Tafalla, 2007; McKee & Ostriker, 2007; Hennebelle & Falgarone, 2012).
Numerical simulations of GMC formation and evolution showed that turbulence gener-
ation is a natural outcome of the GMC formation process itself (Audit & Hennebelle, 2005;
Heitsch etal., 2005, 2006; Vazquez-Semadeni et al., 2006, 2007, 2019; Hennebelle et al., 2008;
Banerjee et al., 2009). Gas clouds grow in mass by accreting gas from the surrounding di use
environment. This convergence of gas toward denser regions develops turbulence through the
super-linear growth of perturbations driven by various instabilities, such as thermal (Field,
1965) and Kelvin-Helmholtz instabilities (Heitsch et al., 2006; Klessen & Hennebelle, 2010).
Local density perturbations could thus become gravitationally unstable (approaching the
Jeans mass) and collapse, evolving with their own free-fall time scale set by the local den-
sity.
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The formation of GMC through nearby gas accretion coupled with turbulence-driven
density uctuations makes the GMC collapse inherently non-homogeneous. Furthermore,
given that denser areas collapse faster (due to a shorter free-fall time scale) while accreting
gas from its surroundings, the process naturally produces a hierarchy of collapsing scales.
"Thus, the cloud becomes a system of collapses within collapses” (quote from Krause et al.,
2020). Figure 1.2 presents a possible scheme of the evolution of adma®ixé () GMC
including turbulence and feedback mechanisms (further discussed in section 1.2.2). As the
cloud evolves, turbulence seeds density uctuations which in turn trigger gravitational in-
stability. Such unstable regions condense into laments and clumps, forming the rst stars.
Star formation could also start within the accreting laments, possibly forming a sparser
population of lower-mass (given the smaller gas reservoir) stars. This process could natu-
rally lead to primordial mass segregation and age gradients across the star-forming region
(Vazquez-Semadeni et al., 2017; Getman et al., 2018), regardless of whether dynamical inter-
actions were already e cient at this stage. Finally, the star formation rate accelerates (due
to the continuous accretion of gas) until feedback comes into play, eroding the surrounding
gas and regulating the star-formation rate by expelling the gas (e.g., Grudi¢ et al., 2018a, but
see also discussion in section 1.2.2).

In conclusion, the hierarchical and lamentary nature of GMC formation and evolu-
tion is imprinted in the nascent star cluster which might show a fractal-like morphology
(Vazquez-Semadeni et al., 2017). Observations of embedded star clusters revealed non - ho-
mogeneous morphologies (see e.g., Lada et al., 1996; Piche, 1993). However, centrally con-
centrated clusters were also observed (Horner et al., 1997; Hillenbrand & Hartmann, 1998),
although it is yet not clear whether that is the manifestation of a later stage of the embedded
evolution of star clusters (Lada & Lada, 2003).

1.2.2 Stellar feedback, gas expulsion, and cluster survival

During their lifetime, stars inject energy, momentum, and matter into the surrounding medium
(out of which they might still be accreting) through several physical processes (Dale, 2015).
The stellar feedback is believed to have a profound impact on the natal gas cloud, exposing
the stars within the rst tens of million years (Adamo et al., 2020, and see also gure 1.2).
Massive stars are the main feedback sources, although low-mass ones can contribute sig-
ni cantly during their formation phase (or before the formation of more massive stars). In-
deed, a fraction of the gravitational energy of the infalling matter is converted into radiation
that may be absorbed by the surrounding gas and dust. Before massive stars are formed, this
is the main source of feedback in GMC (O ner et al., 2009a). Furthermore, during the accre-
tion phase, a disk forms and collimated, high-veldd (1000km s ) jets are launched,
likely by magnetic interactions between the star and disk magnetic elds (Frank etal., 2014).
After the accretion phase ends, stars emit ionizing radiation, heating the surrounding
gas and driving its expansion at supersonic speed. The boundary at which recombination
balances ionization is called Stromgren (1939) sphere. Also, the over-pressured gas causes
an expanding shock in the surrounding medium (Spitzer, 1978). Photons carry momentum
beside energy, which can be transferred to the ambient gas. This process may be crucial in
dense clouds hosting massive stars (Krumholz & Matzner, 2009; Fall et al., 2010), although
assessing the fraction of momentum that is transferred to the gas is challenging.
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During the main sequence and post-main sequence evolution, large uxes from the stellar
interiors launch winds from the stellar surfaces. Therefore, stars lose a fraction of their mass
which is deposited into the surrounding gas thereby carrying mechanical and thermal energy.
How much energy is radiated away strongly depends on the thermodynamics of the surround-
ing gas. Also, the ejection velocities and mass-loss rates depend on the star mass, metallic-
ity, and evolutionary stage: from high speed (uiDtkm s 1), low mass loss rat&Q( °
M yr 1) for massive main sequence stars, to lower speDkm s ) and higher mass
loss{0 * 10 3M yr 1) for Wolf Rayet or luminous blue variable stars (see e.g., Lamers
& Cassinelli 1999, although there is no consensus on massive star evolution theories yet).

Finally, massive (roughty8 M ) stars explode as supernovae at the end of their core
hydrogen-burning phase. Supernovae laurehl® km s *metal-enriched material car-
rying aboutl (P! erg of total energy.

The above discussion highlights that while we have an overall, qualitative understanding
of the physical processes involved in stellar feedback, their precise impact on the surrounding
gas, and the consequent response of the stellar system to the gas expulsion are far from clear.
For example, the gas might be exhausted or expelled from the center of dense clumps before
the rst supernovae. Also, precise time scales for the hydrogen-burning phase of massive
stars and a self-consistent picture of stellar explosions are still a matter of debate. Possibly
even more critical, most of our understanding of stellar evolution is based on single, isolated
evolution models, despite being known that a large fraction of massive stars is in binaries,
preferentially with other massive stars (Langer 2012, although recent year e orts boosted
binary evolution modeling especially in numerical simulations, see e.g., Hurley et al. 2002;
lorio et al. 2023).

Figure 1.3:Bound mass fraction after
the gas removal as a function of the gas
expulsion time scale (scaled to the sys-
temtc,). Di erent curves are for di er-
ent star formation e ciencies §. The
gure is adapted from Baumgardt &
Kroupa (2007, see their gure 2) and
shows a simulation with an initial II-
ing factor of 0.01 (top-left corner). As
could be seen, the slower the gas re-
moval or the higher, the higher the
nal bound mass fraction.

Whether the nascent star cluster could survive as a bound stellar system strongly depends
on the cloud star formation e ciency (i.e., the fraction of the available gas mass that was
converted into stars) and the gas expulsion tigpg&gmpared to the crossing tintg,
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2r=, withr the typical cluster size andhe cluster velocity dispersion). In addition, their

roles are intertwined. Figure 1.3 presents the interplay between gas expulsion time scale and
star-formation e ciency on the nal bound mass fraction. Put simply, the stellar system
evolves due to changes in the gravitational potential driven by the gas being pushed away by
stellar feedback. Hence, the higher the gas mass (i.e., lower star formation e ciency at xed
initial cloud mass) the more profound the changes in the gravitational potential. At the same
time, the stellar system response depends on how fast (compared to the crossing time) the
gas expulsion time is. In cage t, stars evolve through quasi-equilibrium states which
minimizes the impact of gas expulsion. Indegg, if t., the stellar system has enough time

to readjust to the gravitational potential changes due to gas removal. In summary, energetic
feedback sources are needed to sweep out the gas on short time scales, which translates into
the need for more (or more massive) stars, which in turn translates into higher star formation

e ciencies (i.e., lower nal gas mass). Therefore, the two should balance for the gas expulsion
to disrupt the gas cloud.

Finally, the non-homogeneous nature of star-forming regions in GMCs is central to de-
termining the impact of gas expulsion on the stellar system. For example, the expelled gas
could be collected into a nearby stellar clump or trigger a second episode of star formation
by compressing a nearby gas cloud (Crowther et al., 2016; Zeidler et al., 2018).

In the past years, several numerical studies of gas expulsion, focussing on the stellar sys-
tem response, were carried out (Kroupa et al., 2001; Baumgardt & Kroupa, 2007; Pelupessy
& Portegies Zwart, 2012; Banerjee & Kroupa, 2013; Pfalzner & Kaczmarek, 2013; Brinkmann
et al., 2017; Farias et al., 2017; Li et al., 2019a; Leveque et al., 2022a). Inlaociylar,
simulations exploring a wide range of initial cluster properties, star-to-gas mass ratios, and
expulsion timescales showed that most clusters are likely disrupted due to gas removal, while
the surviving ones signi cantly expand (Baumgardt & Kroupa, 2007) and may lose large frac-
tions (up to 80%) of their stars (Lada et al., 1984). However, most of these simulations su er a
few critical limitationsi) the star cluster is assumed to be spherical and in virial equilibrium;

ii) the gas is modeled as an external, and time-varying poté@htia¢y require strong as-
sumptions about the initial gas distribution (typically assumed to be reminiscent or the same
as the stellar one). More recent simulations tackled these limitations: for example, Smith
et al. (2013) and Farias et al. (2015) studied the response of fractal stellar systems to a time-
decaying external potential nding that the survival or disruption of the stellar system is a
highly stochastic process. Shukirgaliyev et al. (2017, 2021) extended previous investigations
by allowing the gas to have a di erent density distribution than stars. Finally, Farias et al.
(2018) introduced gas dynamics and found substructured embedded star clusters are more
likely to survive gas expulsion than a virialized and spherical system, thereby concluding that
gas removal may not be the main driver for young star cluster dissolution. These recent nd-
ings challenge the scenario that all stars form in bound star clusters the majority of which is
then disrupted by gas expulsion (Lada & Lada, 2003), favoring the picture that star forma-
tion occurs across di erent density and spatial scales (Bastian et al., 2007; Sun et al., 2018;
Rodriguez et al., 2019) and in highly sub-structured environments.

On the observational side, evidence of cluster expansion was hard to derive directly, and
until very recently most of our understanding was based on indirect evidence resulting from
cluster size-density or density-age anticorrelations (e.g., Pfalzner et al., 2014; Getman et al.,
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2018). Thanks to th@aiasatellite (see Chapter 2), we are now able to directly probe ex-
pansion in star-forming regions and young star clusters with unprecedented detail (Cantat-
Gaudin et al., 2019a,c; Roman-Zuiga et al., 2019; Damiani et al., 2019; Wright et al., 2019;
Lim et al., 2020, 2021, 2022; Buckner et al., 2020; Armstrong et al., 2020, 2022; Schoettler
etal., 2020, 2022; Kuhn et al., 2020; Swiggum et al., 2021; Maiz Apellaniz et al., 2022; Miret-
Roig et al., 2022; Guilherme-Garcia et al., 2023). In addition, we can study stellar feedback
in external galaxies (McLeod et al., 2018; Chevance et al., 2016, 2020).

1.2.3 The violent relaxation phase

The response of the stellar systems to the gas expulsion is largely governed by the time scale

and the gas mass swept out (see discussion in section 1.2.2). Right after the gas is expelled,

the gravitational potential changes with time due to large-scale variations of the mass distri-

bution rather than locally because of multiple stellar encounters (as in two-body relaxation

theory, see e.g., section 1.3). During this process (named violent relaxation), individual stellar

energies are not conserved given the time-dependent nature of the gravitational potential

(x;t). We can thus de ne the characteristic time sialarough the logarithmic deriva-

tive of the potential (averaged over the spatial coordinates)

* +
din (x;t) 2

dt

1=2

tyr / (1.1)

X

The concept of violent relaxation was rst introduced by Lynden-Bell (1967) in the con-
text of galaxy evolution, and a few results of this theory are of primary relevance for star
clusters. First, the energy gain or loss does not depend on the individual stellar mass. Hence
violent relaxation itself would not lead to any form of segregation or equipartition, in con-
trast with the two-body relaxation theory (see section 1.3.2). Secondly, during the evolution,
the system converts kinetic into potential energy and back again, possibly evolving toward
an equilibrium con guration. Such system oscillations are strongly damped, and the system
reaches equilibrium in a few dynamical time scales. thlfeguation 1.1) was found to
typically be on the order of a few orbital periods (Lynden-Bell, 1967).

Since Lynden-Bell's seminal paper, violent relaxation has become a central process in the
early evolution and formation of star clusters, especially in the context of the response to gas
expulsion (see the discussion in section 1.2.2 and references therein). Recently, Leveque et al.
(2022a) modeled the long-term dynamical evolution of star clusters starting from the embed-
ded phase, accounting for gas expulsion and the subsequent violent relaxation phase. Finally,
many theoretical works studied violent relaxation considering di erent scenarios, such as
initial fractal distributions: Banerjee & Kroupa (2014, 2015) perfddriemtly simulations
of both initially homogeneous and fractal systems tailored at reproducing the young (1 Myr)
star cluster NGC 3603. They found that fractal systems may achieve lower central velocity
dispersion than the homogeneous con guration. Also, they found that, under speci c initial
conditions, a spherical and monolithic con guration could be reached in the initially fractal
system before stellar feedback sets in. Livernois et al. (2021) explored the role of dynamical
interactions in hierarchical structures during the violent relaxation phase, nding that they
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play an important role in the system evolution. In the following section, we shall discuss the
details of stellar encounters in the early stages of cluster formation.

1.2.4 Stellar interactions and dynamical feedback

Dynamical interactions are usually invoked in the long-term evolution of star clusters (see
section 1.3 for a more in-depth discussion). The relaxation time scale due to two-body in-
teractions (Spitzer 1987) is indeed generally larger than young star cluster ages, hence they
have been classi ed as dynamically-young systems (i.e., systems in which stellar encounters
between stars were not e ective in altering the distribution function of the system yet). How-
ever, this picture has been challenged by many observations of mass segregated young star
clusters (Hillenbrand & Hartmann, 1998; de Grijs et al., 2002; Littlefair et al., 2003; Goulier-

mis et al., 2004, Stolte et al., 2006; Harayama et al., 2008; Bontemps et al., 2010; Gennaro
et al., 2011; Evans & Oh, 2022). The interpretation could be threefold: the observed mass
segregation is a by-product of the star formation process, it has a dynamical origin, or a com-
bination of the twos. Competitive gas accretion during the star formation process naturally
favors massive stars in stronger gravitational potentials (see e.g., Bonnell et al., 2001; Kirk
et al., 2014; Vazquez-Semadeni et al., 2019, although feedback from massive stars could halt
the accretion, Parker etal. 2015). On the other hand, the presence of a mass spectrum within a
stellar system is known to lead to mass segregation if the system had su cient time to evolve

or if dynamical interactions were e ective enough. Itis yet unclear whether mass segregation

in young star clusters is primordial or not. Also, disentangling between the two scenarios is

a non-trivial task in observations.

Numerical simulations thus focused on the development of mass segregation in shorttime
scales. The rst nding was that star clusters forming from the merger of mass-segregated
systems, inherit mass segregation from the parent clusters (McMillan et al., 2007). Hence
the focus shifted toward clusters forming through the hierarchical merger of smaller stellar
clumps: McMillan et al. (2007) and Allison et al. (2009) found that the high densities reached
in low-mass clumps allow for stellar interactions to be e cientevenonshort(i.e., comparable
to the free-fall) time scale, resulting in mass-segregated young stellar clusters (see e.g., Polak
et al., 2024, but see also Vesperini & Cherno 1996; Dorval et al. 2017; Cournoyer-Cloutier
et al. 2024a,b for the evolution of binaries in these early evolutionary phases). Figure 1.4
gualitatively shows the development of mass segregation within merging sub-clusters: while
the clusters approach each other massive stars start sinking in the center, then the two clusters
merge (by abomt5 1 yr after the start of the simulation) resulting in a mass segregated
cluster.

Besides mass segregation, e cient dynamical interactions a ect star-forming regions
and new-born clusters in many ways. E cient binary-single and binary-binary interactions
would eject massive stars from the higher-density regions (given that massive stars are pref-
erentially found in binaries, Sana et al. 2012, and dynamical interactions are more frequent
in denser environments). Removing massive stars thus lowers the impact of feedback in
the central part, and may result in o -centered feedback. Also, stellar interactions in dense
clumps of stars would result in a dependence of the stellar velocity distribution on the stellar
mass, a process known as energy equipartition (Heggie & Hut, 2003, see also Livernois et al.
2021 for a study on young, violent-relaxing systems). Therefore, recent years witnessed a re-
newed interest in the role of stellar dynamical interactions and stellar evolution in setting the
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Figure 1.4:N -body simulation of two merging clusters (initialized as identi-

cal Plummer sphere, with 500 particles each, and at rest to each other at about

a distance of 1 pc). Red dots show the location of the eight more massive stars

in the simulations. Snapshots at di erent times are presented. By the end

of the simulation (roughly Myr) the two clusters merged and massive stars

sunk in the potential well. The gure is reproduced from Moeckel & Bonnell
(2009).

emerging properties of star clusters (see for example Goodwin & Whitworth, 2004; Moeckel
& Bonnell, 2009; Vesperini et al., 2014; Parker & Wright, 2016; Parker et al., 2016; Sills et al.,
2018; Ballone et al., 2020).

1.2.5 The hierarchical formation scenario

Numerical simulations of star formation in GMCs revealed that stars form with a fractal spa-

tial distribution and that the initial properties of stars are inherited from (or at least linked

to) those of the parent gas (see e.g., Dale & Bonnell, 2011; Grudi¢ et al., 2018a; Ballone et al.,
2020). Consequently, the formation of star clusters through the merger of smaller stellar
clumps formed within the same GMC but in di erent locations, possibly at slightly di er-

ent times and conditions raised much attention in recent years (see de Oliveira et al., 1998;
Bonnell et al., 2003; Goodwin & Whitworth, 2004; Fujii et al., 2012; Gavagnin et al., 2016;
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Figure 1.5:Evolution of the DR21 region (see Sills et al. 2018 for details on the

initial conditions). Each snapshot presents the spatial distribution (5 pc wide)

of stars (depicted in blue-white) and gas (represented by iso-density contours).

Time proceeds from the top left to the bottom right panel: the rst snapshot

is after 0.1 Myr the simulation started, and each subsequent snapshot is taken

after 0.1 Myr. The system (composed of stars and gas) quickly collapses (on

the order of a Myr) to a nearly spherical con guration. The gure is taken
from Sills et al. (2018).

Hong et al., 2017; Mapelli, 2017; Sills et al., 2018; Grudi¢ et al., 2018b; Ballone et al., 2020;
Livernois et al., 2021, for a non-exhaustive list of works). This scenario is generally referred
to as the hierarchical cluster formation scenario, as opposed to the so-called monolithic for-
mation scenario in which a dense star cluster forms at the center of a gravitationally unstable
GMC in a starburst-like star formation episode (see e.g., Longmore et al., 2014; Banerjee &
Kroupa, 2014). This section reviews the results and implications of the hierarchical formation
scenario in the emerging properties of star clusters.
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Figure 1.6: Surface density maps of a collapsing GMC with total mass

2 10*M . Dierent snapshots are at di erent times until cloud disrup-

tion. Circles represent sink particles (i.e., stars) in the simulation whose size

increases with the stellar mass. The gure is part of the STARFORGE simu-
lation set and was reproduced from Guszejnov et al. (2022).

In their seminal study, Bonnell et al. (2003) studied the fragmentation of GMCs and the
evolution of the stellar system. They found that the substructuring played a key role in de-
veloping the forming star cluster. In particular, the local density at the center of clumps
rises sharply due to infalling gas being converted into stars or accreted by proto-stars con-
tributing to the formation of massive stars. They found that clumps can reach local densities
100 times higher than for a monolithic collapse (Bonnell et al., 2003). Such high densities
had signi cant implications for the stellar interaction rates (see e.g., the discussion in sec-
tion 1.2.4), resulting in closer and stronger interactions than would otherwise occur (Scally
& Clarke, 2002), and thus hardening binaries, ejecting stars, truncating circumstellar disks,
and favoring stellar mergers by direct collisions. The median local density then decreases due
to dynamical ejections of stars from the subclusters, and the kinetic heating during subcluster
interactions (Bonnell et al., 2003).

Subcluster mergers erase the initial clumpy distribution rather quickly (in a few initial
free-fall time scales) resulting in a spherical-like con guration (see e.g., gure 1.5 from Sills
et al., 2018). Also, the nal density structure resulting from multiple mergers resembles the
smooth density distributions observed in young massive clusters (Grudi¢ et al., 2018b).

Despite eventually producing typical clusters, the lively evolution of hierarchical systems
leaves imprints on the newly born cluster. Star-star scatterings in dense clumps may result
in mass-segregated systems (McMillan et al., 2007; Allison et al., 2009; Livernois et al., 2021).
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Also, hierarchical cluster formation boosts massive black hole (BH) formation and retention:
repeated stellar mergers could produce very massive stars that will promptly collapse into
BHs of, possibly, intermediate mass (Rantala et al., 2024; Fujii et al., 2024). Low-metallicity
(< 0:1 Z ) clusters may retain such BHs even after multiple mergers (Fujii et al., 2024). Be-
sides stellar encounters, clump-clump interactions (ultimately culminating in mergers) have
also a dominant role in shaping the early cluster properties. For instance, they could pro-
duce high ellipticity and rotating star clusters due to large-scale torques (de Oliveira et al.,
1998; Mapelli, 2017). Some of the clumps are disrupted by multiple tidal interactions, devel-
oping a di use and lower-density population of stars orbiting around more massive clumps
(Livernois et al., 2021). Finally, it has been suggested that multiple populations (MPs, widely
observed in massive star clusters, e.g., Bastian et al. 2007; Gratton et al. 2019) can arise as a
natural by-product of the cluster formation process, when accounting for initial substruc-
turing and cluster mergers (see e.g., Hong et al., 2017; Howard et al., 2019). Given the topic's
scienti ¢ relevance, the chemical enrichment evolution of hierarchical systems certainly de-
serves further investigation.

However, the dynamical evolution and the emerging properties of hierarchically forming
star clusters have been poorly (or not at all) explored. The time scale hierarchical systems
reach a monolithic con guration is a key ingredient in determining the survival chances after
the gas expulsion phase (Fellhauer et al., 2009). Such time scale is largely unconstrained
observationally, while theoretical studies found that it depends on many physical processes,
such as the details of the initial sub-structuring (Fellhauer et al., 2009), rotation (Livernois
et al., 2021), relative clump distances (Banerjee & Kroupa, 2015) and speeds (Karam & Sills,
2022). Also, Fellhauer et al. (2009) found that prompt mergers (i.e., before gas expulsion)
boost the e ective star formation e ciency of the cluster. On the other hand, Guszejnov
et al. (2022) found that clumps do not merge fast enough and stellar feedback disrupts the
cluster by blowing out the gas (see e.g., the simulation snapshots presented in gure 1.6).

Despite the e orts (e.g., Bonnell et al., 2003; Banerjee & Kroupa, 2015; Karam & Sills,
2024), the study of the dynamical evolution of hierarchically assembling systems is still in its
infancy. This may be due to the lack of detailed observations of hierarchical cluster systems
to compare numerical simulations with. However, this picture is likely changing.

1.3 The long-term evolution of bound stellar systems

After the left-over gas has been dispersed and the cluster settled to an equilibrium state, its
evolution is governed by gravity (regulating the interaction rate between stars and the forma-
tion and evolution of binaries) and stellar evolution. Besides internal processes, the evolution
of star clusters over billion-year time scales is a ected by the cluster orbit in the galaxy. For
instance, encounters with GMCs (Spitzer, 1958; Theuns, 1991; Gieles et al., 2006, that are
more frequent for clusters with in-plane orbits), and repeated passages through the galactic
disk (Cherno etal., 1986; Weinberg, 1994) tidally perturb the cluster over short (i.e., shorter
thant. ) time scales. Tidal shocks accelerate stars in the cluster center, thus increasing the
cluster energy and causing expansion (Spitzer, 1958). Also, they may signi cantly speed up
cluster dynamical evolution and dissolution (see e.g., Gnedin et al., 1999).

In this section, we rst brie y discuss the implications of stellar evolution (section 1.3.1).
we then move to the role of stellar encounters (sections 1.3.2-1.3.3) and tidal eld (section 1.3.4),
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before concluding with the critical role of BH retention in the long-term evolution of massive
stellar systems (section 1.3.5).

1.3.1 More than just rigid balls: stellar evolution

After a few million years, stars may su er signi cant mass loss due to stellar winds and super-
nova explosions, likely a ecting the early cluster evolution. Several numerical studies showed
that star clusters expand as a consequence of mass loss which in turn weakens the gravitational
potential, possibly completely dissolving the cluster. In particular, clusters with lower ini-
tial concentration (Cherno & Shapiro, 1987) or with atter initial mass function (i.e., with
a higher fraction of massive stars, Cherno & Weinberg 1990) are more prone to disrup-
tion due to stellar evolution-driven mass loss. Fukushige & Heggie (1995) found that cluster
dissolution may occur rapidly, suggesting that a loss of equilibrium causes the disruption.
A more in-depth analysis revealed that the natio, (with ry,, andr; being the half-mass
and the tidal radii, respectively) increases during the expansion, reaching values for which
equilibrium is not possible (Fukushige & Heggie, 1995).

Stellar mass loss and disruption are intimately related to the host galaxy's tidal eld (see
e.g., Cherno & Shapiro, 1987; Fukushige & Heggie, 1995; Vesperini, 2010) which strips stars
to the cluster. The role of the tidal eld in cluster evolution is presented in section 1.3.4.

1.3.2 Two-body relaxation theory in a nutshell

At the beginning of the 20th century, it was suggested that stellar interactions could be rel-
evant in dense stellar systems by Jeans (1913) which rst applied gas kinetic theory to stellar
systems. After realizing that inter-star distances were small enough to allow for frequent
dynamical interactions, studying the role of stellar scatterings within dense stellar systems
became central in the eld of star clusters (as highlighted by the many reviews and textbooks
on the topic in past years, see e.g., Elson et al., 1987; Spitzer, 1987; Heggie & Hut, 2003;
McMillan, 2008; Vesperini, 2010).

Focusing on individual stars, multiple and distant two-body encounters cause stars to lose
energy in a process called dynamical friction (see e.g., Heggie & Hut, 2003). Indeed, due to
the long-range nature of the gravitational force, multiple and distant encounters overwhelm
close ones in perturbing the initial stellar orbit (Spitzer, 1987). From dynamical-friction
theory:i) slower stars (i.e., stars with negative relative velocity to the test star, meaning that
they are approaching the star in its reference frame) are responsible for the dece)eration;
the higher the stellar mass, the stronger the energy loss of the star. Dynamical friction thus
removes energy from massive stars, which sink toward the central part of the system, and
transfer energy to lower-mass ones, developing mass segregation within the system.

Onthe other hand, considering a self-gravitating collection of interacting stars (i.e., a star
cluster), two-body encounters cause evolution toward thermal equilibrium. The time scale
for cumulative stellar interactions to alter the system's dynamical state signi cantly referred
to as the two-body relaxation time schlgx (see e.g., Spitzer, 1987)

h\lzi 3=2

tretax = 0002 n

(1.2)



16 Chapter 1. Introduction

with hv?i, G, hmi, n, andin the local mean square root velocity of stars, the Gravita-
tional constant, the local average stellar mass, the local stellar density, and the Coulomb
logarithm (reminiscent of the analogy with kinetic plasma theory where the interactions are
electrostatic), respectively. From equation 1.2 emerges that interactions are more e ective
(i.e., lowet,eax) In denser areas (i.e., higheas could be expected), but also for smaller
hv?i, meaning that, on average, relative star speeds are lower, thus allowing gravity for longer
times to act on the stellar orbit.

The time scale in equation 1.2 varies signi cantly within the cluster: it is shorter in the
center, due to higher densities and decreases moving outward as expected. Indeed, assuming
virial equilibrium 2 GM=R  GM 3 1= (where we used the scaling M=R?3),
which yield$,eax  N=In 1=G )**? (assumingyl N hmi for a system witN par-
ticles). Hence, the density contribution dominates and the more massive the system (higher
N) the slower the evolution.

To compare with observations it is useful to provide an integrated estimatg de-

ned as the half-mass relaxation time sagléSpitzer, 1987)

N 2=2(rp[pc])®=2,
(MM ])*=

N 3=2
t, =0:0138 M

e S 10° yr

(2.3)
This allows us to separate between collisiofpak( age and collisionless systerms ¢
agg. For Galactic GCs, on averdge' 1.2 Gyr (Harris, 1996, 2010 edition), making
them collisional systems. Young star clusters in the disk of our Galaxy are on the other hand
classi ed as collisionless systems according to the former de nition. However, as discussed
in section 1.2.4, stellar interactions do play a role even in very young systems depending on
the cluster formation history. This makes the aforementioned separation blurry and in some
respects, wrong. The reason is that equation 1.3 provides us an estimate of the present-day
relaxation time and an answer to the question "On what time scale will stellar interactions
change the stellar phase-space distribution assuming that the system structure and mass are
not changing?". Therefore, the separation in collisional and collisionless systems according
to equation 1.3 does not account for previous cluster evolution. From the above discussion,
it also follows that,, is a function of time although it does not change as dramatically as the
local relaxation time (see equation 1.2) evaluated for example at the center (Spitzer, 1987).
For a system in dynamical equilibrium, it can be shown that (Heggie & Hut, 2003)

N, N
log “  In(0:02N)

trh tcr >t crs (1-4)

where we assumed the Coulomb logarithm by Giersz & Heggie (1996, which accounts for
a mass spectrum within the system). According to the nal relation in equation 1.4, stars
orbit many times within the system practically una ected by two-body relaxation, hence the
system can evolve through equilibrium states under the e ect of stellar encounters (Heggie
& Hut, 2003).
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Figure 1.7:Time evolution of the 0.1%, 1%, 10%, and 50% Lagrangian radii

(i.e., the radii enclosing a given fraction of the total cluster mass) and tidal

radiusr¢ from anN -body simulation following the dynamical evolution of a

star cluster orbiting at 4 kpc from the Galactic center and with an initial mass
ofMg =1:49 10°M (reproduced from Aarseth & Heggie, 1998).

1.3.3 Two-body relaxation driven cluster evolution

This section brie y presents some well-established consequences of the two-body relaxation
process (see section 1.3.2). Despite being known for many years, they are intense research
elds. Indeed, the increasing wealth of data and detailed observations collected over the
past years (Fabricius et al., 2014; Watkins et al., 2015; Bellini et al., 2017; Boberg et al., 2017;
Bianchini et al., 2018; Kamann et al., 2018; Sollima et al., 2019) call for further theoretical

e orts to explore the interplay between many di erent processes and perform more realistic
simulations of cluster formation and evolution.

The relaxation process driven by stellar interactions alters the stellar energy distribution.
We can think of the system evolving through quasi-equilibrium states given that two-body
encounters-driven relaxation acts on a much longer time scalg, t{s®e the relation in
equation 1.4).

One of the physical manifestations of multiple two-body encounters in star clusters is
the tendency toward equipartition of kinetic energies (see Heggie & Hut, 2003, for an in-
depth review on the topic). A balance between the relaxation process (on average lowering
the cluster energy) and dynamical friction (increasing the mean cluster energy on average) is
only possible if more massive stars (say withmaasd velocity;) move slower than low-
mass ones (say with masgsand velocity,), translating into the condition for complete
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energy equipartitiormitvzi = myhvai.

The tendency toward energy equipartition has multiple implicatjonassive stars lose
energy sinking toward the cluster center, while lighter stars (being more energetic) populate
the external regions. Hence the system becomes segregated iih thessellar veloc-
ity distribution (and in particular the velocity dispersion) is mass dependent with higher
mass stars showing smaller velocity dispensjahe velocity distribution evolves toward a
Maxwellian distribution. Implications of the relaxation process were investigated by many
theoretical studies (see e.g., Baumgardt & Makino, 2003; Khalisi et al., 2007; Bianchini et al.,
2016; Aros & Vesperini, 2023) and also directly tested by observations of (extra-)Galactic
GCs (seee.g., Heyl et al., 2017; Libralato et al., 2018; Watkins et al., 2022).

Complete equipartition is never achieved in real stellar systems and the reason is dual.
First, a Maxwellian stellar velocity distribution allows for in nitely fast-moving stars, which
will then escape the system even not considering the external tidal eld (although this is
not a physically motivated assumption, see discussion in section 1.3.4). Second, as relaxation
proceeds, heavier stars tend to lose energy and sink into the potential well of the lighter
stars. Assuming for simplicity that the system is composed of only two populations of masses
m; > m (following Heggie & Hut, 2003), the two populations exchange energy until the
kinetic energies balance. However, while sinking toward the center, the self-gravity of the
massive population may become importavti& M, (m,=m;)3? (with M, andM, being
the total local masses of the two populations). If this is the case, stellar encounters subtract
energy from the more massive population, which in turn contracts, and heats up: hence this
system is moving away from energy equipartition (Heggie & Hut, 2003). The impossibility
of reaching complete equipartition in stellar systems was rst introduced by Spitzer (1969,
and then extended to systems with realistic initial mass function by Vishniac 1978; Trenti &
van der Marel 2013).

Finally, the progressive contraction of the cluster core leads to divergent central den-
sity in a nite time (as rst studied by Henon 1961; Antonov 1962), a process known as the
gravothermal catastrophe. Binary systems both primordial or dynamically formed can pre-
vent the ultimate collapse of the core by rapidly sinking in the center and injecting energy
into the system through multi-body stellar encounters (Heggie & Hut, 2003). The post-core-
collapse evolution may be characterized by large core oscillations driven by gravothermal
e ects (e.g., Makino, 1996). Figure 1.7 presents the time evolution of di erent Lagrangian
radii of a star cluster toward and after (roughlyLO Gyr) core-collapse ( gure reproduced
by Aarseth & Heggie, 1998). The inner regions are slowly contracting during the evolution
until the core collapses and the post-core-collapse phase starts. On the othgr(band,
responding to the Lagrangian radius enclosing 50% of the mass) remains roughly constant
during the evolution.

Delving into the details of multi-body (2) encounters, energy generation, and the core
collapse phase is beyond the scope of this introduction. We refer the interested reader to
reviews on cluster evolution, for instance, Elson et al. (1987); Heggie & Hut (2003).

1.3.4 Clusters orbit within galaxies: the role of the tidal eld

In addition to internal processes like stellar evolution (brie y presented in section 1.3.1), and
two-body encounters (discussed in section 1.3.2), external processes, for example, the cluster
orbit within the host galaxy, shape the cluster evolution over long time scales. Indeed, the
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galaxy tidal eld truncates the cluster size (de ned by the tidal ragjuse., the distance
from the cluster beyond which the galaxy gravitational force becomes larger than the cluster
self-gravity), and lowers the cluster escape speed (or in other words, the cluster escape energy
3GM=2r,), thereby enhancing mass loss. The evolution of tidally-limited star clusters
was reviewed by Heggie (2001).
Assuming that the cluster is on a circular orbit at a distegidem the Galactic center,
the two Lagrangian points lie at a cluster-centric distance of (Spitzer, 1987)

1 My 1=3

3Mg(<rg) e (-5)

re

with M being the total cluster mass, afd (< r ) the total host-galaxy mass enclosed
within a sphere of radius equal to the circular orbit one (see e.g., Binney & Tremaine, 2008a).
At rst order, we can assuntg  r_. Stars can thus escape the cluster only through the
Lagrangian points of the galaxy cluster system, developing extended tidal tails whose shape
and stellar content were deeply investigated both using numerical simulations (Combes et al.,
1999; Dehnen et al., 2004; Kipper et al., 2008; Ernst et al., 2009; Mastrobuono-Battisti et al.,
2012) and by observations (Leon et al., 2000; Odenkirchen et al., 2003; Grillmair & Dionatos,
2006; Piatti & Carballo-Bello, 2020; Yang et al., 2022). For example, gure 1.8 presents the
well-known case of Palomar 5, a spagse 20 pc) and low mass (abol® M ) clustersin

the Galactic halo. Palomar 5 exhibits tidal tails extending for mor2@han the sky (Erkal

et al., 2017) resulting from the escape of stars through the cluster Lagrangian points. These
features make Palomar 5 the best target for studying and understanding tidal tail formation.
Recently in this context, Gieles et al. (2021) suggested that Palomar 5 was previously dense
enough to retain BHs which e ciently ejected stars due to dynamical interactions hence
resulting in extended tidal tails (see the discussion on BHs within star clustersin section 1.3.5).

Due to the tidal boundary de ned by the galaxy's gravitational eld, the cluster dissolu-
tion time is signi cantly shorter than without the external tidal eld (see e.g., Baumgardt
et al., 2002, who found that it may take uplfd initial half-mass relaxation times for a
cluster to lose about half of its mass in absence of the external tidal eld). Also, due to the
dependence of on the cluster mass (equation 1.5), as stars leave the cluster, the tidal radius
shrinks, further enhancing the mass loss (a process referred to as induced mass loss by Heggie,
2001). Gieles & Baumgardt (2008) extensively studied cluster dissolution in the presence of
galactic tidal elds. They found that the dissolution time scale strongly depends on the ini-
tial r,=r, ratio. Interestingly though, it does not depend pfor r,=r; > 0:05, but instead
it scales with the cluster orbital properties abl %55 g =y (with v being the circular
velocity, Gieles & Baumgardt 2008): the smaller and shorter the cluster orbit within the host
galaxy, the faster the evaporation.

Stars may acquire high enough energy through dynamical interactions in the central re-
gions of the cluster onta.x (equation 1.2) time scale (which is typically lower than the
strong interaction time scale, proportionaNo.,, In  t.eax, Heggie 2001). Stars kicked
out of the core at super-escape speeds leave the systégntoneascale. However, this
simple picture was challenged by direct orbit integration of possible escaping stars, nding
that unbound stars (i.e., stars with energy equal or slightly above the escape one) may orbit
within r, for a time even longer than a Hubble time (Fukushige & Heggie, 2000). Hence,
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Figure 1.8:Comparison between tiNe-body simulation (in light blue) and

observations of Palomar 5 (in brown). Panel (a) shows the density pro le of

observable stars; panel (b) presents the stream spatial distribution in the sky,

while the stream density and width are shown in panels (c) and (d) respec-

tively. In particular, the narrow stream width provides clues on the velocity

dispersion of stars in the tidal tail. The gure is reproduced from Gieles et al.
(2021), with data from Erkal et al. (2017).

they may never really leave the cluster.

Concerning the tidal tail's stellar content, low-mass stars populate higher-energy (less
bound) orbits due to multiple stellar encounters (see sections 1.2.4, 1.3.3) It follpws that
tidal tails would be mainly of low-mass stars,igrile observed mass function attens in
the tidal tails (e.g., Vesperini & Heggie, 1997; Baumgardt & Makino, 2003).

1.3.5 Exotic objects in GCs

As high-density environments, star clusters facilitate high rates of dynamical encounters
(Heggie & Hut, 2003), which can lead to the formation of various stellar exotica, includ-

ing low-mass X-ray binaries, millisecond pulsars, blue stragglers, cataclysmic variables, and
BHs. Within this context, the increasing number of BH detections in Galactic GCs, along
with recent developments in terms of gravitational wave detections and results obtained with
the LISA/Virgo detectors (Maccarone et al., 2007; Strader et al., 2012; Chomiuk et al., 2013;
Miller-Jones et al., 2015; Giesers et al., 2018), has sparked renewed interest in understanding
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the formation, and evolution of BHs in GCs, making them ideal testbeds for gravitational
wave astrophysics (Rodriguez et al., 2015; Hong et al., 2018).

Several works addressed the role and impact of a population of BHs in the long-term dy-
namical evolution of a stellar system. They showed that the presence of BHs, speci cally the
heating from dynamically formed binary BHs, can signi cantly delay the mass segregation of
visible stars and the core collapse of GCs (see e.g., Mackey et al., 2007, 2008; Breen & Heg-
gie, 2013; Chatterjee et al., 2013; Morscher et al., 2015; Alessandrini et al., 2016; Peuten et al.,
2016; Weatherford et al., 2018; Kremer et al., 2018, 2020). Also, these studies have shown that
a sizeable population of BHs could be retained at the center of GCs for timescales longer than
the Hubble time (Morscher et al., 2013; Sippel & Hurley, 2013; Heggie & Giersz, 2014; Arca
Seddaetal., 2018; Askar et al., 2018). Only after dynamical ejections deplete the stellar-mass
BH population signi cantly, the evolution towards core collapse can start (Kremer et al.,
2020). Eventually, stellar binaries become e cient in generating energy preventing the ul-
timate collapse. Figure 1.9 presents the time evolution of a simulated stellar system that
retained several hundred BHs for more than a Hubble time. The presence of binary BHs
sustains the core from collapsing (as shown by the slowly increasing 1% Lagrangian and core
radii) while in ating the external parts (see the steady increasg. dlso, the observable
cluster dynamical age is low/  0:8) even after 15 Gyr of evolution.

Figure 1.9:Time evolution of intrinsic cluster radii (left panel), observed clus-

ter dynamical age (middle panel), and the number of bound BHs and neutron

stars (NSs). The simulation is part of the set presented by Bhat et al. (2024,

and further analyzed in Della Croce et al. 2024c). We refer to those papers for
details on the simulation's initial conditions.

However, the BH retention in GCs and the distribution of kick velocities after their
formation are still matters of intense investigation (Belczynski et al., 2002; Repetto et al.,
2012; Janka, 2013; Mandel, 2016; Repetto et al., 2017; Giacobbo & Mapelli, 2020; Andrews &
Kalogera, 2022). Due to asymmetric supernova explosion, indeed, BHs experience natal kicks
(Janka, 2013; Mandel, 2016): if the kick amplitude is larger than the local escape speed, the
BH is promptly ejected.

The search for stellar-mass BHs in Galactic GCs, therefore, opens up a window on many
fundamental and timely science cases, including the constraint of the early BH retention
and natal kicks, the study of stellar dynamical interactions, up to the BH-BH merging in
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dense stellar systems as a source of gravitational wave emission (Moody & Sigurdsson, 2009;
Banerjee et al., 2010; Rodriguez et al., 2015, 2016b,a, 2018; Antonini & Rasio, 2016; Hurley
etal.,2016; Askar etal., 2017; Fragione & Kocsis, 2018; Hong et al., 2018; Samsing & D'Orazio,
2018; Samsing etal., 2018; Zevin etal., 2019; Arca Sedda et al., 2023, 2024a,b; Marin Pina etal.,
2024; El-Badry, 2024).

1.4 Chemical abundance variations in massive stellar clusters:
a puzzle for standard cluster formation

Figure 1.10:Na-O anticorrelation in 19 Galactic GCs as found by Carretta
et al. (2009).

GC stars exhibit intrinsic star-to-star variations in their light-element content (see for in-
stance gure 1.10 for the famous Na-O anticorrelation): while some GC stars have the same
light-element abundances as eld stars with similar metallicity ( rst population or gener-
ation, FP), others show enhanced He, N, Na, and Al along with depleted C, O, and Mg
abundances (second population or generation, SP). Such chemical anomalies are not due to
internal mixing processes but are intrinsic properties of the stars as they have been observed
in stars in all evolutionary sequences (Cannon et al., 1998; Briley et al., 2004). The mani-
festation of light-element inhomogeneities is referred to as MPs (see Bastian & Lardo 2018;
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Gratton et al. 2019 for a review of the subject). Light-element variations and their typical
patterns appear to be linked to hot CNO/proton-capture thermonuclear reactions, which
are expected to take place in relatively massive stars (e.g., Prantzos et al., 2007, 2017).

Light-element abundance variations can have an impact on stellar structures (as in the
case of H) and atmospheres (as for Na, O, C, and N). They can therefore produce a broadening
or splitting of di erent evolutionary sequences in color-magnitude-diagrams (CMDs) when
appropriate Iter combinations are used (especially with UV or near-UV lters Piotto et al.,
2007; Sbordone et al., 2011; Dalessandro et al., 2011; Monelli et al., 2013; Piotto et al., 2015;
Niederhofer et al., 2017; Cadelano et al., 2023).

It is well established that the MP phenomenon is (almost) ubiquitous among massive
stellar clusters. It has been shown that nearly all massi®N! ; e.g., Dalessandro et al.

2014; Piotto et al. 2015; Milone et al. 2017; Bragaglia et al. 2017) and relativél ol@ (

Gyr; Martocchia et al. 2018a; Cadelano et al. 2022) GCs host MPs. In addition, MPs are
observed in any environment: they are routinely found in the Magellanic Clouds' stellar clus-
ters (Mucciarelli et al., 2009; Dalessandro et al., 2016), in GCs within dwarf galaxies such as
Fornax (Larsen et al., 2012, 2018) and Sagittarius (e.g., Sills et al. 2019), and in the M31 GC
system (Schiavon et al., 2013; Nardiello et al., 2018). There are also strong (though indirect)
indications that stellar clusters in massive elliptical galaxies host MPs (e.g., Chung etal. 2011).
Interestingly, stars characterized by enhanced N and depleted C are rarely found in the eld
and not present in OCs and dwarf galaxies (e.g., Martell et al., 2011; MacLean et al., 2015).
This suggested that MPs in GCs arise due to processes unique to massive stellar systems and
possibly linked to their formation.

MPs are, indeed, believed to have formed during the very early epochs of GC formation
and evolution10 100Myr; see Martocchia et al. 2018b; Nardiello et al. 2015 and Saracino
et al. 2020 for direct observational constraints). Over the years, many scenarios have been
put forward to describe the sequence of physical events and mechanisms involved in their
formation. We can schematically group them into two main categories. The rst category of
models envisions that MPs form during multiple (at least two) events of star formation and
typically invoke self-enrichment processes, in which the SP forms out of the ejecta of rela-
tively massive FP stars (e.g., Decressin et al., 2007; D'Ercole et al., 2008; de Mink et al., 2009;
D'Antona et al., 2016). The second category groups models where MPs form simultaneously
and SP stars accrete enriched gas during their pre-main sequence phases (e.g., Bastian et al.
2013; Gieles et al. 2018).

Independently of the speci ¢ di erences, all models proposed so far have their own
caveats and face serious problems in reproducing the variety of available observations. As
a matter of fact, we still lack a comprehensive explanation of the physical processes at the
basis of MP formation (e.g., see Bastian & Lardo 2018; Gratton et al. 2019).

Investigating the kinematical and structural properties of MPs can provide new insights
into the early epochs of GC formation and evolution. Most formation models suggest that
MPs form with di erent structural and kinematic properties. Di erences between the FP
and the SP kinematics can be either imprinted at the time of SP formation (see, e.g., Bekki
2010; Lacchin et al. 2022) or emerge during a cluster's evolution as a consequence of the ini-
tial di erences between the FP and SP spatial distributions (see e.g., Tiongco et al. 2019;
Vesperini et al. 2021; Sollima 2021). Although the primordial structural and kinematic dif-
ferences between FP and SP stars are expected to be gradually erased during GC long-term
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dynamical evolution (e.g., Vesperini et al. 2013; Hénault-Brunet et al. 2015; Tiongco et al.
2019; Vesperini et al. 2021; Sollima 2021), some clusters are expected to retain memory of
these initial di erences (see e.qg., Dalessandro et al., 2019).

Spatial distributions alone can provide only a partial picture of the dynamical properties
of MPs, and further key constraints on their formation are expected to be hidden in their
kinematics. Because of the technical limitations in deriving kinematic information for large
samples of resolved stars in dense environments, most of the information available so far
has been obtained usiHgibble Space TelegEl$B proper motions (PMs) arMulti-Unit
Spectroscopic ExpleieBEline-of-sight(LOS) velocities sampling relatively small portions
of the cluster and focusing typically on the innermost regions. In a few particularly well-
studied systems, MPs have been found to show di erent degrees of orbital anisotropy (e.g.,
Richer et al. 2013; Bellini et al. 2015; Libralato et al. 2023) and possibly di erent rotation
amplitudes (e.g., Cordero et al. 2017; Kamann et al. 2020; Cordoni et al. 2020; Dalessandro
et al. 2021a; Martens et al. 2023). In other cases, however, no signi cant di erences were
observed (see, e.g., Milone et al. 2018; Cordoni et al. 2020; Libralato et al. 2019; Szigeti et al.
2021a; Martens et al. 2023), thus not providing an exhaustive picture yet.

Throughout the thesis we will not use the term radial velocity to identify the velocity component along
the line-of-sight as derived from spectra. The reason is that we will typically deal with PMs or 3D kinematics.
Hence with the radial velocity component, we de ne the projection of the PM vector (i.e., on the plane of the
sky) along the line connecting the star's position to the system center. Using radial velocity for the velocity
component along the line of sight would thus be misleading.



Chapter 2

Stellar kinematics as a tool to unveil cluster
formation and evolution

The glory of battle, Koryk, dwells only in the bard's
voice, in the teller's woven words. Glory belongs to
ghosts and poets. What you hear and dream isn't the
same as what you live - blur the distinction at your
own peril, lad.
The Complete Malazan Book of the Fallen,
Steven Erikson

Internal cluster kinematics, in synergy with complementary data from photometry and
spectroscopy, is a key tool to shed new light on the physical processes involved in cluster
formation and evolution. The motion of stars in nascent star clusters is indeed inherited from
the parent gas cloud, probing the initial conditions of cluster formation. On the longer time
scales, stellar interactions dominate cluster evolution and theirimpact on internal kinematics
was subject of detailed scrutiny for decades.

The | rougueof this thesis is therefore the use of stellar kinematics to tackle the open
questions on cluster formation and evolution. Exploiting stellar kinematics could provide
us with a novel look to disentangle between di erent interpretations and push further our
understanding of star clusters.

In this respect, the European Space Agency (ESA) n@si@iiGaia Collaboration,
2016a) revolutionized the eld. Thanks to exquisite astrometric precision, all-sky coverage,
and multi-epoch observations all in a single spacecraft we can study the cluster internal kine-
matics from the very young clusters to the oldest stellar systems in the Galaxy with unprece-
dented details. Combining position, on-sky velocity, and parallax measurements, we can
de ne cluster membership more rmly, allowing for decontamination in crowded environ-
ments. At the same tim@aiacould complemetiSTobservations of the innermost regions
of Galactic GCs, thus constraining their internal kinematics over the full cluster extension
(something that would be hard with small- eld instrumentsHE).

This Chapter rst provides an overview of the observational datasets and facilities used
to study star clusters during my Ph.D. (in section 2.1). In particular, section 2.1.1 presents the
Gaiamission along with selected science cases in @aiatontributed, while sections 2.1.2

The nameGaiastands for "Global Astrometric Interferometer for Astrophysics". The name re ected the
optical technique originally planned for the spacecraft. Although optical interferometry was not used in the
end, the nam&aiaremained.



26 Chapter 2. Stellar kinematics as a tool to unveil cluster formation and evolution

and 2.1.3 will then give a brief introduction to Hgbble Space TelestaptheMulti Unit
Spectroscopic Explaitera particular focus on the instruments and data products used in
later chapters of this thesis. Finally, section 2.2 presents the simulation sets used during the
three years of Ph.D. to interpret observations of internal stellar kinematics.

2.1 Observations of cluster internal kineamtics

2.1.1 Thé&aiaastrometric mission

Figure 2.1:A sketch of the&Gaiasatel-
lite (in light gray), with the spacecraft
spin axis pointing away from the sun
shield, and the lines of sight of the two
telescopes, at right angles to the spin
axis, separated by the basic angle
The sky projections of the focal planes
through both elds of view are indi-
cated by P (for the preceding, i.e., the
rst charge-coupled device the source
scans through according to the space-
craft spin direction) and F (standing
for the following). Figure adapted from
Brown (2021).

The spacecraft containing tBaissatellite was launched on December 19, 2013, from Eu-
rope's Spaceportin French Guiana. The satellite then moved toward the L2 Lagrangian point
of the Earth-Sun system. Gaia recently celebrated its 10th anniversary, more than doubling
the initial mission timeline of ve years.

Since 201&aigerformed repeated measurements of the positions of stars (but not only)
in the sky with unprecedented precision, pushing forward the microarcsecond-astrometry
era. On September 14, 2016, the rst data release (DR1) was published (Gaia Collabora-
tion, 2016b), which listed a "full astrometric solution” (i.e., PM, and parallax) for two million
sources. Two years later (April 25, 2018) the DR2 was released (Gaia Collaboration, 2018) de-
livering PM measurements up to 100 times more accurate than DR1 @éwn2@5 mag,
with a profound impact on many elds in astronomy. Currently, we have DR3 data (Gaia
Collaboration 2023a released on June 13, 2022, after an early data release on December 3,
2020, Gaia Collaboration 2021) providing, among othphatometry in the wid& band
(covering the rangd80 1050nm) for about 1.806 billion sources, and broadband®hge (
inthe rang830 680nm) and redGgp in the rangé40 1050nm) Iter magnitudes for
a large subsample of sources (1.54 billion and 1.55 billion sources, resji¢@Metr)cl
parallax measurements for 1.46 billion souig¢@strophysical parameters (such as e ective
temperature, surface gravity, metallicity, reddening extinction i@ theend, and distance)
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