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Abstract

There has been growing evidence in recent years that star clusters in the Magellanic
Clouds (MCs) contain stars with a significant spread in rotation velocity. Indeed, the
Hubble Space Telescope (HST)’s excellent photometry has revealed new surprises, such
as the presence of structures that cannot be represented by evolutionary isochrones
for a single age or metallicity in the observed Colour-Magnitude Diagrams (CMD) of
young and intermediate-age MCs clusters. These include the identification of extended
main-sequence turn-offs (eMSTO) and split Main Sequence (MS), as well as instances of
clusters with a dual Red Clump (RC). The ”stellar rotation scenario”, which attributes
these CMD features to stellar rotation, is currently one of the most favored hypotheses.

In this thesis, I investigate the distribution of stellar rotation within four MCs clusters:
NGC 419 of the Small Magellanic Cloud (SMC) and NGC 2203, NGC 1831, and NGC
1866 of the Large Magellanic Cloud (LMC). These clusters are densely populated with
stars and exhibit all of the intriguing rotational features in their CMDs. The primary
goal of this analysis is to explore how stellar rotation influences the morphology of CMDs
and to retrieve the distribution of stellar rotational velocities of our target clusters using
evolutionary models that include rotation and are complete in both evolutionary phases
and color modeling. Using isochrones derived from PARSEC V2.0 stellar tracks and
TRILEGAL, the analysis begins by generating distinct stellar populations, each with a
different rotation rate. Using the sfhfinder, these populations, referred to as ”Partial
Models,” are combined to create the final model, denoted as M. Optimization with
gradient descent with momentum and Monte Carlo Markov Chain (MCMC) are used
in this process, allowing M to represent the relative importance of each population
corresponding to specific rotational velocities.

For each cluster I constructed 11 Partial Models (corresponding to 11 initial rotation
velocities) and ran the analysis for 2 metallicites and 8 age values, yielding a total of 16
best-fitting models. The best model from among these 16 is chosen by computing and
minimizing the Poissonian Likelihood Ratio, which takes into account the poissonian
nature of our data distribution.

Furthermore, I used sfhfinder to fit the binary fraction, as well as magnitude and color
shifts, for each cluster. Among the objects in this study, NGC 419 has the highest count
of binary systems (fpin = 0.200), while NGC 1866 has the lowest count (fpi, = 0.085).
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Following the fitting procedure, the magnitude and color shifts are used to calculate
the resulting distance and extinction. The calculated distance of the clusters is slightly
greater than the assumed value, and the V-band extinction is also higher than the
reference value, with the exception of NGC 1866.

According to the analysis, the rotational velocity distributions in all four clusters are
peaked at high rotation rates and clearly reveal stars with w; 2 0.6. As a result, the CMD
morphology of young and intermediate-age MCs clusters can be completely explained
within the context of rapid and extreme rotation.

This research could be expanded to young and intermediate-age clusters within the
Milky Way (MW) in the future, providing a more comprehensive understanding of the
underlying mechanisms shaping CMDs in a different galactic environment.

The first chapter of this thesis provides an overview of the occurrence of multiple pop-
ulation phenomenon and multiple sequences within the CMDs of stellar clusters. The
physics of stellar rotation and its effects on the CMDs are described in Chapter 2. The
third chapter contains a brief description of each target cluster and outlines the adopted
parameters such as age, metallicity, distance, and extinction as sourced from existing
literature. The analysis methodology is outlined in Chapter 4. I present my results in
the fifth chapter and draw my conclusions in the sixth chapter.

xvi



Chapter 1

Simple and Multiple stellar
populations in star clusters

1.1 Simple stellar populations

Simple stellar populations (SSPs) consist of stars that were born from the same gas
cloud at the same time and have a consistent chemical composition. This means that
all stars within an SSP should have the same initial metal content and age. However,
detailed observations of SSPs are only available for resolved stellar populations, such as
Galactic clusters or star clusters in nearby galaxies. Indeed, star clusters are the closest
objects to SSPs.

At any given age, single stars within an SSP form an isochrone in the theoretical
Hertzsprung-Russell (HR) diagram, which can be transformed into an observational
colour-magnitude diagram (CMD) by using atlas of stellar spectra that are calibrated
in terms of flux, effective temperature, and metal content. To compute population syn-
thesis models, a complete set of stellar evolutionary tracks is necessary. These tracks
describe the evolution in the HR diagram of stars with different masses and metal con-
tents. By interpolating a set of stellar tracks at a given time, we can build isochrones
in the theoretical HR diagram. Since we know from stellar evolution theory that the
main sequence lifetime of low-mass stars is longer with respect to more massive stars,
it follows that the initial stellar mass increases along an isocrone, as we go to more
advanced evolutionary phases. The number of stars at each position along the isochrone
is determined by the assumed initial mass function (IMF), which specifies how many
stars are born per interval of initial mass, or, in other words, it describes the probability
distribution function for the initial mass of stars in a given population. The main regions
that can be distinguished along an isochrone are the following ones:

e Main sequence (MS): in this phase stars are burning hydrogen (H) into helium
(He).



o Turn-off (TO): it is the exact point in which stars exhaust the H in their core. Its
position is a proxy of the age of the stellar population.

e Sub-giant Branch (SGB): Stars burn H in a shell around an inert He core.
e Red-giant Branch (RGB): the electrons in the He core become degenerate.

e Horizontal Branch (HB) or Red Clump (RC) depending on its effective tempera-
ture: He is burning in the core.

e Asymptotic Giant Branch (AGB): stars have two burning shells: one for H and
one for He.

Historically, open clusters (OCs) were considered the best examples of young SSPs in
nature. This assumption was supported by state-of-the-art CMDs where the photometric
sequences of young clusters were similar to single isochrones, with some scattered stars
which can be explained as binaries. An OC is a group of up to a few thousand stars
that were formed from the same giant molecular cloud and have roughly the same age.
They are loosely bound by mutual gravitational attraction and become disrupted by
close encounters with other clusters and clouds of gas, for these reasons OCs generally
survive for a few hundred million years, with the most massive ones surviving for a few
billion years.

On the other side Globular Clusters (GCs) were thought to be the best examples of old
SSPs. As outlined by Gratton et al. (2019), GCs are usually described as a class of
stellar agglomerates characterized by being compact (half-light radius up to few tents of
pc, with more typical values of about 3 to 5 pc), bright (mean absolute visual magnitude
around My = —7), old (~ 10 Gyr), and (at least within the MW) to be representative
of the halo, thick disk and bulge, but being absent in the thin disk.

One of the key features of their CMDs is the well-defined MS extending from the TO
to fainter magnitudes and redder colours. Furthermore, contrary to open clusters, they
show well-populated SGB and RGB, which is easily explained by stellar evolution the-
ory: in the case of younger stellar populations stars evolve very fast away from the
main sequence resulting in a smaller number of stars in the SGB, while in case of old
populations these sequences are more rich in stars.

1.2 Multiple stellar populations

For many years star clusters were believed to form out of single star formation bursts,
hence having the same age and chemical composition. In the last decades a strong
improvement was achieved thanks to the Hubble Space Telescope (HST), and better
computational facilities. This made it possible to study in a deeper way the CMDs
of star clusters and realize that these stellar systems host multiple stellar populations,
making the presence of more than one population in star clusters one of the most im-
portant discoveries in this field in recent years. Moreover, the acknowledgement of the

2



CHAPTER 1. SIMPLE AND MULTIPLE STELLAR POPULATIONS IN STAR CLUSTERS

presence of different stellar populations with different chemical compositions and prop-
erties was also possible thanks to new photometric tools that are effective to maximize
their separation. Two-colour diagrams involving far-UV, UV, and optical filters are
widely used to identify multiple populations along different evolutionary phases. The
most used ones are the F275W - F336W vs. F336W - F438W from the HST. The reason
why these filters are efficient tools to identify MPs in GCs is that F275W and F336W
passbands include OH and NH molecular bands, while F438W comprises CN and CH
bands. These kind of diagrams are effective in discerning populations with different
abundances of C, O and N. To investigate multiple populations along all evolutionary
sequences together, Milone et al. (2013) combined colours to define the pseudo-colours, as
for example Crorsw raasw Fassw = (F275W - F343W)-(F343W-F438W). Starting from
them, pseudo colour-magnitude diagrams are built, together with the analogous
diagram made with ground-based photometry in U, B, and I bands. The Chromosome
Map (ChM) is a pseudo-two-colour diagram that is built for MS, RGB, or AGB, sep-
arately. The main difference with a simple two-colour diagram is that the sequences of
MS, RGB, or AGB stars are verticalized in both dimensions in such a way that stars
of each stellar population are clustered in a small area of the ChM. The traditional
ChMs are built by combining the F275W-F814W colour, which is mostly sensitive to
helium variations, with the Crarsw F3a3w, rassw, which is mainly a proxy for nitrogen
abundance. Examples of the previously described photometric tools are represented in
Figure 1.1.

The growing evidence of multiple populations being present in globular clusters was
mainly supported by three observational facts:

e Chemical anomalies: the chemical composition of their stars is not homogeneous
in the elements associated with H-burning. Usually stars with Galactic-field-like
chemical composition are called first population (1P), while stars enriched in He,
N, Na, and Al and depleted in C and O define one or more following stellar popu-
lations, called second population (2P).

e The Second Parameter of the HB : clusters with similar metallicity show different
HB morphology.

e Multiple Sequences in the CMDs: there has been growing evidence of split or broad
MSs, RGBs, SGBs and broad MSTOs in the CMDs.

Recently, studies on M4 (Marino et al. (2008) and Marino et al. (2011)) revealed that
all these three observational evidences are different sides of the same phenomenon, that
is the multiple population (MP) phenomenon. Understanding this phenomenon and its
origin is a challenge for stellar evolution theory and the mechanism behind star formation
at high redshift.

Currently, it is still not clear what is the origin of this phenomenon, however few forma-
tion scenarios have been proposed. According to some scenarios the MPs correspond to
stars with different age, hence born from different star formation events. In these sce-
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Figure 1.1: Collection of photometric diagrams to identify multiple populations in 47 Tucanae
by Milone and Marino (2022). The top panels show the so-called "pseudo CMDs” which are
CMDs constructed with combinations of different filters. Middle panels represent the ”two colour
diagrams” for the SGB and HB evolutionary phases. Bottom panels are the ” Chromosome maps”
in which the position of each star is indicative of its chemical composition.



CHAPTER 1. SIMPLE AND MULTIPLE STELLAR POPULATIONS IN STAR CLUSTERS

narios, 2P stars would form from the gas polluted by more massive 1P stars. One of the
most crucial consequences of this kind of scenarios is the so-called mass-budget problem:
in order to account for the the large amount of 2P stars observed in present-day GCs, it
is necessary that the progenitors of today’s GCs were considerably more massive. As a
consequence, these massive proto-GCs may have contributed to the cosmic reionization.
Examples of these scenarios are ”The Asymptotic Giant Branch Scenario” proposed by
D’Ercole et al. (2008), which identifies AGB stars ejecting material with low-velocity
winds as the polluters, and the ”Fast-Rotating Massive Stars Scenario” by Decressin
et al. (2007), according to which 2P stars originate from the gravitational instability in
disks formed around massive stars expelling material with equatorial winds.

On the other side, it has also been suggested that MPs form in a single burst, with a
fraction of stars being polluted by the ejecta of more massive stars of the same generation.
According to this scenario the peculiar chemical composition of 2P raises from accretion
phenomena that occur during the pre-MS phase. One of the most famous examples
of this scenario is 7 The Super-Massive-Star Scenario”, suggested by Denissenkov and
Hartwick (2013), which states that the abundance anomalies of proton-capture elements
in GCs are produced by Supermassive Stars with M ~ 10* M.

1.3 Multiple sequences in young and intermediate age star
clusters

Most Galactic GCs with multiple populations are ancient stellar systems, older than
~ 11 —12 Gyr. On the other side, the analysis of open clusters of the Milky Way (MW)
reveals that they are chemically homogeneous. This dichotomy between old and younger
Galactic clusters could suggest that they have different mechanisms at the basis of their
formation and that the phenomenon of MPs is only possible at high redshifts. In the last
few years the idea that MPs phenomenon is only typical of GCs has been challenged by
the observation of stars with different N abundance in intermediate-age (ages of ~ 2—10
Gyr) star clusters of the Small and Large Magellanic Clouds (SMC and LMC).

Furthermore, in the last dozen years, high-quality CMDs taken with the Advanced Cam-
era for Survey (ACS) and the Wide Field Camera 3 (WFC3) on board the HST disclosed
that star clusters younger than ~ 2 Gyr are far from being a single isochrones, revealing
the presence of multiple sequences.

1.3.1 Extended Main Sequence Turn-Off

The extended MS Turn-Off (eMSTO) is the most evident feature suggesting that the
CMDs of young clusters in the MCs are not representative of single stellar populations.
The contingency that this feature could be due to differential reddening or observational
errors is usually excluded by the fact that the other CMD sequences, such as the RGB
and the AGB, are narrow and well-defined.
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Figure 1.2: Left-hand panel: F814W versus F336W-F814W CMD of NGC 1831 with superim-
posed best-fitting isochrones from PARSEC for the minimum (blue line) and maximum (red
line) age (776 Myr and 1.1 Gyr, respectively) that can be accounted for by the data. Right-hand
panel: same CMD as in the left-hand panel, but with superposed isochrones with different rota-
tion rates from the SYCLIST Geneva database. By Correnti et al. (2021).

One interpretation is that eMSTO is due to stars that formed at different times within
the parent cluster, with spread in age of 100 — 500 Myr (Goudfrooij et al. (2014)).

The other main hypothesis is the ‘stellar rotation scenario’, originally proposed by Bas-
tian and De Mink (2009), where the eMSTO is the result of a spread in rotational
velocities among TO stars of a coeval population. According to this idea stellar rotation
can imitate the effect of a double or multiple population, whereas in reality only a single
population is present. As an example, the analysis by Correnti et al. (2021) of the ~ 800
Myr old star cluster NGC 1831 in the LMC shows (see Figure 1.2) that the morphology
of its CMD can be fully explained in the context of the rotation velocity scenario.

This idea will be deeply analyzed in the present work.

1.3.2 Split Main Sequence

Star clusters younger than ~ 800 Myr exhibit a split MS in addition to the eMSTO,
with the red MS hosting the majority of MS stars. In all clusters where this feature has
been observed, the two MSs merge together for stellar masses smaller than ~ 1.5 — 1.6
Mg, which is the mass limit where MS stars would be magnetically braked. Indeed,
as proved in the spectroscopic analysis of NGC 1818 by Marino et al. (2018), the most
straightforward interpretation of the double MS is the presence of two stellar populations:
a sequence of slowly rotating stars lying on the blue-MS (bMS) and a sequence of fast
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rotators, with rotation close to the breaking speed, defining a red-MS (rMS).

One example of cluster whose CMD is characterized by a split MS is NGC 1755 a ~ 80
Myr old cluster in the LMC, analyzed by Milone et al. (2016). As shown in Figure 1.3
its CMD shows a split MS with the blue and the red sequences hosting about the 25 per
cent and the 75 per cent of the total number of MS stars, respectively. Comparing the
observed CMD with isochrones they concluded that observations are not consistent with
stellar populations with difference in age, helium, or metallicity only. On the contrary,
the split MS is well reproduced by two stellar populations with different rotation. The
origin of the split MS could be linked to a braking mechanism (as D’Antona et al.
(2017) suggest with tidal braking) that makes fast rotators transition to slow rotators,
producing the observed bimodal MS in these young clusters.

Another clear example is NGC 1866, studied by Costa et al. (2019) using a Bayesian
method to obtain ages and initial rotation velocities of five well-studied Cepheids of the
cluster. As it can be seen in Figure 1.4, the observed multiple main sequences and the
turn-offs suggests that the younger (~ 176 Myr) population is mainly made of slowly
rotating stars, while the older (~ 288 Myr) population is made mainly of initially fast
rotating stars, reinforcing the idea that some young clusters like NGC 1866 host multiple
populations.

Therefore it is crucial to understand whether the structures observed in the CMDs of
star clusters younger than ~ 2 Gyr are entirely due to stellar rotation, or if at least some
clusters may host multiple populations.

1.3.3 Double Red Clump

In addition to the eMSTOs and the split MSs, some clusters have shown other distinc-
tive features in their CMDs, including the Dual Red Clump. The Red Clump (RC) is
a common feature of the CMDs of intermediate-age clusters gathering stars that are
burning He in their cores and are younger and more metal rich with respect to HB stars.

Some clusters exhibit a well-visible secondary clump located below the classical RC. This
feature is explained by the scenario in which one of the two groups of stars would avoid
e~ degeneracy settling in their H-exhausted cores before He ignites, while the second
group would include slightly less massive stars that experience e~ degeneracy before He
ignition at the tip of the RGB, thus reaching higher brightness.

One paradigmatic example is NGC 419, an intermediate-age cluster in the SMC that
is going to be deeply analyzed in the following chapters. As shown by Girardi et al.
(2009), NGC 419 is the rare snapshot of a cluster while undergoing the fast transition
from classical to degenerate H-exhausted core.
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Figure 1.4: Comparison between the NGC 1866 cluster data and selected isochrones in the
F555W vs. F336W - F814W CMD. The inclination angles ¢ are 0° (pole on) and 90° (edge on)
for the most and less bright isochrones, respectively. By Costa et al. (2019).
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Chapter 2

Stellar rotation and its effect on
Colour Magnitude Diagrams

As it was already anticipated in the previous chapter, one of the most surprising recent
discoveries in the study of stellar clusters is the fact that they usually show structures
in their observed CMDs which cannot be represented by evolutionary isochrones for a
single age/metallicity. Of particular interest has been the debate around the origin of
bi- or multi- modal distributions in the MSTOs of intermediate age (1 — 2 Gyr) clusters
in the Magellanic Clouds (MCs).

As previously mentioned, when the distinctive features of the CMDs of these star clus-
ters were discovered, among the first hypotheses proposed to explain their presence was
the so-called ”age-spread scenario”. One of the first works in this regards is the one
by Mackey et al. (2008), who aimed to study the reason behind the morphology of the
MSTOs of NGC 1846, NGC 1783 and NGC 1806. According to them the simplest ex-
planation is that each cluster is composed of at least two different stellar populations
with very similar metal abundances but ages separated by up to ~ 300 Myr. On the
other side, although some peculiarities remain unexplained, the ”stellar rotation sce-
nario”, which attributes these CMD’s distinctive features to stellar rotation, is currently
gaining more favor compared to the initial hypothesis. This project is guided by these
motivations, aiming to also explain features that have not yet been reproduced with
rotating models.

2.1 Effects of rotation on stellar structure and evolution

It is clear nowadays that all the stars rotate, as any other object in the universe, and it
is a well known evidence since the twentieth century. Studies performed in the last two
decades have demonstrated that rotation plays a crucial role in the evolution of stars,
affecting every phase of their life. Rotating stars evolve following a different path with
respect to the non-rotating ones: typically they are colder and have higher luminosities,
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the MS lifetimes are longer, the abundance of elements produced by H-burning on their
surfaces is enhanced and they are characterized by bigger cores, leading to different final
fates with respect to non-rotating stars.

Historically, the effects of rotation have been examined starting from the work by von
Zeipel (1924). In the 60s and 70s they have been included in polytropic or simplified
models, and at the end of the 90s, more or less extended grids of stellar models that
included rotation have appeared.

Rotation modifies the stellar structure and evolution in two main ways (Ekstrom et al.
(2018)):

e With the deformation of the stellar surface: the stellar properties are dependent
on the colatitude that is considered, where the colatitude is defined as the distance
from the pole. This has an influence on the stellar parameters deduced from
observations, and it also induces an anisotropy in the stellar mass loss.

e Some mixing mechanisms are triggered, transporting chemicals and angular mo-
mentum, producing a departure from the standard evolution.

2.1.1 Surface deformation

Rotation induces a departure from spherical symmetry that is proportional to the sur-
face rotation rate ws = Qgurr/Qerit, Where Qgyf is the rotational velocity at the stellar
surface and Qeriy = (2/3)%/2\/8GM/(Rpo1)3 is the critical breakup value, that is the
surface velocity at the equator of a rotating star where the centrifugal force balances
the Newtonian gravity. Here R is the polar value of the stellar radius. Because of the
deformation, the effective gravity geg becomes dependent on the rotation rate ws and
the colatitude 0:

gott(ws, ) = (—GT—JQW + w?rsin? 0) -6 4 wrsinf cos b - & (2.1)
Contrary to non-rotating stars which are characterized by spherical symmetry, in the
case of rotating stars the outcoming flux has to be computed explicitly from integration
over the visible surface of the star. Indeed, the flux inherits this dependence form the
rotation rate and colatitude:

Flws, ) = ws, ) (2.2)

L
~imGar e
This equation is also known as the ”Von Zeipel theorem” (von Zeipel (1924)), where
M* is the star effective total mass, that is the mass which would produce the same
gravity if there would be no centrifugal force, and L is the luminosity of the star. From
this equation it is immediately understandable that the flux emitted by a rotating star
depends from both the rotation rate and the inclination angle of the rotation axes of the
star with respect to the line of sight.
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Figure 2.1: Reconstruction of the effective temperature on the star surface for different rotation
rates, w. Different colours represent different effective temperatures. The non-rotating star has
Teg = 7000 K. The Von Zeipel theorem was adopted to obtain the effective temperature. By
Costa (2019).

Then, according to the Stefan-Boltzman law F = ¢'T#, where F is the flux emitted by the
blackbody, T is the temperature of the blackbody and o = 5.66961 - 107° erg cm™2 s~}
K~* is the Stefan-Boltzmann constant. Assuming that the star emits like a blackbody,
this implies that the effective temperature of the star Tig also gets the w, - 8 dependence:

1/4

gerr(ws, 0)| (2.3)

L
= [ L
ft droGM*

This equation is valid for slowly rotating stars and describes the gravity darkening effect.
Figure 2.1 , that is taken from Costa (2019), clearly shows how rotation affects the
effective temperature of a star. A more accurate theoretical description of this effect,
that is descriptive also for fast rotating stars, is provided by Espinosa Lara and Rieutord
(2011) (equation (31)).

Unless all stellar quantities are specified, equation 2.3 tells how T, varies across the
stellar surface, but not its absolute value. To fix the T.g scale, it could be useful to
define the parameter Tig o, which is the T.g that a non-rotating star of the same R
should have to produce the same luminosity:

1 1/4
Togo = (——— T4(0)dA 2.4
0= (i /f 0as) 24

pol

Another important variable is €, defined as the angle between the radial vector and the
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normal to the surface. For a ‘flattened’ rotating star, e is positive for 8 < 90°, then
rapidly falls to null at the equator, then becomes negative for 90° < 6 < 180°.

Figure 2.2 shows how the stellar radius, the effective temperature and the surface gravity
rescaled to their polar values and the angle € vary with the colatitude for different rotation
rates. It can be noticed that the deviations from spherical symmetry are relatively
modest for w < 0.5, but they increase rapidly for higher values of the rotation rate. For
example, it is clear from both Figure 2.1 and Figure 2.2 that for fast rotating stars the
effect of their rotation is a strong decrease of the Tog in correspondence to the equator.
This leads to understand as well the importance of the orientation of a rotating star,
indeed if the star deformed by fast rotation is viewed equator-on it will appear dimmer
and colder. In this framework we can introduce another fundamental angle ¢ which could
be called ”viewing angle”, but in reality is the ”inclination angle” that a rotating star
would have as seen on the sky (i = 0° if observed from above the pole, i = 90° when
observing from the equator). In addition to that we can also define Fmt, which could
be used to compute the flux coming from a rotating star at distance d:

rot,observed / - Ryl ro
ppebebsered(y) = (T} o (2.5)

and such that:
2
F5ot(i / / In(p) ! (12 ] cos €) sin 8dfde (2.6)
pol

In this expression, compared to the spherical case, the infinitesimal element of surface
area has two new multiplicative factors: r? taking into account the increase of the area
due to the dependence of r with 6, and (1/cose) taking into account the increase of
the area because of the inclination of the surface elements with respect to the radial
direction. Here p’ is the cosine of the angle between the normal to the stellar surface
and the direction of the observer. Several F;° (i) are shown in the left-hand panel of
Figure 2.3. It is quite clear that if the star is viewed pole-on it will be much brighter
and bluer, than when seen equator-on.

Given the equations for F} (i) it is possible to derive bolometric corrections BCyg, as it
is done in Section 2.5 of Girardi et al. (2019), which make it possible to transform the
bolometric magnitudes into absolute magnitudes as a function of i, Mg, = My, — BCg,
, for any filter transmission curve Sy. Actually, a large amount of tabulations of the BCs
for non-rotating stars, as a function of Teg, log(g), and [Fe/H]|, are already available.
Therefore, it may be convenient to work with the ‘changes in BC caused by the rotation’,
rather than with the absolute BCs themselves:

02 AFL (i, w, Teft0) SxdA )

ABCs, (i,w, Tefr,0, 10g gpol) = 2.5 log(
B " 2 N (Tugr0r 109 gpot)SxdlA

(2.7)

14



CHAPTER 2. STELLAR ROTATION AND ITS EFFECT ON COLOUR MAGNITUDE DIAGRAMS

w
1.4 4 — 0.0
— 03
1.31 — 05
. 0.7
1.2 4 0.8
1.1 09
’ 0.95
0.99
1.0

0.999
8000 -‘ |

7000+

Tett (K)

6000

5000 4

0.0

_ V
. Y
=

Alogg (dex)

=154

20 A

10 A

(%)
o

=10 4

=204

100 120 140 160 180
6( )
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and the angle e. By Girardi et al. (2019).
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Figure 2.3: Left-hand panel: F}°'(i) computed for a star of Tugo = 6000 K, and for a fixed
w=10.99, loggp , and [Fe/H| = —0.5 dex. Coloured lines show the F}°" observed from various
angles from the pole (i = 0°, bluer) to the equator (i = 90°, redder). The gray line is the mean
F) averaged from all possible lines of sight, F}°*(¢). Finally, the dark line is the F computed for
the non-rotating star of same T.g. Right-hand panel: the same models but now plotting, in a
magnitude scale, the relative flux of the rotating models compared to the reference non-rotating
star — i.e. plotting ABC) = —2.5log[F)(w = 0.99)/F)(w = 0)]. By Girardi et al. (2019).

In this way, the ABCg, (i,w, Tefr,0, 09 gpo1) computed for limited grids can be used for
a wide variety of rotating stars. A set of ABCg, tables are inserted in the TRILEGAL
code, that is used in the present work for the production of isochrones.

2.1.2 Mixing mechanisms

Usually, in non rotating stellar models the mixing process takes place only in regions of
the star that are in the convective regime while in the radiative zones elements are not
subject to mixing. Opposite to this case, in rotating stars, the elements mixing takes
place also in the radiative regions of the stars. Other than the distortion of the stellar
structure, rotation produces instabilities that bring to a redistribution of the chemical
elements and of the angular momentum throughout the star. Depending on the value
of the rotation rate, the extra-mixing provided by rotation could affect the evolution of
the star in a non-negligible way. As described by Costa (2019), the two main causes of
extra mixing are:

e The meridional circulation, also known as the Eddington-Sweet circulation, is a
macro motion of the stellar material from poles to the equator or the reverse, due
to the thermal imbalance of a rotating star;

e The shear instability, due to the different rotation velocity of two nearby shells of
the star, drives to turbulent mixing of the chemical elements between the layers.

The two cited instabilities actually have a sort of hierarchical dependence, in fact, con-
sequently to the geometric distortion of the star due to rotation, meridional circulation
takes place, which in turn produces the differential rotation leading to shear instabilities.

The net effect of rotational mixing is to recharge the core with new fuel, leading to
the formation of larger cores, extending the lifetime of the star, and the increase of the
luminosity. Actually, the behaviour of a star is not monotonic for increasing w. On the
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other side, at the beginning of the MS, the hydrostatic effects dominate and the star
behaves like a lower-mass one. As evolution goes on, the mixing becomes dominant for
low and average rotation, while the rapid rotators keep strong hydrostatic effects. The
highest L is therefore observed not in the fastest stars, but in slightly-above-average
rotators.

2.2 Effects on the CMD

Regarding the effect of stellar rotation on the CMDs of stellar populations, it was only
recently recognized that it could be playing a very important role in determining the
photometric properties of stars born in populous star clusters in the MC and MW
open clusters. For example, spectroscopic observations have identified fast rotators in
NGC 1866 and NGC 1818, clusters in the LMC. These clusters have often been used
to calibrate non-rotating stellar models, so ignoring rotation may have had significant
consequences. This oversight could have led to systematic errors in age estimates of well-
studied clusters and an overestimation of the amount of convective core overshooting
needed to replicate the luminosity of post-main-sequence stars. Therefore, it is crucial
to include rotation in previous sets of stellar models to study such clusters and the
multitude of field stars that likely began their nuclear-burning lives as fast rotators.

As already said in the previous section, the reduced gravity in rotating stars results in
lower luminosities and effective temperatures. Also the orientation of the star with re-
spect to the line of sight is important: a star deformed by fast rotation appears brighter
and hotter if viewed pole-on. These effects can significantly alter the colour and magni-
tude of stars, and therefore the CMD of a cluster. In addition, mixing processes induced
by rotation modify the composition of the stellar envelope and effectively increase the size
of the stellar core, resulting in higher luminosities and cooler temperatures for turn-off
stars.

In order to better illustrate the effects of rotation on the CMD, especially in the region
of the eMSTO, isochrones corresponding to different rotation rates are superimposed
on the data of the NGC 419 star cluster of the SMC in Figure 2.4. This is done for
the two extreme values of inclinations, ¢ = 0° in the left-hand panel and ¢ = 90° in the
right-hand panel, to show the effects of different inclination angles as well. The NGC
419 data were taken with the HST Wide Field Channel (WFC) of the ACS selecting an
area of ~ 1257 arcsec?. The overplotted isochrones are produced by the TRILEGAL
code (Girardi et al. (2005a)) starting from the set of evolutionary tracks computed by
PARSEC V2.0 code (Nguyen et al. (2022)) accounting for stellar rotation (see 4.1 for
more details). At the level of the TO, when i = 0° (pole-on configuration), isochrones
with high rotation rate have higher luminosity with respect to ischrones with lower wj,
as expected due to both the mixing processes and the deformation induced by rotation.
On the other side, when ¢ = 90°, as expected in accordance with the findings represented
in Figure 2.1, isochrones corresponding to fast rotation show much cooler temperatures
with respect to isochrones with lower w;. Moreover, it is worth noticing that, in the
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Figure 2.4: Left: the CMD for NGC 419 as derived from the ACS data centered on the cluster.
The overlaid isochrones are for a metallicity Z = 0.004, age log(t/yr) = 9.125, inclination 7 = 0°,
distance modulus (m — M)y = 18.89, absorption in V band A, = 0.15 and rotation rate from
w; = 0.0,0.1,0.3,0.2,0.4,0.5,0.6,0.7,0.8,0.9,0.99. Right: the same as the left-hand panel but
with inclination ¢ = 90°.

case in which ¢ = 90°, the evident spread of the MSTO could be easily reproduced with
isochrones corresponding to stellar populations with the same age but different initial
rotation rate wj.

As already anticipated at the end of section 2.1.1, apart from rotation, the inclination
angle plays a crucial role in affecting the position of single stars in the CMD. In partic-
ular, if the rotating star is viewed pole-on (i = 0°) it will be much brighter and bluer,
than when seen equator-on (i = 90°). This effect is the responsible for the position of
the isochrones in Figure 2.5. Dashed isochrones and solid-line isochrones are perfectly
superimposed in all evolutionary phases except for the MSTO region. It is worth notic-
ing that here the solid and dashed isochrones are almost superimposed for w; = 0.5,
while there is a noticeable difference in brightness and colour (the isochrones with i = 0°
is bluer and brighter with respect to the corresponding dashed isochrone with i = 90°)
shown by highly rotating stars (w; = 0.99), enlightening that the effect of gravity dark-
ening depends on the amount of rotation rate. This suggests that if stars in a cluster do
not have a preferred angle of inclinations, but a distribution of various inclination, high
rotating stars could populate such region of the HR diagram creating the eMSTO.

2.2.1 Magnetic breaking and disappearance of the eMSTO

If the ”stellar rotation scenario” is correct, it is expected that the eMSTO phenomenon
disappears for clusters that are old enough. This is explained by the fact that below
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Figure 2.5: The CMD for NGC 419 as derived from the ACS data centered on the cluster. The
overlaid isochrones are for a metallicity Z = 0.004, age log(t/yr) = 9.125, distance modulus
(m — M)o = 18.89, absorption in V band A, = 0.15. Red isochrones correspond to a rotation
rate w; = 0.99, while purple isochrones correspond to w; = 0.5. Solid lines indicate isochrones
with ¢ = 0° while dashed lines indicate isochrones with < = 90°
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a given mass stars undergo magnetic braking early on the MS, making their tracks
converge towards those of non rotating stars. This braking is caused by the interaction
of stellar winds with the surface magnetic field that is produced by a dynamo process
in the external convective envelope of the star. When the convective envelope becomes
thick enough magnetic braking efficiently spins down the star, hence suppressing both
the stellar deformation and chemical mixing effects. It follows that when these stars are
at the level of the MSTO, their slowed rotation causes the disappearance of the eMSTO
phenomenon. Georgy et al. (2019) investigated the occurrence of this phenomenon
at different metallicities, determining the age above which no eMSTO is expected in
the CMDs of stellar clusters. Their models show that the age at which the eMSTO
disappears increases with increasing metallicity, being ~ 2 Gyr at the LMC metallicity.
Highlighting the presence of this phenomenon is crucial as it reinforces the significance
of stellar rotation as a key factor in causing the eMSTO in young and intermediate age
clusters.
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Chapter 3

Target Clusters

The Magellanic Clouds (MCs), two irregular dwarf galaxies that orbit the MW, have
long been of great interest to astronomers. They are located close enough to us that
their stars can be resolved individually, making them ideal targets for studying stellar
populations and their properties. One of the most interesting aspects of the MCs is their
rich population of open clusters, particularly many of these clusters are much more rich
in stars than clusters of similar age in the MW. Open clusters offer a unique window
into the early stages of star formation and evolution, providing valuable insights into the
processes that shape the properties of stars and their environments.

In recent years, it has become increasingly accepted that the open clusters in the MCs
harbor stars with a significant spread in rotational velocity. It follows that these objects
are particularly well-suited for studying and understanding the distribution of rotational
velocities of their stars. For this reason four clusters belonging to these environments
were chosen for this work, NGC 419 in the SMC and NGC 2203, NGC 1831 and NGC
1866 in the LMC. All these clusters are very rich in stars, and present all the interesting
features associated with rotation in their CMDs.

The upcoming sections of this chapter will feature a brief introduction to each of the
studied clusters, while the main parameters derived from literature (Goudfrooij et al.
(2014) for NGC 419 and NGC 2203; Correnti et al. (2021) for NGC1831; Gossage et al.
(2019) and Goudfrooij et al. (2018) for NGC 1866) are listed in Table 3.1.

3.1 NGC 419

NGC 419 is an intermediate-age (t = 1.45 £+ 0.05 Gyr, see Goudfrooij et al. (2014)) star
cluster located to the east of the SMC’s bar in a region relatively devoid of dust. Its
celestial coordinates for the J2000 equinox are o (RA) = 01"08™17.2° and § (DEC) =
—72°53'01" (from SIMBAD database). It was discovered on September 2, 1826 by James
Dunlop and it was described by Dreyer as ”pretty large, pretty bright, round, gradually
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Table 3.1: Main parameters of our target clusters. Row 1: age in gigayears. Row 2: metallicity
in dex. Row 3: distance modulus. Row 4: V-band foreground extinction. These values are taken
from literature: [1]:Goudfrooij et al. (2014), [2]:Correnti et al. (2021) [3]:Goudfrooij et al. (2018)
[4]:Gossage et al. (2019)

Parameter NGC 419 NGC 2203 | NGC 1831 | NGC 1866
Age (1) 1.45 +0.0517 | 1.55 4 0.05M ~ 0.8 ~ 0.250]
[Fe/H] (2) —0.7+0.110 [ —0.3+0.1M —0.250] —0.36
(m— M)o (3) | 18.85 4 0.031 | 18.37 = 0.03!1] 18.351% 18.430]
A, (4) 0.15 £ 0.021 | 0.16 + 0.02[" 0.11% 0.280%

brighter middle.”

Figure 3.1: NGC 419 based on observations made with the NASA/ESA Hubble Space Telescope,
and obtained from the Hubble Legacy Archive.

NGC 419 is one of the greatest examples of star clusters with a composite structure of
main and secondary RC. The presence of a secondary clump in this cluster was indeed
noted by Glatt et al. (2008), who have suggested it to be ‘a red clump of the old SMC
field star population’.

On the other side, as already anticipated in Section 1.3.3, according to the analysis
performed by Girardi et al. (2009) NGC 419 is the rare snapshot of a cluster while un-
dergoing the fast transition from classical to degenerate H-exhausted core. In particular,
they use synthetic CMDs to show that the double RC feature corresponds very well to
the secondary clump which is predicted to occur due to He-ignition in stars that are
just large enough to avoid e~ -degeneracy in their H-exhausted cores. In contrast, the
primary RC is composed of stars that are slightly less massive and have gone through
e~ -degeneracy, subsequently igniting He at the top of the RGB.
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Figure 3.2: Top panel: The colour-magnitude diagram for NGC 419 as derived from HST obser-
vation. Bottom panels: details of the RC (left) and MSTO (right) regions.

The NGC 419 data were taken with the WFC of the ACS on board the HST selecting
an area of ~ 1257 arcsec®. The observations were performed in the F555W and F814W
filters. The CMD of the observations in Figure 3.2 reveals a distinct double RC, which
is especially noticeable in the lower-left panel. Additionally, the presence of an evident
eMSTO is noteworthy. These features suggest that NGC 419 is a suitable cluster for this
work wherein we aim to simulate the properties of the observed CMD employing rotating
evolutionary models, that encompass all evolutionary phases (including the RC).

3.2 NGC 2203

NGC 2203 is the oldest object among our target clusters. It is an intermediate-age
(t = 1.55 + 0.05 Gyr, as derived by Goudfrooij et al. (2014)) open cluster located in
the southern constellation of Mensa. Also known as ESO 34 — 4 and LW 380, it was
discovered by the English astronomer John Herschel on January 23, 1836. This cluster
is a distant outlyer of the LMC and it is approximately 31 light-years across. Its celestial
coordinates for the J2000 equinox are a (RA) = 0670442.0° and 6 (DEC) = —75°26'18"
(from SIMBAD database).
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Figure 3.3: NGC 2203 based on observations made with the NASA /ESA Hubble Space Telescope.

The cluster’s CMD was obtained from the HST WFC of the ACS and the data set
consists of a ~ 5026 arcsec? area . The observations were conducted using F475W and
F814W filters. The CMD shows a clear eMSTO, but unlike NGC419, the secondary RC
appears to be quite faint. These properties can be seen in Figure 3.4.

Gossage et al. (2019) studied this cluster, trying to assess the statistical effectiveness of
three proposed scenarios in explaining the eMSTO morphology in different star clusters:
(1) an extended star formation, (2) a rotation-rate distribution, and (3) a combination of
both. NGC 2203, which is the older cluster of the study, is among the worst-fit clusters,
together with NGC 1866. These two are the only cases where an age spread appears
to significantly outperform the pure rotation model. On the other side, Gossage et al.
(2019) finds it plausible that a Gaussian age spread could potentially account for missing
aspects, possibly the phenomenon of magnetic breaking (see 2.2.1) in this case. In this
work we will try to model the CMD of NGC 2203 by assuming a pure rotation scenario.

3.3 NGC 1831

NGC 1831 is a ~ 800 Myr old open cluster of the LMC, located in the constellation of
Dorado. It was discovered by the Scottish astronomer James Dunlop in 1826. Its celestial
coordinates for the J2000 equinox are e (RA) = 05"0616.7° and 6 (DEC) = —64°55'03"
(from SIMBAD database).

Observations of the cluster NGC 1831 were obtained using the Ultraviolet and Visual
Channel of the Wide Field Camera 3 (UVIS/WFC3) of HST. The observations were
conducted using two filters, namely F336W and F814W and the data set consists of a
circular area, centered on the cluster, with radius ~ 35.2 arcsec. Selecting the F336W
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Figure 3.4: Top panel: The colour-magnitude diagram for NGC 2203 as derived from HST
observation. Bottom panels: details of the RC (left) and MSTO (right) regions.

as the blue filter offers a balanced approach by providing a reasonable exposure time
while still allowing the detection of noticeable colour differences between stars exhibiting
different rotation rates. The relative CMD is plotted in Figure 3.6. This plot clearly
shows the presence of an eMSTO and a quite extended RC.

Moreover, the CMD can be divided in two parts, above and below the kink at F'814W ~
21 mag. Each part is characterized by a different morphology. Above this limit, the
MS and MSTO are more broadened than what is expected from a SSP, while below
the kink, the shape of the MS reminds a SSP. According to Goudfrooij et al. (2018),
both the shape and location of this feature, together with the fact that it is not well
described by isochrones, suggests that its nature is linked to the sudden onset of strong
convection in the outer layers of stars. Indeed, as shown by D’Antona et al. (2002),
this kink occurs at a stellar mass for which the convective envelope suddenly reaches
much deeper into the interior than it does at a mass only 0.01 Mg larger, thus causing
a significant decrease of the temperature dependence of stellar mass, dTog/dM, with
decreasing stellar mass. Since the Tog at the MS kink is ~ 7800 K, for which the
stellar continuum peaks at ~ 3700 A according to Wien’s law, this sudden decrease
of dT.g/dM is measured most precisely using filters around that wavelength with a
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Figure 3.5: Top panel: The colour-magnitude diagram for NGC 1831 as derived from HST
observation. Bottom panels: details of the RC (left) and MSTO (right) regions.

wide baseline, such as F'336W — F814W. Goudfrooij et al. (2018) states that the MS
kink seen in NGC 1831 and the younger LMC clusters is associated with this sudden
change in the extent of the convective envelope at the metallicity of the young and
intermediate-age LMC clusters. Furthermore, since the width of the single-star MS
emerging down from the MS kink in NGC 1831 is fully consistent with an SSP, this
suggests that the kink also represents an empirical measure of the stellar mass below
which rotation has no appreciable influence on the energy output of the star. It is worth
to mention that the feature of the MS kink is included in the computation of PARSEC
isochrones. Particularly, it is widely acknowledged that low-mass stars generally do
not attain high rotational speeds, unlike intermediate and high-mass stars. In cases
where convection is well developed, rotation may initially achieve high values for certain
masses. For this reason, as described Nguyen et al. (2022), similar to how convective
overshooting efficiency is considered, rotation was not taken into account for stars with
masses M; < Mopi1. However, for stars with masses M; > Mgs, models were calculated
with various initial rotation rates: w; = 0.0,0.30,0.60,0.80,0.90,0.95,0.99. For stars
whose initial mass lies in the range Mo < M; < Mg, rotation is gradually introduced
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Figure 3.6: NGC 1831 based on observations made with the NASA /ESA Hubble Space Telescope,
and obtained from the Hubble Legacy Archive.

and models are computed with an initial rotation rate up to a maximum value of:

M = Mo ) (3.1)

(M 50.99(7
Wl,max( ) Moy — Moy

where Mg is the largest initial mass of a star showing a vanishing convective core during
the early hydrogen burning phase, and Moo = M1 + 0.3 is the mass above which the
overshoot is applied with its maximum efficiency and rotation is fully considered. Hence,
given that the MS kink represents an empirical measure of the stellar mass above which
rotation sets in, this approach by Nguyen et al. (2022) also describes how the feature of
the MS kink is artificially introduced in PARSEC isochrones. In Figure 3.7 TRILEGAL
isochrones obtained from PARSEC stellar tracks are plotted on top of NGC 1831 data,
for the two extreme values of the initial rotation rate w; = 0.0 and w; = 0.99 and a value
of the inclination angle of ¢ = 90° for both cases. It is worth to notice how the MS
kink feature is completely absent in the non-rotating isochrone, while it is present at
F814W ~ 21 mag in the isochrone with w; = 0.99. At this point, for all the reasons said
above, it is possible to get an estimate of the initial mass at which rotation sets in (M;et)
by looking at the maximum mass for which the non-rotating isochrone stays on top of
the data. For NGC 1831 this happens at F'814W ~ 21.4mag and M ~ 1.35—1.4 M.

Furthermore, this cluster was deeply analyzed in Correnti et al. (2021). To examine
whether a specific scenario (age spread versus stellar rotation) can accurately replicate
the observed CMD, they compared the cluster’s CMD morphology with Monte Carlo
simulations. These simulations involved synthetic star clusters consisting of multiple
SSP of different ages, or single SSP with a range of rotation velocities. The results
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Figure 3.7: The colour-magnitude diagram for NGC 1831 as derived from HST observation
with overplotted isochrones obtained with TRILEGAL for two values of the initial rotation rate
w; = 0.0 (left-hand panel) and w; = 0.99 (right-hand panel). The value of the inclination angle
for the rotating isochrone is i = 90°

indicate that while the simulation based on the age spread scenario provided a very
good fit for the extended main sequence turnoff (eMSTO), it failed to reproduce the
full colour width of the main sequence (MS). In contrast, the morphology of NGC 1831
can be fully explained within the context of the rotation velocity scenario, under the
assumption of a bimodal distribution for the rotating stars, with ~ 40% of stars being
slow rotators and the remaining ~ 60% being fast rotators. It will be interesting to
determine whether our findings align with the outcomes of this study.

3.4 NGC 1866

NGC 1866, with an age of approximately 250 Myr, is the youngest cluster of this study
and it is located in the LMC, in the constellation of Dorado. As NGC 1831, this cluster
was discovered in 1826 by James Dunlop. Located at the northern periphery of the LMC
disc, it remains relatively unaffected by interstellar dust and field stars. Due to this
unique location, it becomes a captivating choice for examining intermediate-age stellar
populations. Its celestial coordinates for the J2000 equinox are o (RA) = 05"1338.9°
and 0 (DEC) = —65°27'52.75" (from SIMBAD database).

The NGC 1866 photometric data were acquired through the UVIS-WFC3 on board the
HST. The cluster was observed in the two pass-band filters F336W and F814W. Data

were selected within a circular region of approximately 35.0 arcsec in radius. Figure
3.8 shows the F814W vs. F336W - F814W CMD of this cluster. The choice of a wide
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wavelength baseline is driven by the fact that as colour stretches out it enhances our
ability to discern the split-MS and the eMSTO.

As anticipated in Section 1.2, this cluster was investigated by Costa et al. (2019) by
analyzing a sample of five Cepheids of the cluster with a Bayesian statistical method.
Moreover, they fitted the cluster features (the MS split and the eMSTO) with new
PARSEC isochrones incorporating overshooting and rotation. This research revealed
interesting findings about the five Cepheids in the cluster. Four of the Cepheids were
identified as belonging to a younger population with initially slow rotation, estimated
to be approximately 176 + 5 million years old. On the other side, the fifth Cepheid
showed a greater age, presenting two possible scenarios: around 288 + 20 Myr if it had
a high initial rotational velocity (w; ~ 0.9), or approximately 202 + 5 Myr for models
with slower initial rotation. However, the additional analysis of the CMD effectively
ruled out the latter option and instead provided strong evidence for the existence of two
distinct populations in the cluster, approximately 176 Myr and around 288 Myr old,
respectively. Hence, it seems that this work einforces the idea that some young clusters
like NGC 1866 may host multiple populations.

Another study related to this cluster is the one performed by Gossage et al. (2019), who
tried to infer which scenario among the three proposed ones (an extended star formation,
a rotation-rate distribution, and a combination of both) provides the best-fit of its CMD.
Through their analysis of NGC 1866, they discovered that the pure rotation rate model
has a tendency to exhibit discrepancies within the observed eMSTO region. On the
other side a Gaussian age spread may optimize the fit in this case. This result seems
to be consistent with the presence of an age spread within the stars of this cluster, as
also suggested by Costa et al. (2019). However, Gossage et al. (2019) also proposes the
possibility that the Gaussian age spread might be compensating the absence of certain
aspects, such as the omission of modeling the decretion disks of Be stars, whose presence
is plausible in NGC 1866. Therefore, it might be interesting to include this cluster in
the present work and see if fitting the CMD with PARSEC rotating stellar models can
let us explain its morphology.
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Figure 3.8: Top panel: The colour-magnitude diagram for NGC 1866 as derived from HST
observation. Bottom panels: details of the split MS (left) and MSTO (right) regions.

Figure 3.9: NGC 1866 based on observations made with the NASA /ESA Hubble Space Telescope,
and obtained from the Hubble Legacy Archive.
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Chapter 4

Analysis methodology

The purpose of this study is to investigate the rotational velocity distribution of stars
in the star clusters of the MCs introduced in Chapter 3. To achieve this, the general
approach is to generate stellar populations, each with a different rotation rate, based on
the isochrones obtained from PARSEC V2.0 stellar tracks (Nguyen et al. (2022)). These
stellar populations are referred to as ”Partial Models” (PMs), and they are generated in
form of Hess diagrams, which are matrix representations of the stellar density across the
CMD. Once the PMs are obtained they are fed to sfhfinder code (Mazzi et al. (2021))
to derive both the best-fitting solution that better represents the observed data and
the confidence intervals of the fitted parameters. In particular, the final model is a
linear combination of the PMs, telling us the relative importance of each population
corresponding to each rotational velocity. This procedure is performed for different age
and metallicity bins, chosen accordingly to which cluster is being analyzed.

4.1 PARSEC V2.0 isochrones

The PAdova and tRieste Stellar Evolutionary Code (PARSEC) was first implemented in
Bressan et al. (2012) and then used in several works aimed at producing large grids of
stellar tracks and isochrones. More recently, Costa et al. (2019) made further advance-
ments to the code by incorporating the influence of rotation, resulting in the updated
version, PARSEC V2.0 (Nguyen et al. (2022)). The major differences between the last
version and the previous one are three:

1. The inclusion of rotation: the code uses the methodology developed by Kippen-
hahn et al. (1970) and Meynet and Maeder (1997). The basic quantity describing
the effect of rotation in the stellar structure is the angular rotation rate, w, defined

as:
w = /it , Qerie = (2/3)*2/8GM/(Rpo)? (4.1)

where (2 is the angular velocity at the stellar surface and ¢4t is the critical angular
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velocity (or breakup velocity) that is, the angular velocity at which the centrifugal
force is equal to the effective gravity at the equator. G is the gravitational constant,
M is the mass enclosed by Ry, that is the polar radius. Nguyen et al. (2022)
considered a wide range of initial rotation rates, from non-rotating models (w; =
0.00) to models initially very near the critical breakup rotational velocity (w; =
0.99). Also worth mentioning is that in this version, rotation is enabled a few
models before the Zero Age Main Sequence (ZAMS) phase. At this stage, the code
computes the angular velocity €2 that corresponds to the initial rotation rate w; and
assigns it to each shell of the star, forcing a solid body rotation. From the ZAMS
on, the solid body rotation constraint is relaxed, and the stellar rotation evolves
accordingly with the conservation and the transport of angular momentum.

2. The inclusion of mass loss during the evolution of all stars: previously,
mass loss was only considered during the stage of isochrone calculations, as it had
little effect on the RGB evolution of low-mass stars, only becoming important
near the tip of the red-giant branch (TRGB). Therefore, mass loss only caused a
decrease in mass between the RGB and the ’'zero-age horizontal branch’ (ZAHB)
stage, which was easily accounted for when preparing isochrones. However, with
the inclusion of rotation, mass loss cannot be decoupled from evolution and must
be included in all evolutionary phases because rotation can enhance mass loss and
affect the star’s evolutionary path. This can become drastic when the star is close
to the critical breakup velocity.

3. The treatment of turbulent mixing as a diffusive process: while in the
latter version the gas was chemically homogenised within convective regions, in
the present version a diffusive approach is adopted, solving a unique equation for
chemical variation due to nuclear reactions, turbulent motions, molecular diffusion,
and rotational mixing.

PARSEC V2.0 takes into account masses ranging from 0.09 M to 14 My and metal-
licities between Z = 0.004 and Z = 0.017, for seven different initial rotation rates in
the range w; = 0.00 — 0.99. Starting from the sets of evolutionary tracks isochrones are
then constructed. The initial phase begins from the Pre-Main Sequence, and the final
stage varies depending on the mass range of the model, with the beginning of the Ther-
mally Pulsing Asymptotic Giant Branch (TP-AGB) phase for low- and intermediate-
mass models or the C-exhaustion for higher masses. The computation of isochrones
begins by selecting all the corresponding stellar tracks in each set based on their initial
metallicity and rotation rate. It is worth to clarify that the isochrones are constructed
for each initial rotation rate wj, and the deceleration of w along the evolution is then
taken into account in the tracks and tabulated within the isochrones. The construction
of the isochrone then proceeds through the following steps. Initially, the computed stel-
lar evolutionary tracks in each set are divided into phases that are uniformly separated
by a few characteristic ’equivalent evolutionary points’. Afterwards, for a specific age,
the isochrone is generated by interpolating all stellar properties between points of dif-
ferent initial mass but equivalent evolutionary stage. Isochrones are produced by the
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TRILEGAL code (Girardi et al. (2005a)), which interpolates all the additional quanti-
ties needed to characterise rotating stars in the metallicity range between Z = 0.004 and
0.017 and in the age range 7.0 < log(t/yr) < 10.1. Moreover, the isochrones employed
in the present work are calculated interpolating the rotation rate as well, in the range
0.0 < w; < 0.99. This feature is an additional option with respect to what is described
in Nguyen et al. (2022). These isochrones will soon be accessible through the following
link: http:stev.oapd.inaf.it/cmd.

The intrinsic properties of stars, such as luminosity, mean effective temperature, and
radius at the pole and equator, are provided by theoretical isochrones. To compare these
isochrones with observed CMDs, they are supplemented with photometric magnitudes
in several filters. For non-rotating stars, tables of bolometric corrections (BCs) are used
as a function of effective temperature, surface gravity, and metallicity (see Girardi et al.
(2002)). Bolometric correction tables for rotating stars have at least two more parameters
than those for non-rotating stars: the initial rotation rate w; and the inclination angle,
i, of the line of sight with respect to the stellar rotation axes (see 2.1.1). They are
calculated as in Girardi et al. (2019) and implemented in the YBC database of BCs
by Chen et al. (2019) and in the TRILEGAL code used in this work to produce the
isochrones.

4.2 Generation of partial models

As previously stated, the final goal is to identify, for each cluster, the model that best
reproduces the observations. The final model M is such that:

M = PMy+ Y a; PM; (4.2)

in analogy with Mazzi et al. (2021). Here PMj is the simulation for the background field
of the LMC/SMC + MW foreground, as better explained in Section 4.3, while the PMs
are the partial models computed each with a different rotation rate. The coefficients a;
will tell the relative importance of each PM; corresponding to each wj, that is namely the
distribution of the rotational velocity. Obtaining the PMs required the following steps.

From isochrones to synthetic populations

Before proceeding with generating the stellar population the isochrone needs to be cor-
rected for extinction (Ay) and distance modulus ((m — M)g), since the isochrones by
TRILEGAL (Girardi et al. (2005a)) are generated in absolute magnitudes M;,, therefore
at a distance of 10 pc. Hence, the corrected magnitude m;z, will be:

Miso = Miso + (m - M)O + Ay (43>

where Ay = Ay - C), with Ay being the extinction in the V band and the C) being
available in the YBC tables (Chen et al. (2019)). Recalling that isochrones are gener-
ated by interpolating all stellar properties between points of different initial mass but
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equivalent evolutionary stage, it follows that each point on the isochrone corresponds
to a specific value of colour, magnitude, and initial mass as well. Starting from the
rotating isochrones stellar populations have to be generated manually. Each row of the
isochrone file that is generated by TRILEGAL (Girardi et al. (2005a)) contains infor-
mation on the integrated Initial Mass Function (int_ IMF). For each row k of the file,
N = Moy - (int_IMF[k + 1] — int_IMF[k]) stars are generated with a linear interpolation,
choosing Mot = 10" M.

Binary stars

Within star clusters, binary stars, consisting of two stars orbiting around a common
center of mass, play a significant role in shaping the properties and dynamics of the
cluster. Since their presence can leave discernible signatures on the cluster’s CMD, it
is crucial that binary stars are taken into account. In particular, when binary stars are
unresolved, i.e., their components cannot be distinguished individually, they appear as
single points in the CMD, therefore the binary system appears as a single source whose
light is combined together. If we consider the two components of a binary system and
indicate with mq, ms, F}, and F5 their magnitudes and fluxes, the binary will appear as
a single object with a magnitude:

F:
Mpin = M1 — 2.510g(1 + —2) (4.4)
F

For a binary system consisting of two main sequence (MS) stars (referred to as an MS-
MS binary), the fluxes observed are directly related to the masses of the individual stars,
denoted as M; and Msy. The luminosity of the binary is influenced by the mass ratio
q = My/M;, where it is assumed here that My is smaller than M; (i.e., ¢ < 1). In the
case of equal-mass binaries, the system forms a sequence that runs nearly parallel to the
MS and is approximately 0.75 mag brighter. However, when the masses of the binary
components are unequal, the binary system will appear redder and brighter compared to
the primary star. These systems occupy a specific region in the CMD located on the red
side of the main sequence ridge line (MSRL) but below the line formed by equal-mass
binaries. This is illustrated in Figure 4.1 by Milone et al. (2012), representing model
MS-MS binary sequences with different mass ratios for the Globular Cluster NGC 2298,
where they used their empirical MSRL and the mass-luminosity relations of Dotter et al.
(2007) to generate sequences of MS-MS binary systems with different mass ratios.

When dealing with binary systems in star clusters there are two main fundamental
parameters: the fraction of binaries fy;,, representing the number of binary systems
with respect to the total number of stars in the cluster, and the mass ratio ¢ defined
above. In this case the idea was to chose a flat distribution of the mass ratio truncated
at gmin = 0.7, given that usually binary systems are clearly visible in the CMD when
q > 0.7. To generate binary stars, a series of six steps were necessary, which are outlined
as follows.
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Figure 4.1: Model MS-MS binary sequences with different mass ratios for NGC 2298. The
dashed-dotted line is the MSRL while, continuous black lines indicate the sequences of constant
q and blue lines mark sequences of constant M;. By Milone et al. (2012)

1. The mass of single stars generated in the previous step is obtained through linear
interpolation. Indeed, as already said, each point on the isochrone corresponds to
a specific value initial mass listed in the column Mini of the isochrones.

2. A random number between 0 and 1 is associated to each single star. If the random
number corresponding to the specific single star is smaller than fy;, its binary
companion can be generated and the procedure continues.

3. The mass ratio is defined with a flat distribution by generating another random
number n between 0 and 1:

q = Qmin + 1 (]- - Qmin) (45)

4. Once the mass of the primary star Mj, and the mass ratio ¢ are known it is easy
to retrieve the mass of the secondary star: My = q - M,

5. The magnitude of the secondary stars my is retrieved through linear interpolation.

6. Finally, the magnitude of the binary system is obtained from equation 4.4, where
Fy =107%4m and Fp = 10704m2,

As it is illustrated in Section 4.4, the fraction of binaries fy;, is one of the parameters
that are fitted with sfhfinder; for this reason it is required that the Hess diagrams are
built separately for single and binary populations, for the same age-initial rotation rate
bins, and for the same total initial mass of stars.
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Distribution of inclinations

As said in Section 2.2, if stars in a cluster do not have a preferred angle of inclination,
but a distribution of various inclinations, high rotating stars could be the responsible
of the eMSTO phenomenon observed in CMDs. For this reason it is crucial to take
into account the distribution of inclination angles to ensure the accuracy of this work.
The isochrones contain the magnitudes for different values of the inclination angle. In
particular, nineteen inclination angle bins are used, from 0° up to 90° with constant steps
of 5°. Here the choice is to consider an unnniform distribution of inclination angles when
producing the PMs. In order to pursue this a stellar population is generated, with the
method explained in the subsections right above, for each value of the inclination angle,
hence doing it for nineteen times considering each time the magnitude columns of the
corresponding inclination. Afterwards, the Hess diagram produced for each value of the
inclination angle is weighted by a probability of the type of P ~ sin(i).

27 sin(2)di

di

observer

Figure 4.2: Schematic representation for the solid angle subtended by the inclination range ¢ to
i+ di. By Burleson (2018).

This choice can be understood by looking at Figure 4.2. According to the figure, the
solid angle subtended by the inclination range i to ¢ + di is dQ) = sin(i)dido, that is
dQ = 2msin(i)di. It is clear then that having a maximum probability when i = 90°
while minimum probability at ¢ = 0° translates into P ~ sin(i), meaning that it is more
likely to observe systems with high inclination angles than those pointed toward us. This
means that, in order to have an isotropic distribution of inclinations, each Hess diagram
corresponding to the inclination ¢ was multiplied by the weight being:
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_ sin(i)
- >, weight]i
Finally, the resulting weighted nineteen Hess diagrams are added together. This proce-

dure is performed for both the Hess diagrams of single stars and the Hess diagram of
binary stars.

weight]i] (4.6)

Spreading with ASTs

An observed CMD is always affected by photometric errors, blending and incompleteness,
therefore it never resembles a pure isochrone. It follows that it is necessary to simulate
the effects of photometric errors on our models. In order to characterize the errors
in the photometry, articiaial star tests (ASTs) are performed, where artificial stars are
generated across the entire CMD, covering the required sky area. The AST process gives
in output a table containing the errors on the recovered magnitude (o,,) and colour (o)
of each artificial star as well as a flag determining whether it is considered as recovered
or lost. This information is necessary to determine how a partial model has to be spread
in order to reproduce errors and incompleteness present in the data. Two main steps
are needed.

The first step consists of computing the completeness map. In principle, the completeness
of each cell (i,j) of the Hess diagram, can be computed from the number of artificial stars
recovered in the cell divided by the number of artificial stars that were generated in it.
However, the number of artificial stars in the cell might be small and lead to a bias in
the result. Therefore, a slightly modified procedure is used: instead of considering just
the artificial stars in the cell at position (i,j), stars in multiple cells are used, namely all
those in cells with indices (k,1) such that:

(4.7)

j - Nsubmag << ] + Nsubmag
i — Nsubcol <k<i+ Nsubcol

where Ngubmag and Ngupeol are integer numbers that can be set depending on how many
artificial stars have been generated. Assuming that Ny, artificial stars have been gen-
erated in this group of cells, but Ng,s have been recovered, the completeness at the
coordinate (i,j) of the Hess diagram is computed as

Ci,j = Nobs/Nsim (4.8)

The second step builds, for each cell (i,j), a Hess error map. We consider the Nps
artificial stars introduced above, each one characterized by errors o, and o,,, and treat
them as if they were generated in the cell (i,j). A new coordinate can be assigned to
each one to produce a new Hess diagram E7 ;:

(4.9)

{p =i+ int(o./Ac)
q=7j+int(om/Am)
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where Ac and Am are the resolutions of the Hess diagram in color and magnitude,
respectively. Dividing E ; by Nobs and multiplying it by the completeness C;; we

determine the error map Ej ;.
*

E; ;= B C i (4.10)
7] Nobs 7_]

Finally, to spread a partial model PM, each one of its cells is multiplied by the corre-
sponding error map, that is

Ne Nm
PMar = 3 Y PM(i,j) = E; (4.11)
i=0 j=0
where N, and N, are the number of cells of the Hess diagram along the color and
mangitude axes, respectively. In a sense, the partial model gets convoluted with an
error matrix. Figure 4.3 shows the Hess diagrams for a single model, before and after
applying the results of ASTs.

Omega=0.9 Omega=0.9 with spread
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Figure 4.3: Hess diagrams for a single stellar population, before (left) and after (right) applying
the results of ASTs. The model has an age log(t/yr) = 9.075, metallicity Z = 0.003, w; = 0.9,
V-band extinction A, = 0.15 mag and true distance modulus (m — M)y = 18.85 mag.

4.3 The field contribution

As stated in Equation 4.2, the final model M is given by the linear combination of the
partial models PMs summed with PMgy. The PMg represents the simulation for the
background field of the LMC/SMC and the MW foreground. The latter is computed
with the calibrated TRILEGAL model (Girardi et al. (2005b); Girardi (2016)), while
Figure 4.4 illustrates a Right Ascension (RA) - Declination (DEC) map showing the
regions of the LMC (left) and SMC (right) where the Star Formation History (SFH)
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is available (see Mazzi et al. (2021)) and field star simulations, performed as well with
TRILEGAL, can be conducted. Specifically, this involves the simulation of ~ 0.1 square
degree area surrounding the target cluster.
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Figure 4.4: RA-DEC map with the regions of the LMC (left) and the SMC (right) for which we
have the SFH. The red squares represent the simulated subregions around each cluster.
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Figure 4.5: Left-hand panel: Hess diagram of the PMg for NGC 419 star cluster in the SMC.
Right-hand panel: same as in the left hand panel after applying the spreading with ASTs.

The simulations encompass the complete extent of the regions observed by the VISTA
Magellanic Clouds (VMC) Survey, that is a large-scale observational survey conducted
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using the VISTA telescope (Visible and Infrared Survey Telescope for Astronomy). The
photometric catalogues are split into 12 subregions per tile and the subregions are num-
bered from G1 to G12. The following convention is adopted: subregions are referred to
as Tt_Gg, where t is an abbreviated number of the LMC/SMC tile from VMC, and g is
the subregion number from 1 to 12.

Figure 4.6, taken from Mazzi et al. (2021), shows the map of the VMC tiles and subre-
gions for the LMC, while Table 4.1 contains the name and the area of the subregion for
each cluster considered in this work.

10°

-65°

Frapn

DEC J2000

-70°!

10*

7"00™ 6"30m oo™ 5h30™  00™ 4h3om
RA J2000

Figure 4.6: Map of the VMC tiles and subregions for the LMC. Tiles are labelled in cyan, and
the inset at the top-right illustrates the numbering of the subregions from G1 to G12, which
applies to all tiles. The colour scale indicates the total number of stars detected in both J and
K, filters of the VISTA Infra Red CAMera (VIRCAM) for each subregion. From Mazzi et al.
(2021)

Table 4.1: Name and the area of the subregion for each cluster considered in this work. Column
1: Cluster name; Column 2: Subregion name; Column 3: Subregion area (deg?)

Cluster name | Subregion name | Subregion area
NGC 419 T44G10 - T44G6 0.143
NGC 2203 T37G1 0.125
NGC 1831 T93G6 0.125
NGC 1866 T94G9 0.125

For the particular case of NGC 2203, that is out of the SFH maps, the closest VMC
field was used. To incorporate these simulations into the fitting process, it is necessary
to multiply both the SMC/LMC field and the MW foreground by a scaling factor deter-
mined by the ratio between the area of the cluster that is effectively observed by HST
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and the subregion area. The rescaled simulations are then added together and converted
into an Hess diagram with photometric errors simulated as described in Section 4.2.

An example of the final result is in Figure 4.5, where the Hess diagram of the PMj
for NGC 419 star cluster in the SMC is illustrated in the left-hand panel, while in the
right-hand panel the same PMj after applying the spreading with ASTs is shown.

4.4 Model construction with sfhfinder

The preceding sections outline the steps required to generate the essential components for
constructing the final model M, whose Hess diagram best reproduces the Hess diagram
of the observations. This is done with the sfhfinder code, that is conceived to derive
spatially-resolved SFH, and is now applied to retrieve the distribution of stellar rotational
velocities of the target clusters. In this work 4 fitting parameters were considered:

e q;: the coefficients telling the relative importance of each partial model PM; cor-
responding to a given initial rotation rate wj.

e fuin: the binary fraction representing the number of binary systems with respect
to the total number of stars.

e ACol: the shift in colour.
e AMag: the shift in magnitude.

In order to find the best-fitting parameters for a given dataset the code combines the
power of optimization with Gradient Descent with Momentum and the exploration ca-
pabilities of Monte Carlo Markov Chain (MCMC). As first step the code performs it-
erations of the optimization process using Gradient Descent with Momentum with the
aid of minimizing the —In PLR (see equation 4.17). At each iteration, the code calcu-
lates the gradients of the loss function with respect to the parameters, incorporating
the momentum term to update the parameter values. This process continues until the
maximum number of steps, that is initially set, is reached. However there is no warranty
that the solution found is not trapped into a local minimum, hence, to find more likely
solutions and estimate the errors, the code proceeds with the second step incorporating
2 MCMCs, each with an initial warmup phase allowing the method to acquaint itself
with the parameter space.

4.5 Statistical comparison of the model CMD with data

In model selection, scientists commonly utilize the x? statistic as a statistical indicator.
The x? reflects the disparity between the data and the model, taking into account
the predicted 1o error. Hovever minimizing the 2 is actually a maximum-likelihood
calculation for the case of data with Gaussian errors and known uncertainties at each
point. Indeed, if P; is the probability that the observation n is drawn from model m, m;
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is the model value of bin ¢, n; is the observed value of bin 7 and o; is the uncertainty of
bin :
p= Se0nimmi)?/o? (4.12)
2o
the ”Gaussian Likelihood Ratio” is then defined as the ratio between the probability

that observed data n; was drawn from a model equal to m; and the probability that it
was drawn from a model equal to n;:

2
GLR; = 4 /%6—0-5(7%—%)2/0?”4 (4.13)
Omi

where o,,,; is the expected uncertainty for model m; and o,; is the uncertainty for model
n;. Multiplying the individual Gaussian likelihood ratios and taking the logarithm the

result is: )

—2IGLR = 2 + > In i (4.14)
i Oni
It follows that if the observational errors follow a Gaussian distribution and the ¢; remain
constant, minimizing the y? is equivalent to maximizing the likelihood. However in CMD
analysis, neither of these assumptions holds true. Our data is indeed characterized by a
Poisson distribution, and afn = n; while U?M = m;, therefore using the x? to minimize
Poisson-distributed data poses a risk because the obtained ”solution” may not be the
correct one. For this reason, rather than employing a x? fit, which makes certain implicit
assumptions about the data, it is recommended to use a maximum likelihood parameter
derived from the Poisson probability distribution:
mi

p=—t (4.15)

emin,!

The “Poisson likelihood ratio” is analogous to the Gaussian likelihood ratio in equation
4.13. Cancelling the n;! terms in numerator and denominator, we get the ratio of the
probability of drawing n; points from model m; to that of drawing n; points from model
n;:

n; :
m, ‘e’

PLR; = (4.16)

n;"tem
and the Poisson equivalent of x? is:

Uz
—InPLR = m; —n; +n;ln— 4.17
; 7 (2 (2 ml ( )
As stated by Dolphin (2002), considering the availability of a Poisson-based statistic
that can be minimized using the same approach as x?2, there is no valid justification for
using x? to fit a CMD, as it will invariably yield an incorrect solution when minimized.
Therefore, minimizing equation 4.17 represents a genuine maximum likelihood computa-

tion, and employing this parameter in this study will lead to an accurate determination
of the best-fit value.
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Chapter 5

Results

The results obtained for each cluster considered in this work are presented in the fol-
lowing sections. As already described in previous chapters the final model that best-fits
the observed CMD is a linear combination of the PMs, telling us the relative impor-
tance of each population corresponding to each rotational velocity. This procedure is
performed for different age and metallicity bins, chosen accordingly to which cluster is
being analyzed. In all cases, for each couple of age and metallicity a total amount of
11 Partial Models were produced, corresponding to 11 values of the initial rotation rate
wi = 0.0,0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9,0.99.

5.1 NGC 419

As already pointed out in Section 3.1, Goudfrooij et al. (2014) found values for the
age and metallicity of NGC 419 to be ¢t = 1.45 + 0.05 Gyr and [Fe/H] = —0.7 + 0.1,
respectively. Let’s recall the definition of [Fe/H]:

Z Z
Fe/H] =log( ) ~log(%) 5.1
(Fe/H) =log( ) ~log(5) (5.1)
where % is the metal to hydrogen mass ratio. If we approximate X to be constant, given
that the variations in the helium and heavy element abundances are typically negligible
with respect to the hydrogen abundance, the above equation can then be simplified into:

[Fe/H| = 1og(ﬁ) (5.2)
Zo

Given the literature value of [Fe/H] for NGC 419, and adopting the solar metallicity as

derived by Caffau et al. (2011) (Zs = 0.01524), after a simple calculation we retrieve that

Z ~ 0.003. Moreover, taking the logarithm of the cluster’s age derived by Goudfrooij

et al. (2014) we get log(t/yr) ~ 9.16. Therefore, it was decided to produce Partial Models

for 2 values of the metallicity, Z = 0.003 and Z = 0.004, and for 8 values of the age, from
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log(t/yr) = 9.000 to log(t/yr) = 9.175 with constant steps of Alog(t/yr) = 0.025. The
result is a total amount of 16 best-fitting models M given by equation 4.2. Moreover,
in order to infer the effect of including the PMgy model for the MCs field and MW
foreground, the 16 best-fitting models were computed both with and without the PMj,
for a total of 32 best-fit models.

As anticipated in Section 4.5, given the poissonian nature of the distribution of our data,
the most suitable approach to identify the best model among those 32 best-fitting models
is to compute and minimize equation 4.17. The results are represented in Figure 5.1 for
Z =0.003 and in Figure 5.2 for Z = 0.004, with (red points) and without (blue points)
the inclusion of the PMg.
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Figure 5.1: —In PLR as function of the age log(t/yr) for NGC 419, for a metallicity of Z = 0.003.
Blue points represent the — In PLR of the models computed without taking into account the PMg
for the SMC field and MW foreground. Red points correspond to the case in which the PMj is
taken into account when computing the best-fitting models.

It is evident, for both values of the metallicity, that the models including the PMg are
better than the ones without the PMy, at all ages. Hence, this demonstrate the positive
effect of the inclusion of a model for the field and foreground for this cluster. The
results of the computation of the —In PLR are summarized in Table 5.1 and suggest
that the best model is the one corresponding to a metallicity of Z = 0.003 and age
log(t/yr) = 9.075.

The Hess diagram of this best-fitting model is represented in Figure 5.3, together with
the Hess diagram of the observation, the residuals and the normalized residuals. As
we are mainly interested in providing the fit in the regions of the eMSTO and RC, a
mask was applied cutting for 14 < F814W < 21.5 and —0.5 < F555W — F814W < 3.
Additionally, Figure 5.4 displays a zoom on the RC region . Looking at these figures it
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Figure 5.2: —InPLR as function of the age log(t/yr) for NGC 419, for a metallicity of Z = 0.004.
Blue points represent the — In PLR of the models computed without taking into account the PMj
for the SMC field and MW foreground. Red points correspond to the case in which the PMj is
taken into account when computing the best-fitting models.

Table 5.1: Best-fit parameters obtained minimizing the quantity — In PLR for NGC 419. Column
1: Metallicity Z; Column 2: Inclusion of the PMy; Column 3: log(Best Age/yr); Column 4:
—In(PLR).

Metallicity | PMg | Best Age | —In PLR
0.003 yes 9.075 793.89
0.003 no 9.075 964.50
0.004 yes 9.075 801.57
0.004 no 9.075 867.77

appears that the analysis provides a very good fit at the level of the MSTO, where the
residuals are close to zero. Moreover, the model exhibits a fairly extended RC region,
although some negative residuals are present and are clearly visible in the third panel.
This may suggest that relying solely on stellar rotation might not be sufficient to replicate
the full extension of the RC in NGC 419.

As previously pointed out in Section 4.4, sfhfinder code is used to provide the best-fit
values of 4 parameters. In Table 5.2 are reported the best-fit values of the binary fraction
fvin, the shift in colour A(F555WW — F814W), and the shift in magnitude AF814W as
provided by sfhfinder for the Z = 0.003 and log(t/yr) = 9.075 model.

The best-fit values of the a; coefficients of equation 4.2, along with the 1o confidence
interval, are listed in Table 5.3 and are plotted in Figure 5.5, which specifically represents
the distribution of stellar rotational velocities of NGC 419. It is shown that this cluster
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Figure 5.3: Left-hand panel: Hess diagram of the best-fitting model corresponding to a metallicity
of Z =0.003 and age log(t/yr) = 9.075. Second panel: Hess diagram of the observation of NGC
419 obtained with the ACS of the HST. Third panel: residuals. Right-hand panel: normalized
residuals.

Table 5.2: Best-fit values of the binary fraction fp;y,, the shift in colour A(F555W — F814W),
and the shift in magnitude AF814W for NGC 419.

Join 0.200 £ 0.012
A(F555W — F814W) | 0.012 £ 0.001 mag
AF814W 0.245 + 0.005 mag

harbors stars with w; > 0.9, with a tiny fraction of stars with w; = 0.8 and a negligible
amount of stars with w; < 0.8. The comprehensive analysis performed on NGC 419
ultimately suggests that the morphology observed in its CMD, with its distinct features,
can be thoroughly accounted for by the presence and influence of extreme rotators among
its stellar population.

5.2 NGC 2203

The analysis for NGC 2203 proceeded in a very similar way. This cluster is slightly older
with respect to NGC 419 and it is located in a different environment, namely the LMC,
with different metallicity. According to Goudfrooij et al. (2014), the age and metallicity
of this cluster are, respectively, ¢ = 1.55 £ 0.05 Gyr and [Fe/H] = —0.3 £ 0.1. For this
reason the analysis was conducted for 2 sets of metallicity, Z = 0.007 and Z = 0.008,
and 8 values of the age from log(t/yr) = 9.100 to log(t/yr) = 9.275 with constant steps
of Alog(t/yr) = 0.025, hence resulting in 16 best-fitting models. Also in this case each
best-fitting model was computed for the 2 cases, with and without the PMy. The results
are represented in Figure 5.6 for Z = 0.007 and in Figure 5.7 for Z = 0.008, with (red
points) and without (blue points) the inclusion of the PMj.
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Figure 5.4: Same as Figure 5.3 but with a zoom on the RC region.

Table 5.3: Best-fit values of a; coefficients for NGC 419.

Coefficient | Corresponding w; | Best-fit value | 1o confidence interval
ai 0.0 2.14-107° 1.91-107°
as 0.1 1.96-107° 1.84-107°
as 0.2 1.82-107° 1.73-107°
ay 0.3 1.76 - 107° 1.62-107°
as 0.4 1.42-107° 1.49-107°
ag 0.5 1.30-107° 1.30-107°
ar 0.6 1.44-107° 1.38-107°
as 0.7 1.96-107° 1.92-107°
ag 0.8 7.89-107° 7.38-107°
aio 0.9 0.0023 1.42-107%
ar 0.99 0.0022 1.18-107%

In this case, for both values of the metallicity, the impact of including the PMy is not as
clear as in the previous example of NGC 419. In both cases the difference between the
red and blue points at the best age (log(t/yr) = 9.175) is quite small. This is explained
by the fact that this cluster is a distant outlier of the LMC, hence the field contamination
is almost negligible. Numerical results are listed in Table 5.4, suggesting the best-fitting
model to be the one with Z = 0.008 and log(t/yr) = 9.175.

For the same reasons explained above, a mask was applied cutting for 14 < F814W <
21.5 and —0.5 < FA75W — F814W < 3. Figure 5.3 displays zoomed-in Hess diagrams
of the best-fitting model with Z = 0.008 and log(t/yr) = 9.175, of the observation,
of the residuals and normalized residuals. Additionally, Figure 5.9 shows zoomed-in
Hess diagrams. The comparison between the final model and the observation suggest
that the fit is overall very good, which is also confirmed by the relatively low residuals.
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Distribution of rotational velocities for log(t/yr) = 9.075 with PMgp
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Figure 5.5: Plot of the best-fit values of the a; coefficients for NGC 419 as function of the initial
rotation rate w;. Grey boxes represent the 1o confidence interval.

Table 5.4: Best-fit parameters obtained minimizing the quantity —In PLR for NGC 2203. Col-
umn 1: Metallicity Z; Column 2: Inclusion of the PMy; Column 3: log(Best Age/yr); Column 4:
—In(PLR).

Metallicity | PMg | Best Age | —In PLR
0.007 yes 9.175 539.87

0.007 no 9.175 555.49
0.008 yes 9.175 376.25
0.008 no 9.175 406.52

The MSTO is well reproduced while, in analogy with the previous cluster, there is a
negative residual at the level of the RC, even though NGC 2203 is not characterized by
a prominent double RC as in the case of NGC 419. In Table 5.5 are reported the best-fit
values of the binary fraction fy;,, the shift in colour A(F475W — F814W), and the shift
in magnitude AF814W as provided by sfhfinder for the Z = 0.008 and log(t/yr) = 9.175

model.

Table 5.5: Best-fit values of the binary fraction fyy,, the shift in colour A(F475W — F814W),
and the shift in magnitude AF814W for NGC 2203.

Jbin 0.105 + 0.011
A(F475W — F814W) | —0.088 & 0.002 mag
AF814W 0.167 + 0.005 mag

The best-fit values of the a; coefficients of equation 4.2 and the relative 1o confidence
interval, are listed in Table 5.6 and are plotted in Figure 5.10, which depicts the distri-
bution of stellar rotational velocities of NGC 2203. Contrary to NGC 419, this cluster
doesn’t include stars that are extremely close to the breakup velocity, on the other side
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Figure 5.7: —InPLR as function of the age log(t/yr) for NGC 2203, for a metallicity of Z = 0.008.
Blue points represent the — In PLR of the models computed without taking into account the PMj
for the LMC field and MW foreground. Red points correspond to the case in which the PMj is
taken into account when computing the best-fitting models.

it seems to be mainly populated by stars with 0.7 < w; < 0.9, with an almost negligible
fraction of stars with w; = 0.0,0.5 and 0.6. Therfore, the analysis for NGC 2203 seems
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2203 obtained with the ACS of the HST. Third panel: residuals. Right-hand panel: normalized
residuals.

to suggest a single population of moderate-fast rotators with w; > 0.7.

This cluster was also studied by Gossage et al. (2019), trying to state which scenario (pure
rotation, age spread or combination of both) could reproduce the eMSTO morphology
in different clusters. According to them, NGC 2203 is among the worst-fit clusters of the
analysis together with NGC 1866. Moreover this was the case in which an age spread
outperformed significantly the pure rotation model. As already anticipated in previous
chapters, our work aims to reproduce the morphology of the CMDs of our four target
clusters only assuming a pure rotation scenario. Contrary to Gossage et al. (2019), our
analysis for NGC 2203 seems to give the best fit among all other clusters and the features
of its CMD are well explained by the presence of moderate and fast rotators.

5.3 NGC 1831

NGC 1831 is younger (~ 800 Myr old) with respect to the first two clusters of this anal-
ysis. Goudfrooij et al. (2018) found its metallicity to be [Fe/H] = —0.25, corresponding
to Z ~ 0.008. The analysis was performed for 2 sets of metallicity, Z = 0.007 and
Z = 0.008, and 8 values of the age from log(t/yr) = 8.800 to log(t/yr) = 8.875 with
constant steps of Alog(t/yr) = 0.025, for a total of 16 best-fitting models. As in the
previous cases each best-fitting model was computed for the 2 cases, with and without
the PMO

The first attempt to study this cluster was similar to the previous two, as it involved
using a mask to isolate the region of interest. In this specific case the mask was chosen
such that the fit was performed only for magnitude 23 < F814W < 16, and colour
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Figure 5.9: Same as Figure 5.8, but with a zoom on the TO region.

0.0 < F336W — F814W < 3. The best-fitting model resulting from this first analysis
has a metallicity Z = 0.007 and age log(t/yr) = 8.850. The top panels of Figure 5.11
show the Hess diagram of this model, together with the Hess diagram of the observation,
the residuals and the normalized residual, while the bottom panels represent a zoom on
the MS region. From this plot it is noticeable that, at F'814W ~ 21, there is an excess
of very bright stars in the fitted model. In order to infer which kind of stars populate
this overabundant region, two PARSEC isochrones with i = 90° , one for w; = 0.0 (in
pink) and the other for w; = 0.99 (in red), are plotted on top of the Hess diagrams. This
figure shows that the stars causing an overabundance in the model are non-rotating
stars, and this overabundance is precisely at the level of the MS kink. Indeed, section
3.6 provides a description of the feature known as the MS kink that characterizes the
CMD of young stellar clusters, including NGC 1831. Moreover, it is also explained
how this feature is artificially introduced, when computing PARSEC isochrones, with a
gradual growth of rotation along an initial mass interval of AM; = 0.3My. Hence, it
may be possible that the slightly rough way in which the transition from non-rotating to
rotating stars is implemented could compromise the fit in the region at the level of the
MS kink. For this reason it was finally decided to apply a mask that excludes this area,
cutting in magnitude for 16 < F814W < 20.5 and 22 < F814W < 24, and in colour for
—0.5 < F336W — F814W < 3.

The results of the analysis performed with the new mask are presented in Figure 5.12
for Z = 0.007 and in Figure 5.13 for Z = 0.008, with (red points) and without (blue
points) the inclusion of the PMy. Consistently with the analysis of NGC 419, also in
this case the effect of including the PMy is to improve the fit at all ages and for both
values of the metallicity.

Numerical values of —In PLR corresponding to the best age, for both metallicities and
both options for the PMy, are summarized in Table 5.7. The analysis indicates that
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Table 5.6: Best-fit values of a; coefficients for NGC 2203.

Coefficient | Corresponding w; | Best-fit value | 1o confidence interval
al 0.0 5.86-107° 4.25-107°
as 0.1 3.63-107° 3.33-107°
as 0.2 2.83-107° 2.64-107°
ay 0.3 2.48-107° 2.27-107°
as 0.4 2.84-107° 2.68-107°
ag 0.5 5.17-107° 4.96-107°
ar 0.6 5.09-107° 4.58-107°
as 0.7 9.34-107* 1.68-1074
agy 0.8 4.03-107% 2.05-10~*
aio 0.9 7.00-107% 1.34-107%
ai 0.99 3.18-107° 2.73.107°

the model which provides the best-fit of NGC 1831 corresponds to Z = 0.007 and
log(t/yr) = 8.875. It should be noticed that applying the new mask that excludes the
MS kink plays a role in changing the age of the best-fitting model.

Table 5.7: Best-fit parameters obtained minimizing the quantity —In PLR for NGC 1831. Col-
umn 1: Metallicity Z; Column 2: Inclusion of the PMy; Column 3: log(Best Age/yr) in Gyr;
Column 4: —In(PLR).

Metallicity | PMg | Best Age | —In PLR
0.007 yes 8.875 1145.72

0.007 no 8.875 1165.32
0.008 yes 8.875 1264.34
0.008 no 8.900 1297.08

The Hess diagram of the new best-fitting model, the Hess diagram of the observation,
the residuals and the normalized residuals are plotted in Figure 5.14, while a zoom on
the MS is presented in Figure 5.15. Comparing Figure 5.14 with Figure 5.11 it seems
that the fit is improved by applying the new mask that excludes the MS kink region.
Moreover, it appears that the MSTO of the model is slightly shifted towards higher
luminosity and hotter temperature with respect to the MSTO of the observation, while
the stars belonging to the red clump are distributed along a wider range of luminosities
than expected. Given that we explored two values of metallicity and eight different
ages it is unlikely that this effect is due to a wrong assumption on one of these two
parameters. One possibile reason could reside in the assumption of having stars with a
uniform distribution of inclinations. We know from Chapter 2 that if a rotating star is
viewed pole-on it will appear brighter and hotter with respect to the same star viewed
equator-on, and this is also illustrated in Figure 2.5. Therefore, the model might be
overestimating stars with a pole-on configuration in comparison to the observations, and
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Figure 5.10: Plot of the best-fit values of the a; coefficients for NGC 2203 as function of the
initial rotation rate w;. Grey boxes represent the 1o confidence interval.

the cluster’s inclination distribution may not be uniform, potentially it may even be
characterized by a single value of the inclination angle, due to a possible spin alignment
of the stars. Hence, for future works, it could be interesting to assume a different
distribution for the inclination angle.

In Table 5.8 are reported the best-fit values of the binary fraction fp;,, the shift in colour
A(F336W — F814W), and the shift in magnitude AF814W as provided by sfhfinder for
the Z = 0.007 and log(t/yr) = 8.875 model.

Table 5.8: Best-fit values of the binary fraction fyy,, the shift in colour A(F336W — F814W),
and the shift in magnitude AF814W for NGC 1831.

foin 0.176 & 0.009
A(F336W — F814W) | —0.032 & 0.002 mag
AF814W 0.165 £ 0.005 mag

Table 5.9 presents the best-fit values of the a; coefficients of Equation 4.2, together with
the 1o confidence interval, while Figure 5.16 finally illustrates the distribution of stellar
rotational velocities of NGC 1831. NGC 1831 stands out as the only cluster where a
discernible, although very small, group of stars exhibits w; < 0.5. Moreover this cluster
harbor a stellar population of moderate-fast rotators with w; > 0.7, with the majority
of its stars that are very close to the breakup velocity, similar to the case observed in
NGC 419.

Correnti et al. (2021) studied this cluster comparing its CMD morphology with Monte
Carlo simulations involving synthetic star clusters consisting of multiple populations with
different ages or single population with a range of rotational velocities. They were able
to infer that the morphology of NGC 1831 could be fully explained, within the context
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of a pure rotation scenario, assuming a bimodal distribution for the rotating stars, with
~ 40% of slow rotators and the remaining ~ 60% being fast rotators. Although NGC
1831 shows a tiny fraction of stars with w; ~ 0.4 our analysis seems to suggest a higher
fraction of fast and extreme rotators with respect to Correnti et al. (2021).

Table 5.9: Best-fit values of a; coefficients for NGC 1831.

Coefficient | Corresponding w; | Best-fit value | 1o confidence interval
al 0.0 6.87-107° 6.12-107°
as 0.1 6.32-107° 5.77-107°
as 0.2 8.16-107° 7.13-107°
ay 0.3 6.50 - 107° 5.78 -107°
as 0.4 1.89-107* 1.15-1074
ag 0.5 6.92-107° 6.00 - 107°
ay 0.6 4.50-107° 4.14-107°
as 0.7 2.20-107* 7.97-107°
ag 0.8 1.02-1073 1.02-107%
ao 0.9 2.58 1074 1.03-107%
ar 0.99 1.19-1073 8.82-107°

54 NGC 1866

According to Goudfrooij et al. (2018) the age of NGC 1866 is around 250 Myr, making it
the youngest cluster of this study. Gossage et al. (2019), adopted a metallicity [Fe/H] =
—0.36, based on Asplund et al. (2009) protosolar abundances, hence corresponding to
Z ~ 0.006. The analysis encompassed two sets of metallicity, Z = 0.006 and Z = 0.007,
and considered eight age values ranging from log(t/yr) = 8.400 to log(t/yr) = 8.575,
with a constant step of Alog(t/yr) = 0.025. This resulted in a total of sixteen best-
fitting models. Similarly to previous cases, each best-fitting model was computed twice,
once including the PMy and once without it.

The results are represented in Figure 5.17 for Z = 0.006 and in Figure 5.18 for Z = 0.007,
with (red points) and without (blue points) the inclusion of the PMj.

In this case, the impact of including the PMj is positive in correspondence of the best
age, for both values of the metallicity. Particularly, for Z = 0.007 the inclusion of the
PMj is actually very effective. Numerical results are listed in Table 5.10, suggesting the
best-fitting model to be the one with Z = 0.007 and log(t/yr) = 8.500.

The Hess diagram of this best-fitting model is represented in Figure 5.19, together with
the Hess diagram of the observation, the residuals and the normalized residuals. As
we are mainly interested in providing the fit in the regions of the eMSTO and MS, a
mask was applied cutting for 14 < F814W < 22 and —1.0 < F336W — F814W < 2.
Additionally, Figure 5.20 displays a zoom on the MS region. The first thing to notice is
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Table 5.10: Best-fit parameters obtained minimizing the quantity —In PLR for NGC 1866. Col-
umn 1: Metallicity Z; Column 2: Inclusion of the PMy; Column 3: log(Best Age/yr); Column 4:
—In(PLR).

Metallicity | PMg | Best Age | —InPLR
0.006 no 8.500 342.09
0.006 no 8.475 346.90
0.007 yes 8.500 332.65
0.007 no 8.500 357.47

that, unlike other clusters, there were very few data available in this case. Specifically,
the circular area centered on the cluster with a radius of 35 arcsec contains a total
amount of 795 stars, which is quite low and could potentially compromise the statistical
analysis. Unlike the study by Gossage et al. (2019), where the fit of the eMSTO in NGC
1866 assuming a pure rotation scenario was the least accurate among the three possible
scenarios, the best fitting model in this study provides a quite good reproduction of the
eMSTO in NGC 1866. Moreover, the model shows less stars in the blue part of the
MS, especially for F'814W < 21, hence not fully reproducing the peculiar split MS of
NGC 1866. Referring back to the explanation of the split MS in Section 1.3.2, if this
distinctive feature is identified in the CMD of a stellar cluster then we expect to find
a portion of slow-rotating stars that populate the blue MS and a fraction of fast and
extreme rotators concentrated in the red part of the MS. However, looking at Figure
5.21, which represents the distribution of stellar rotational velocities of the best-fitting
model for NGC 1866, we clearly see that the presence of stars rotating with w; < 0.6 is
negligible, while only fast and extreme rotators seem to populate this cluster. Either the
code encountered challenges in replicating the split MS, potentially due to the limited
statistic, or the presence of a split MS in this cluster might not be linked to stellar
rotation. However, the Bayesian analysis performed by Costa et al. (2019) on NGC
1866 clearly shows that the younger population is mainly made of slowly rotating stars
and settles in the blue part of the MS, while the older one consists of fast rotators and
populates the red MS. Given that slow-rotating stars of the blue MS are generally lower
in number with respect to the red MS fast rotating population it is plausible that, owing
to the limited statistical sample, our analysis might have exclusively captured the red
MS’s fast-rotators. Moreover, Costa et al. (2019) found an age separation of ~ 112 Myr
between the blue MS stars and the stars belonging to the red MS, while in this work we
adopt a ”pure rotation scenario”, assuming that all PMs have the same age. Hence, this
assumption could be the reason of the discrepancy between our results and literature
and NGC 1866 may indeed host multiple populations. For future works it could be
interesting to perform the same analysis on other clusters that exhibit a split MS and
see whether this issue arises in those cases as well.

Table 5.11 presents the best-fit values for the binary fraction fy;,, the colour shift
A(F336W —F814W), and the magnitude shift AF814W for the Z = 0.007 and log(t/yr) =
8.850 model, while Table 5.12 contains the best-fit values of the a; coefficients of equation
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4.2 and the relative 1o confidence interval.

Table 5.11: Best-fit values of the binary fraction fy;,, the shift in colour A(F336W — F814W),
and the shift in magnitude AF814W for NGC 1866.

Foin 0.085 £ 0.017
A(F336W — F814W) | —0.133 £ 0.004 mag
AF814W 0.067 + 0.012 mag

Table 5.12: Best-fit values of a; coefficients for NGC 1866.

Coefficient | Corresponding w; | Best-fit value | 1o confidence interval
a 0.0 4.04-1076 3.85-107
as 0.1 4.15-1076 3.97-107
as 0.2 4.29 .10~ 4.13-107°
ay 0.3 4.31-1076 4.40-1076
as 0.4 5.93.1076 5.41-1076
ag 0.5 6.35- 107 5.86 - 107°
ar 0.6 1.35-107° 1.09-107°
ag 0.7 2.46-107° 1.61-107°
ag 0.8 2.31-107° 1.77-107°
ao 0.9 1.18-1074 3.54-107°
ar 0.99 2.61-107% 3.51-107°
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Distribution of rotational velocities for log(t/yr) = 8.875 with PMg
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Figure 5.16: Plot of the best-fit values of the a; coefficients for NGC 1831 as function of the
initial rotation rate w;. Grey boxes represent the 1o confidence interval.
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normalized residuals.
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Figure 5.20: Same as Figure 5.19 but with a zoom on the split MS.
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Figure 5.21: Plot of the best-fit values of the a; coeflicients for NGC 1866 as function of the
initial rotation rate w;. Grey boxes represent the 1o confidence interval.
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Chapter 6

Conclusions

There has been growing evidence in recent years that star clusters in the MCs contain
stars with a significant spread in rotation velocity. Indeed, the excellent photometry
provided by the HST has revealed new surprises, such as the presence of structures
which cannot be represented by evolutionary isochrones for a single age or metallicity in
the observed CMDs of young and intermediate-age clusters of the MCs. These include
the discovery of eMSTOs and split MS, or instances of clusters that exhibit a dual RC,
as for example NGC 419. One of the first ideas proposed to explain this phenomenon
was the ”age spread scenario” (Mackey et al. (2008)), suggesting that each cluster might
consist of at least two separate groups of stars with similar metal abundances but ages
separated by up to ~ 300 million years. However, it was only recently recognized,
starting from the seminal paper by Bastian and De Mink (2009), that stellar rotation
could be playing a crucial role in determining the photometric properties of stars born
in populous star clusters in the MCs and in MW open clusters. The reduced gravity in
rotating stars results in lower luminosities and effective temperatures. Additionally, the
star’s orientation relative to the observer’s line of sight plays a significant role: a star
deformed by fast rotation appears brighter and hotter if viewed pole-on. In addition,
mixing processes induced by rotation modify the composition of the stellar envelope
and effectively increase the size of the stellar core, resulting in higher luminosities and
cooler temperatures for turn-off stars. These effects can significantly alter the colour
and magnitude of stars, and therefore the CMD of a cluster (see Figure 2.4 and Figure
2.5).

In this thesis I delve into a comprehensive study of the stellar rotation distribution of
four target clusters of the MCs through the application of models that are complete in
all evolutionary phases and include rotation. The analysis concerns four clusters: NGC
419 of the SMC and NGC 2203, NGC 1831 and NGC 1866 of the LMC. All these objects
are very rich in stars, and present all the interesting features associated with rotation in
their CMDs.

Using isochrones derived from PARSEC V2.0 (Nguyen et al. (2022)) stellar tracks and
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TRILEGAL (Girardi et al. (2005a)), the analysis begins by generating distinct stel-
lar populations, each with a different rotation rate. The PAdova and tRieste Stellar
Evolutionary Code (PARSEC) was initially introduced by Bressan et al. (2012), and it
has subsequently been employed in various studies to construct extensive sets of stel-
lar tracks and isochrones. In a more recent development, Costa et al. (2019) made
significant progress in enhancing the code, incorporating the effects of rotation. This
advancement resulted in the updated version, known as PARSEC V2.0 (Nguyen et al.
(2022)). Isochrones for this work are then constructed with the TRILEGAL code (Gi-
rardi et al. (2005a)), which interpolates all the additional quantities needed to charac-
terise rotating stars in the metallicity range between Z = 0.004 and 0.017, in the age
range 7.0 < log(t/yr) < 10.1 and in the rotation rate range 0.0 < w; < 0.99. Once
isochrones are corrected for extinction and distance modulus, stellar populations are
generated manually through linear interpolation, including binary systems and assum-
ing a uniform distribution of the inclination angle. These stellar populations are referred
to as ”"Partial Models” (PMs), and they are generated in form of Hess diagrams, which
are matrix representations of the stellar density across the CMD. PMs are then fed to
sfhfinder code (Mazzi et al. (2021)) to derive both the best-fitting solution that better
represents the observed data and the confidence intervals of the fitted parameters. In
particular, the final model is a linear combination of the PMs (see equation 4.2), telling
us the relative importance of each population corresponding to each rotational velocity.
Moreover, each final model also include the simulation for the background field of the
LMC/SMC and for the MW foreground, labeled as PMj.

For each cluster, it was decided to produce 11 Partial Models (corresponding to 11 values
of the initial rotation rate w; = 0.0,0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9,0.99) for 2 values
of the metallicity and 8 values of the age, resulting in a total amount of 16 best-fitting
models M given by equation 4.2. Moreover, in order to infer the effect of including
the PMy model for the MCs field and MW foreground, the 16 best-fitting models were
computed both with and without the PMy. Afterwards, given the poissonian nature of
the distribution of our data, we chose to compute and minimize equation 4.17 as the
most suitable approach to identify the best model among those 32 best-fitting models.
In all cases the best-fitting model incorporating the PMy outperformed the best-fitting
model with identical age and metallicity but lacking the PMgy. Table 6.1 summarizes the
values of the age and metallicity of the best-fitting model suggested by the analysis for
each cluster. The age of NGC 419 is estimated to be ~ 1.2 Gyr, younger with respect to
the value assumed from literature (Goudfrooij et al. (2014)). The same holds for NGC
1831, for which the analysis suggests ¢ ~ 750 Myr, about 50 Myr younger with respect
to Correnti et al. (2021). On the other side the best-fit model for NGC 2203 suggests a
value for the age that is perfectly in accordance with Goudfrooij et al. (2014). Finally,
NGC 1866 is the only cluster of the analysis that is older with respect to the literature
(Goudfrooij et al. (2018)).

One important aspect that is worth to mention is that, other than obtaining the dis-
tribution of rotational velocities, we chose to employ sfhfinder to fit the binary fraction
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CHAPTER 6. CONCLUSIONS

Table 6.1: Values of the age and metallicity of the best-fitting model suggested by the analysis
for each cluster. Column 1: cluster name; Column 2: logarithm of the age of the best-fitting
model (Gyr); Column 3: metallicity of the best-fitting model.

Cluster name | log(t/yr) Z
NGC 419 9.075 0.003
NGC 2203 9.175 0.008
NGC 1831 8.875 0.007
NGC 1831 8.500 | 0.007

and the shifts in magnitude and colour as well, for each cluster. The first quantity
provides insight into the amount of binary systems with respect to the total number
of stars in the cluster. Notably, NGC 419 exhibits the highest count of binary systems
(fbin = 0.200) among the objects in this study, while NGC 1866 displays the lowest count
(fbin = 0.085). The shifts in magnitude and color, on the other hand, can be used to
calculate the resulting distance and extinction following the fitting procedure. Indeed,
when TRILEGAL isochrones are corrected before generating stellar populations, we as-
sumed for each cluster a given value for the distance modulus (m — M) and V-band
extinction Ay, that are listed in Table 3.1. Hence, for each cluster we assumed a given
value for the apparent distance modulus in the F814W band:

(m — M)rs1aw = 5log(d) — 5 + Apgiaw (6.1)

where Apgiaw = Ay - Crg1aw, with Cpgiaw being available in the YBC tables (Chen
et al. (2019)). It follows that, if we want to obtain the distance modulus resulting from
the fit we should add AMag to the assumed apparent distance modulus. Moreover,
the colour resulting after the fit is given by adding both AMag and ACol to the colour
before the fit. Using this additional color excess and the apparent distance modulus, one
can derive the distance and V-band extinction values obtained after the fitting process,
denoted as do and A, » respectively. These outcomes, together with the distance d; and
V-band extinction Ay ; assumed before the fit, are listed in Table 6.2. In all cases, the
cluster’s calculated distance is slightly greater than the assumed value, and the V-band
extinction also exhibits a higher value compared to the assumed one, except for NGC
1866.

The final results of this analysis are outlined in Chapter 5 and Figure 6.1 provides an
overview of the stellar rotational velocity distribution within the clusters under investi-
gation. The top panels show the velocity distribution of NGC 419 on the left and NGC
2203 on the right, while bottom pictures represent the velocity distribution of NGC 1831
(left) and NGC 1866 (right). NGC 419 appears to be primarily populated by stars fea-
turing w; > 0.90, accompanied by an almost negligible presence of stars with w; < 0.9.
Meanwhile, the velocity distribution of NGC 2203 displays a slight shift towards lower
wji values, with only a minimal number of stars with a rotation rate equal to the breakup
value; nevertheless, w; still maintains a value above 0.6. NGC 1831, on the other side,
stands out as the only cluster where a discernible, although very small, group of stars
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Table 6.2: Values for the distance and V-band extinction before and after the fit. Column 1:
cluster name; Column 2: assumed distance before the fit in kpc; Column 3: distance resulting
after the fit in kpc; Column 4: assumed V-band extinction before the fit; Column 5: V-band
extinction resulting after the fit.

Cluster name d1 d2 AVJ Av72
NGC 419 | 58.88 | 61.66 | 0.15 | 0.40
NGC 2203 | 47.21 | 48.53 | 0.16 | 0.35
NGC 1831 | 46.77 | 48.75 | 0.11 | 0.25
NGC 1866 | 48.53 | 51.05 | 0.28 | 0.22

exhibits w; < 0.5. However, the most abundant group in NGC 1831 consists of stars with
wi = 0.99, and this trait similarly defines the rotational velocity distribution of NGC
1866. The latter only harbors stars with w; > 0.6, similarly to what happens for NGC
2203, but in contrast to it the distribution is peaked at higher velocities. Looking at
the most recent literature regarding NGC 1866, the distribution of rotational velocities
was expected to have a bimodal trend, accounting for the presence of slow-rotating blue
MS stars and fast rotators belonging to the red MS. As anticipated in Section 5.4, the
absence of slow rotators resulting from this work can most likely be attributed to the
limited amount of data available for NGC 1866. Moreover, this discrepancy may be due
to our choice to assume a unique value of the age for the PMs, while Costa et al. (2019)

clearly shows an age difference of ~ 112 Myr between blue MS stars and red MS stars.

Ultimately, from this research I can conclude that the CMD morphology of young and
intermediate-age MC clusters can be completely explained within the context of rapid
and extreme rotation.

In the future, this analysis could be extended to a higher number of stellar clusters of the
MCs with different age and metallicity in order to see whether the outcomes observed in
this study hold as a general pattern within these two nearby irregular dwarf galaxies. In
this perspective, it may be interesting to study more clusters with split MS and check if
the analysis faces similar issues like those encountered in fitting NGC 1866. Moreover,
this work could be expanded to young and intermediate-age clusters within the MW,
providing a more comprehensive understanding of the underlying mechanisms shaping
the CMDs in a different galactic environment.
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Figure 6.1: Distribution of stellar rotational velocities in NGC 419 (top left panel), NGC 2203
(top right panel), NGC 1831 (bottom left panel) and NGC 1866 (bottom right panel).
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