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Chapter 1
Introduction

The Local Group of galaxies is a stable collection of more than two dozen systems.
These are the only galaxies not moving away from us, of which the largest are the
Andromeda Spiral, our Milky Way and the Triangulum Spiral. Next in order of
size come the two Magellanic Cloud galaxies, M 32 and NGC 2005, the latter being
satellites of the Andromeda galaxy. Most of the rest are dwarfs, some of them not

much populous than the rich globular clusters but are much less symmetrical and
well defined.

The Magellanic Clouds are part of so called Magellanic System which covers
great area on the sky (Mathewson and Ford 1984) and includes the Large Magellanic
Cloud (LMC) galaxy, the Small Magellanic Cloud (SMC) galaxy, the Bridge and the
Magellanic Stream. The Magellanic Clouds are from particular importance because
they host a big variety of astronomical objects: giant and dwarf stars, doubles and
multiples, novae, star clusters and planetary nebulae, all studied for nearly a century
(Bok 1966). The Magellanic Clouds are under intense exploration based on X-ray,
UV, optical, infrared and radio observations. Regardless of the vast amount of
available data the structure, history and evolution of this system is still a matter of
debate.

The measured three-dimensional velocities of the two Clouds were found to be
close to the escape velocity in a standard 102 M® Milky Way dark halo, meaning
that the Clouds may be on their first passage, as suggested by Besla et al. (2007).
Also, the relative velocity between the LMC and SMC as measured from HST as-
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trometry (Kallivayalil et al. 2009) is large enough, leaving open the possibility that
the Clouds may not be bound to each other.

1.1 The Large Magellanic Cloud

The LMC is the most luminous and most massive irregular galaxy in the Local
group visible from the Southern hemisphere in the constellations Dorado and Mensa,
spanning some 11 by 9 degrees. The proximity of the Large Magellanic Cloud allows
us to resolve into single stars the youngest and the most compact star clusters, down
to the sub—solar masses. Star clusters in the Milky Way and both Magellanic Clouds
have been extensively studied, and direct comparison of the characteristics of these
systems is possible.

The distance to the Large Magellanic Cloud is of great importance for estab-
lishing the scale of the Universe. Being relatively close to the Milky Way, many
astronomical objects in the LMC can be spatially resolved and thoroughly studied,
and their integrated properties then extrapolated to more distant and unresolved
galaxies.

From various studies of Cepheid and RR Lyrae variables the distance modulus to
the LMC is estimated to between 18.25 and 18.73 magnitudes, taking into account
the geometry and tilt of the galaxy, with the centre of the LMC disk at (m —
M)y = 18.5 mag. The two estimated distance moduli of 18.2 mag and 18.7 mag
are considered to represent the "short" and the "long" LMC distance scale, which
correspond to 45 kpc and 55 kpce, respectively, or 50 kpc for the LMC centre. It is well
established, that the east side of the LMC is closer than the west part (Westerlund
(1990) and references therein). The inclination of the LMC estimated by Choi et al.
(2018) is 25.85 + 0.19 degrees and the position angle is 149.23 4 0.49 degrees, based
on the galaxy population of red clump stars.

In a recent study Inno et al. (2016) estimated a distance modulus to the LMC of
(m—M)p = 18.48 £0.10 mag, in excellent agreement with the currently most accu-
rate measurement of Pietrzynski et al. (2013), who derived LMC distance 49.97+0.19
(statistical) £1.11 (systematic) kiloparsecs. We use this distance modulus as a first
estimate when fitting isochrones or synthetic clusters to the observed stellar popu-
lations in Sections 6.1, 6.2 and 6.3.
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1.2 Large Magellanic Cloud star clusters

Star clusters are the fundamental building blocks of a galaxy. Their physical charac-
teristics bring valuable information not only on the processes of their own formation,
but also on the history of the evolution of the galaxies they reside in. On the other
hand, most stars are observed to form within clusters (probably 70% to 90% Lada
and Lada (2003)). Therefore, understanding cluster formation is the key to under-

standing the processes of star formation in galaxies.

Star clusters are observed in all but the smallest Local Group galaxies. They
span a wide range of ages, metallicities, masses and sizes (Grebel 2016) even in the
LMC only (Kontizas et al. 1993). Weidner et al. (2010) showed that the irregular
galaxies are more likely to form super-star clusters than the spiral galaxies, like the
Milky Way. In the irregular galaxies the lack of large-scale rotation enables collapse
of the giant molecular cloud into one massive cluster, whereas the disk-galaxies are

more likely to form loose systems, like OB association.

The LMC galaxy contains about 4300 star clusters (Bica et al. 2008, 1999; Konti-
zas et al. 1990). Though modern star cluster searches can report thousands of newly
discovered cluster candidates, the false detection rate can be rather high, reaching
90%, as noted by Piatti (2018). Many of the LMC clusters appear double or multi-
ple systems with similarly old components (Bhatia and Hatzidimitriou 1988; Dieball
et al. 2002), while only 56% of the pairs are expected due to chance superpositions
on the sky. This can lead to the interpretation that the true binary clusters are
much more common in LMC compared to the Milky Way. The distribution of the
LMC clusters (Glatt et al. (2010); Kontizas and Kontizas (1991) shows the older
objects to be outside the shell regions and the younger objects to be located along

the rims and inter-cloud regions.

In the LMC, two main epochs of prominent cluster formation have been identified
(e.g., Bertelli et al. (1992)), at > 9 Gyr ago and ~ 3 — 4 Gyr ago, but a lack of
clusters with ages 5-9 Gyr can not be fully explained (Grebel 2016). During the
past ~ 4 Gyr, star clusters have been forming continuously until the present epoch,
giving the LMC the observed population of intermediate-age clusters. In the LMC
a dozen globular clusters are found that are as old as the oldest Galactic globulars
older than ~ 10 Gyr (Baumgardt et al. 2013; Olsen et al. 1998). In this Thesis we
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study 4 old clusters in Section 5.2.

1.3 Dynamical processes and parameters in star clus-

ters

A wide range of self-gravitating systems may be idealized as configurations of point
masses interacting through gravity. The large number of stars in a star cluster allows
for a representation of such systems through the Boltzmann collisionless equation.
The main processes of the dynamical evolution are the deflection of stars due to
the collective gravitational field of the system and the stellar encounters. In star
clusters, and also in galaxies, the effects of interactions between individual stars
accumulate gradually (Binney and Tremaine 1987).

Within a stellar system, the individual stellar encounters slowly perturb stars
away from the trajectories they would have taken if the gravitational field were
perfectly smooth; in effect the stars diffuse in the phase space away from their
original orbits. After many such encounters the star eventually loses its memory of
the original orbit, and finds itself on a wholly unrelated one. The characteristic time
over which this loss of memory occurs is called relaxation time. In other words, the
relaxation time 7}, is the time over which the cumulative effect of stellar encounters

becomes comparable to a star’s initial velocity.

7o~ N 7 (1.1)
e 0N © '

where v is the encounter velocity, T, is the crossing time, and N is the number of
stars in the system. Overall the stellar encounters lead to dynamical relaxation, a
state where the system is in a "thermal" equilibrium.

In stellar systems with large N the relaxation time is much longer than the cross-
ing time. The relaxation time is less than the crossing time only for systems with
N < 40 (Binney and Tremaine 2008), therefore relaxation due to stellar encounters
is expected to play an important role in the evolution of star clusters. A typical rich
globular cluster has N ~ 10°,7, ~ 10° and lifetime of 10 Gyr, whereas a typical
galaxy has 10! stars and 7, ~ 100 Myt but is less than 100 crossing times old, so
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the cumulative effects of encounters between stars in a galaxy are insignificant.

Portegies Zwart and Chen (2008) find that the initial relaxation time for young
clusters in the LMC ranges from 200 Myr to approx. 2 Gyr, and it does not change
significantly with the evolution of a cluster. Their conclusions are based on simula-
tions of clusters younger than 300 Myr, in the same age range as our young clusters

sample presented in Section 5.1.

For a realistic dynamical model of globular clusters the following inequality needs

to be satisfied (King 2008) between the crossing, relaxation and evolution times:
Tc < Trla: < Te (12)

A typical stellar system contains stars with a wide range of masses. From the
kinetic theory we know that encounters tend to produce equipartition of kinetic
energy, to equalize the kinetic energy of different mass stars, rather than their ve-
locity. On average, particles with large kinetic energy %va lose energy to particles
with less kinetic energy. Since the mass can not change significantly, the energy
is transferred through change of the velocity. In an ordinary system. e.g. a gas,
this process leads to a state in which the mean-square velocity of a population of
particles is inversely proportional to mass. By contrast, in a stellar system, massive
stars that lose kinetic energy tend to have smaller velocities and fall deeper into
the gravitational potential well. Conversely, less massive stars preferentially diffuse
towards the outer parts of the stellar system, where the velocity dispersion may be
smaller. This is what we call mass segregation in star clusters.

Bonnell and Davies (1998) showed that the timescale for mass segregation is
well fitted by the cluster’s relaxation time, 7,,,. This is the same result as is found
for systems with three mass components by Spitzer and Shull (1975). Thus sys-
tems younger than 7T,,, are not expected to be fully dynamically mass-segregated,
although some degree of mass segregation might occur very early in their evolution
(Allison et al. 2009a; McMillan et al. 2015, e.g.).

Sometimes an encounter gives a star enough energy to escape the stellar system.
Thus, generally, there is a slow but irreversible leakage of stars from the system,
so stellar systems gradually evolve towards a final state consisting of only two stars

in a Keplerian orbit, all the others having escaped to infinity. The timescale over
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which the stars "evaporate" in this way can be related to the relaxation timescale
as Tipap =~ 14071, as shown in Binney and Tremaine (2008). Thus, it is expected
that a stellar system would lose a substantial fraction of its stars only after hundred
times T},.

King (2008) outlines the following basic assumptions in modelling a cluster. We
consider a spherical cluster in which all motions are isotropic. A self-gravitating
star cluster needs to be in equilibrium. First of all it needs to satisfy the Virial
Theorem; and second - the velocity distribution has to correspond to the spatial
density distribution in such a way that as the individual stars move around on their
orbits, stars take the place of other stars in a way that the cluster dynamical stability

is maintained.

1.3.1 King model

In 1962 King proposed an empirical formula that represents the radial density from
the centre to the end of globular clusters and generally valid for spherically sym-
metrical systems, tidally truncated by external tidal field of the host galaxy. The
corresponding theoretical model is developed in King (1965, 1966). It represents ade-
quately the stellar distribution in the Milky Way globular clusters and also Sculptor-
type dwarf galaxies.

The King model was introduced as:

2

(1.3)

1 1
f(r)=fo -
VIt+ /) 1+ e

where 7. is a scale factor, called core-radius, r; is the tidal-radius, and fy represents
the central density. The ratio ¢ = log(r;/r.) is called "concentration parameter".
While this model is derived empirically, it has solid physical basis (King 2008). The
radial extent of a star cluster should be limited by the tidal field of the host galaxy,
in the case of the Galactic globular clusters, this is the tidal field of the Milky Way.
Any stars that reach this tidally defined radius will escape the cluster gravitational
field. This spatial limitation imposes a cut-off on the maximum velocity a star in

a cluster may have, and then below this limit a good assumption for the velocity
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distribution of the stars is a Maxwellian, since the relaxation of the cluster tends
to evolve the velocity distribution towards it. In the simplest possible case, that of
an isotropic velocity distribution, this set of assumptions leads to a model, which
agree very closely with the empirical King model developed in (King 1962, 1965,
1966). Such models are a simplification of a real cluster, since they are completely
valid only for systems of equal mass stars with an isotropic velocity distribution.
Still, they provide a valuable point of view for exploration of star cluster systems
and their internal dynamics, as well as further investigation of more realistic models,
such as multi-mass systems.

The importance of deriving King model structural parameters of Magellanic
Clouds star clusters, and its implementation, is described thoroughly in the series of
papers of Kontizas and Kontizas (1983), Kontizas (1984) and Kontizas et al. (1987).
We have to emphasize that from ground-based observations, due to their wide field-
of-view, the tidal radius is more reliably determined than the radius of the core.
They suffer from severe crowding in the clusters central regions, which prevents the
cores to be spatially resolved in stars, but can measure the surrounding of the cluster

well beyond its tidal radius.

1.3.2 Elson, Fall & Freeman model

In a series of papers Elson et al. (1987, 1989) developed a theoretical power-law
model which represents well the stellar distribution in young LMC clusters. The
authors show that for clusters not truncated by an external tidal field of the host
galaxy, the King models reduce to 1.4 at small radii. The model is represented

analytically by the equation:

s = a1+ —)/ (1.4)

where fy is the central density, v is the power-law slope, and a is a scale radius,
connected to the cluster’s core radius r. as r. = aVv2@M — 1

The Equation 1.4 reduces to a modified Hubble law for v = 2, which is a good
approximation of the King model for globular clusters (King 1966) not truncated
by galactic tidal field.
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1.4 Stellar mass segregation in star clusters

1.4.1 Dynamical or primordial

Stellar segregation in LMC clusters is reported as early as 1961 by Westerlund,
who finds evidence of the most bright stars of NGC 2100 being concentrated in
the innermost region of the cluster. Later Elson et al. (1987) also found indication
of mass segregation for NGC 1866. Kontizas et al. (1998) find strong evidence
of segregation in the young NGC 2098 determined from the mass function slope.
Subramaniam et al. (1993) studied the spatial distribution of the stellar masses in
five young LMC clusters. In one of those, namely NGC 1711, they found evidence of
mass segregation, interpreted as indicating the different sites of formation of stars of
different mass in the proto-cluster at its formation. In the present Thesis we report
our results on NGC 1711 in Section 5.1.

The observed mass segregation in young star clusters could either indicate that
energy equipartition was achieved faster than predicted by single-mass type of mod-
els, or that the segregation is primordial - the massive stars were formed preferen-
tially near the centres of these clusters (Allison et al. 2009a; Lightman and Shapiro
1978).

Bonnell and Davies (1998) performed N-body simulations of massive young stel-
lar clusters. The primary result of their investigation is that the massive stars that
are found in the centre of very young clusters like the Orion Nebula Cluster cannot
have formed in their outer regions. The mass of a star is to some degree a function of
its initial position within a cluster, the more centrally located stars tending to have
larger masses. The authors investigate the timescale necessary for mass segregation
to occur, and thus to set constraints to the probable initial distribution (i.e., sites
of formation) of the massive stars within the cluster. They argued that dynamical
mass segregation occurs on timescale approximately equal to the cluster relaxation

time T, and during this process the cluster loses all traces of its initial condition.

Simon et al. (2007) have presented observations of the young SMC cluster NGC
346 from Spitzer Space Telescope. They found 111 embedded young stellar objects
(YSOs), showing that star-formation is still ongoing in this region today. The most

massive YSOs in their sample (if they are single objects) are located in the central



1.4. Stellar mass segregation

sub-clusters, presenting strong evidence for primordial mass segregation.

The mechanism invoked to explain primordial mass segregation relies mainly
on the higher accretion rate for stars in the centres of young clusters. In such
competitive accretion scenario, the higher the mass of the proto-star, the faster
it accretes material from the surrounding cloud. However, the efficiency of this
mechanism is still a matter of debate (Krumholz et al. (2005),Bonnell and Bate
(2006)) and, more generally, the processes of massive star formation and feedback

remain poorly understood.

1.4.2 How to investigate the mass segregation

It is commonly accepted that star formation does usually not occur in isolation
but that a large majority of young stars, up to 90 %, are part of a cluster (Evans
et al. 2009; Lada and Lada 2003). The dynamical evolution of a star cluster leaves a
variety of imprints in the phase space of its stellar population which are good tracers
of the dynamical age of the cluster. This quantity is in particular interesting when
compared to the physical age. A higher dynamical than physical age means that
observable dynamical imprints did not have enough time to evolve dynamically and
thus must have been present - at least partially - already at the beginning. This is
usually known as primordial origin.

One of the most widely discussed aspects of the dynamical evolution of young
star clusters is that of mass segregation. From theoretical work it is well known that
this process is inevitably entangled with the dynamical evolution of a self-gravitating
system of at least two different mass components (Farouki et al. 1983; Khalisi et al.
2007; Spitzer 1969; Spurzem and Takahashi 1995). Due to energy equipartition —
hence via two-body encounters — the more massive particles tend to settle towards
the cluster centre over time while the lower-mass particles are preferentially pushed
to the outer parts. However, it is a much more challenging task to identify mass
segregation observationally in real objects than theoretically from “clean” numerical
simulations. This is even more severe for young star clusters that are usually still
embedded in their natal gas and the dynamical and physical age of which is much
more difficult to estimate.

However, the investigation of mass segregation in young stellar systems is of
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particular interest for a deeper understanding of the star formation process. These
fundamental questions are part of the scientific discussion in this context: a) Do
young star clusters (really) show mass segregation? b) Could the observed mass
segregation have developed dynamically or can it be only explained by primordial
origin? An investigation of these important aspects of the star formation process
requires a tool that is at best independent of the method used to determine the
stellar masses and independent of the geometry of the object, that provides an
unambiguous measure and is equally well applicable to observational and numerical
data. Note that also dynamical models have the equivalent problem to identify mass
segregation clearly and quantitatively.

So far the following four parameters have been used mainly to investigate mass

segregation in (young) star clusters:

e the slope of the differential mass function in different annuli around the cluster
centre, M¢, . (Bolte (1989); Hillenbrand (1997)),

e the slope of the cumulative mass function in different annuli around the cluster
centre, M§,» (e.g. Hillenbrand and Hartmann (1998); Pandey et al. (1992)),

e the characteristic radius of different mass-groups of stars, Mg (e.g. Farouki
et al. (1983), effective radius by Gouliermis et al. (2009)),

e the length of the minimum spanning tree (MST) of different mass-groups,
M3 o7 (Allison et al. (2009b))

Most of these methods suffer from several weaknesses. The first three, M{,
, M§p , and Mg | implicitly assume a spherical symmetry and thus depend on
the determination of cluster centre. The first two of them introduce additional bias
due to radial binning and uncertainties in deriving the slope of the mass function.
Furthermore, M¢, . suffers from uncertainties due to mass binning, see e.g. Stolte
et al. (2006), for a comparison of Mg and M$, . applied to observational data.
There is a fundamental difference in the concept of the first and the last two methods:
the former (M¢, ) presents the mass distribution in different spatial volumes, while
the (M5, ) is a measure of the spatial distribution of different sets of most massive

stars. Consequently, Mg and M4;¢, do not require a direct measure of stellar

10
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masses but only a qualitative criterion for correct ordering. This property is a huge
advantage in the face of observational data.

The minimum spanning tree method is not practical for the images we have
used because of the irregular shape of WFPC2. Since we see the central region of
the cluster and approximately two thirds of its surroundings we need to suggest
spherical symmetry of the investigated clusters. Although the LMC clusters are
known to have some small degree of ellipticity (Kontizas et al. 1989) we do not have
a reason to expect that the various stars have different ellipticity. As a consequence,
the ellipticity of a cluster will not change the interpretation of the results of this
work.

Examining the core-radii variation of specific mass groups is widely used method
for assigning mass segregation (Brandl et al. 1996; de Grijs et al. 2002a). Thus the

My, is the preferred diagnostic for mass segregation in this Thesis.

1.5 Open clusters

According to King (2008) a relatively poor open cluster (about hundred stars) relaxes
in just about the time it takes a star to cross it. The crossing time is of the order of
the relaxation time for such a system and the inequality T, < T, is not satisfied.

The LMC clusters that are discussed here in the context of radial density profiles
and mass segregation are more rich in stars. The amount of detected stars in the
images under exploration in this Thesis is of the order of several thousand. Even if
we consider only cluster members (stars above the mean stellar background) then

again the cluster population will surpass thousand stars or more.

1.6 Multiple stellar populations

The high precision photometry achievable with the instruments of HST allows
derivation of unprecedentedly detailed color-magnitude diagrams even for clusters
in the Magellanic Clouds. Such CMD accuracy revealed some unexpected features.
The extended Main Sequence turn-of point (eMSTO) is such a feature observed in

young MC clusters (ages of 1-2 Gyr), that could not be explained by photomet-

11
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ric uncertainties or stellar binarity. It was firstly reported by Bertelli et al. (2003)
and later found to be a common phenomenon in many young and intermediate age
clusters (Bastian and Lardo 2018; Chantereau et al. 2019).

Li et al. (2014) studied the sub-giant branch morphology of NGC 1651, an eM-
STO cluster with an age of ~ 2 Gyr, and concluded that the observed eMSTO can
be explained by a single-age stellar population. By using new stellar tracks, derived
with and without stellar rotation of the stars in the region comprising MSTO and
the sub-giants branch, the authors argued that eMSTOs in the intermediate-age
clusters are most likely caused by significant dispersion in axial rotation of cluster
members.

Bastian et al. (2016) in a study based on HST data reported that the apparent
width observed in the CMD of NGC 1850 is due to significant dispersion in stellar
rotation, not multiple populations. Then Bastian et al. (2017) indeed found a higher
fraction of rapidly rotating Be stars in the cluster, between 30-60% near the MSTO,
much higher than in the field. These observations support the idea that the split MS
observed in some clusters is caused by a bi-modal rotational distribution. Recently
Li et al. (2016) in a letter published in the "Nature" journal propose an accretion
scenario for explaining the formation of multiple stellar populations in star clusters.
Later Cabrera-Ziri et al. (2016b) showed that the apparent multiplicity in Li et al.
(2016) paper can be explained by poor field star removal and not a real cluster
populations.

An implication of multiple stellar population observed in LMC clusters is dis-

cussed in this Thesis in Section 6.2.

1.7 Motivation on this thesis

The processes of star clusters formation is not yet well understood. How does the
star clusters form, what is their early evolution? Can a mass segregation be identified
in young LMC clusters?

In this Thesis I will try to shed light on some of these topics. The goal is to use
the superb resolving capabilities of the Hubble Space Telescope and the available
archive observations to study the distribution of stars in sample of LMC clusters

based on star-count radial density profiles. This allows for a mass segregation to be

12
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investigated in the studied star clusters. The data for NGC 2004 and NGC 2031
provide also an opportunity for detailed study of their stellar populations and an

age estimation using the latest theoretical models of stellar evolution.

13
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Chapter 2
Observational data

In this work we use archival observations from the Hubble Space Telescope WFPC2
camera, obtained from the STScI'. This chapter presents the Hubble Space Tele-
scope (HST), Wide-Field and Planetary Camera 2, datasets images used, the Space

Telescope Science Institute (STScl) archive pipeline calibrations.

2.1 Hubble Space Telescope

The Hubble Space Telescope (HST) is a cooperative program of the European Space
Agency (ESA) and the US National Aeronautics and Space Administration (NASA)
to operate a space-based observatory for the benefit of the international astronomical
community. HST is an observatory first envisioned in the 1960s (e.g. Spitzer 1968),
designed and built in the 1970s and 1980s. HST is a 2.4-meter Ritchey-Chrétien
telescope (see Figure 2.1), which was deployed in low-Earth orbit of 600 kilometers
above the Earth, operational since the 1990 and scheduled to operate at least through
2020.

Responsibility for conducting and coordinating the science operations of the
Hubble Space Telescope rests with the Space Telescope Science Institute on the
Johns Hopkins University Homewood Campus in Baltimore, Maryland. STScl is
operated for NASA by the Association of Universities for Research in Astronomy,
Inc. (AURA).

'http://archive.stsci.edu
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Figure 2.1: Scheme of the Hubble Space Telescope.

Because of HST’s location above the Earth’s atmosphere, its science instruments
can produce sharp high-resolution images of astronomical objects. Most of the
ground-based telescopes are limited in their resolution by the Earth’s atmosphere,
which causes a variable distortion in the images. Hubble can observe ultraviolet
radiation, which is blocked by the atmosphere and therefore unavailable to ground-
based telescopes, also in the infrared portion of the spectrum the Earth’s atmosphere

adds a lot of background, absent in Hubble observations.

2.1.1 WFPC2

The Wide Field and Planetary Camera 2 (WFPC2) was installed on-board HST
during the first servicing mission in December 1993. It was the main imaging cam-
era of HST until it was decommissioned in May 2009. The design of the camera
is illustrated in Figure 2.3, as presented in McMaster and et al. (2008). This in-

16



2.1. Hubble Space Telescope

strument is a two-dimensional imaging photometer which covers the spectral range
between approximately 1150A to 10500A. The WFPC2 field-of-view is divided into
four cameras by a four-faceted pyramid mirror near the HST focal plane. The con-
figuration of the field-of-view of the camera is shown on Figure 2.2. Each of the
four cameras contains an 800 by 800 pixel CCD detector with pixel physical size of
152 by 152pm. Three of the cameras have similar hardware configuration and com-
prise the Wide Field Camera (WFC) with an "L" shaped field-of-view. Every WFC
detector operates at F/12.9 with a resolution of 0.1” per pixel. The fourth camera
operates at 0.0455” per pixel (F/28.3) and is referred to as the Planetary Camera
(PC). Thus, there are four sets of relay optics and CCD sensors in WFPC2. The
four cameras are labeled PC, WF2, WF3, and WF4 in Figure 2.2. Each WFPC2
image is a mosaic of three WFC images with a scale of 0.1 arcsec per pixel and one

PC image with a scale 0.0455 arcsec per pixel.

2.1.2 Dithering WFPC2 Observations

Although the optics of WFPC2 provide a superb PSF, the detectors at the focal
plane undersample the image. This problem is most severe on the three WF chips,
where the width of a pixel is comparable to the FWHM of the optics in the near-
infrared, and exceeds it in the blue wavelengths. While some spatial frequency
information in the image is permanently destroyed by smearing with the response
of the pixels, the quality of the image can nevertheless be greatly improved by
combining sub-pixel dithered images. In sub-pixel dithering, the pointing of the
telescope is moved by small, non-integral pixel amounts between exposures. Typical
shifts used in observations are of 5.5 pixels in both directions. Each of the pixels
from the different exposures can then be thought of as sampling a final, higher-
resolution image, which is the “true image" of the sky convolved with the optical
PSF and the pixel-response function of the CCD. As a result, dithering allows one
to regain a substantial fraction of the spatial information lost to undersampling in

a single image.
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Figure 2.2: WFPC2 field-of-view projected on the sky. The readout direction is
marked with arrows near the start of the first row in each CCD. The position angle
of V3 varies with pointing direction and observation epoch, and is given in the
calibrated science header by keyword PA V3. The X-Y coordinate directions are
the global coordinates directions with reference to the PC pixel (0,0).
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Figure 2.3: Wide Field and Planetary Camera 2 Concept Illustration, from WFPC2
Instrument Handbook Figure 2.1.
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2.2 HST archive

The HST observations are freely available to the scientific community, distributed
by STScl. The images used in this Thesis were calibrated with the final calibration
procedures before decommissioning of WFPC2 and processed according to the stan-
dard HST pipeline. As a part of the preprocessing the images were corrected for
bias level, dark current and flat-field. During this preprocessing a calibration output
data quality file is generated (clf), a mask that contains a map of all the known
bad pixels and columns. The photometric study presented in this Thesis is based
on photometry of the calibrated images (cOf) and their corresponding data quality

masks.

2.3 Observations used

We use observations taken with two HST filters, namely F555W and F814W, which
correspond to Johnson’s V and I passbands. Wherever possible we used observations
with long and short exposures, if available, to ensure faint stars to be well exposed
but bright stars to not be saturated. When collecting observational data from the
archive, a special care was taken in order to select the best-quality images from each
proposal. From the available images only those with header keyword "QUALITY
= OK’" (no errors during exposure e.g. guiding, telemetry or acquisition) were

chosen. Details of the observations are presented in Table 2.1 and Table 2.2.

Table 2.1: Proposal IDs of the observations used.

PropID PI Last Name List of targets used.

8134 Nota NGC 1984, NGC 2011, NGC 2214
5904 Fischer BSDL 103, BSDL 101, NGC 1711,
NGC 2004, NGC 2031
5916 Suntzeff  NGC 1754, NGC 1898, NGC 2005, NGC 2019
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Table 2.2: List of the observations used.

Dataset Filter Exposure Dataset Filter Exposure
name name time [s] name name time [s]
BSDL 103 and BSDL 101
U2Y8050JR  FbH55W 300 U2Y8050ER  F814W 300
U2Y8050KR  F555W 300 U2Y8050FR  F814W 300
U2Y8050LR  F555W 300 U2Y8050GR  F814W 300
U2Y8050HR F555W 300 U2Y8050MR  F814W 300
U2Y8050IR  F555W 300 U2Y8050NR  F814W 290
NGC 1711
U2Y80501M  F555W 300 U2Y80502R  F555W 300
U2Y80504R  F814W 300 U2Y80505R  F814W 300
U2Y80506R  F814W 300 U2Y80507R  F814W 300
U2Y80508R  F814W 300 U2Y80509R  F555W 300
U2Y8050BR  F555W 10 U2Y8050CR  F555W 10
U2Y8050DR F814W 10
NGC 1754
U2XQ0101T F555W 20 U2XQ0102T F555W 20
U2XQ0103T F555W 500 U2XQ0104T F555W 500
U2XQ0105T F555W 500 U2XQ0106T F814W 20
U2XQ010BT F814W 600 U2XQ0107T F814W 20
U2XQ0108T F814W 20 U2XQO010AT F814W 600
U2XQ0109T F814W 600
NGC 1898
U2XQ0303T F555W 500 U2XQ0304T F555W 500
U2XQ0305T F555W 500 U2XQ0301T F555W 20
U2XQ0302T F555W 20 U2XQ0309T F814W 600
U2XQO030AT F814W 600 U2XQ030BT F814W 600
U2XQ0306T F814W 20 U2XQ0307T F814W 20
U2XQ0308T F814W 20
NGC 1984
U5AY0901R  F555W 350 U5AY0902R  F555W 350
U5AY0903R  F555W 10 U5AY0904R  F814W 350
U5AY0905R  F814W 350 U5AY0906R  F814W 10
U5AY0907R  F814W 350 U5AY0908R  F814W 350
U5AY0909R  F555W 350 U5AY090AR F555W 350
NGC 2004

Continued on next page
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Table 2.2: continued.

Dataset Filter Exposure Dataset Filter Exposure
name name time [s] name name time [s]
U2Y80201T F555W 300 U2Y80202T F555W 300
U2Y80203T F555W 300 U2Y80204T F814W 300
U2Y80205T F814W 300 U2Y80206T F814W 300
U2Y80207T F814W 300 U2Y80208T F814W 300
U2Y80209T F555W 300 U2Y8020AT F555W 300
U2Y8020BT F555W 10 U2Y8020CT F555W 10
U2Y8020DT F814W 10
NGC 2005
U2XQ0501T F555W 20 U2XQ0502T F555W 20
U2XQ0503T F555W 500 U2XQ0504T F555W 500
U2XQ0505T F555W 500 U2XQ0506T F814W 20
U2XQ0507T F814W 20 U2XQ0508T F814W 20
U2XQ0509T F814W 600 U2XQ050AT F814W 600
U2XQ050BT F814W 600
NGC 2011
U5AY0801R  F555W 350 U5AY0802R  F555W 350
U5AY0803R  F555W 10 U5AY0804R F814W 350
U5AY0805R  F814W 350 U5AY0806R  F814W 10
U5AY0807R  F814W 350 U5AY0808R  F814W 350
U5AY0809R  F555W 350 USAY080AR F555W 350
NGC 2019
U2XQ0601T F555W 20 U2XQ0602T F555W 20
U2XQ0603T F555W 500 U2XQ0604T F555W 500
U2XQ0605T F555W 500 U2XQ0606T F814W 20
U2XQ0607T F814W 20 U2XQ0608T F814W 20
U2XQ0609T F814W 600 U2XQO060AT F814W 600
U2XQ060BT F814W 600
NGC 2031
U2Y80301T F555W 300 U2Y80302T F555W 300
U2Y80303T F555W 300 U2Y80304P F814W 300
U2Y80305P F814W 300 U2Y80306P F814W 300
U2Y80307P F814W 300 U2Y80308P F814W 300
U2Y80309P F555W 300 U2Y8030AP F555W 300
U2Y8030BP F555W 10 U2Y8030CP F555W 10

Continued on next page

22
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Table 2.2: continued.

Dataset Filter Exposure Dataset Filter Exposure
name name time [s] name name time [s]
U2Y8030DP F814W 10
NGC 2214
U5AY0201R  F555W 350 U5AY0202R  F555W 350
U5AY0203R  F555W 10 U5AY0204R  F814W 350
U5AY0205R  F814W 350 U5AY0206R  F814W 10
U5AY0207R  F555W 350 U5AY0208R  F555W 350
U5AY0209R F814W 350 U5AY020AR F814W 350
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Chapter 3

Photometry

3.1 HSTphot package

The photometry presented in this Thesis was done using HSTphot! (Dolphin 2000b)
- a package designed especially for simultaneous point-spread function (PSF) pho-
tometry of multiple WFPC2 images. Photometric reductions with HSTphot follow
the Stetson’s recipe outlined in Stetson (1987), but optimized for the conditions of
the WFPC2.

The calibrated science (cOf.fits) images obtained from the STScl archive, were
first masked by the corresponding data quality mask (clf.fits) to reject bad pixels
with already known defects. Each individual science image was masked with its
data quality mask provided during the pipeline calibration. Pixels with data quality
values of 1 (decoding error), 2 (calibration file defect), 4 (permanent camera defect),
16 (missing data), 32 (bad pixel), 256 (questionable pixel), or 512 (unrepaired warm
pixel), as well as saturated pixels, are rejected using the HSTphot routine mask and

subsequently ignored.

3.1.1 Sky background determination

The image sky level was determined initially using the routine getsky - for each pixel
the mean of neighbouring pixels’ values found in a certain annulus was calculated,

and then smoothed. There is an option in HSTphot for this estimated sky value

http://americano.dolphinsim.com/hstphot/
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to be recomputed and modified during the PSF photometry, thus ensuring a even
better sky level estimation (Dolphin 2000b). The getsky routine determines the a
priori sky value at each pixel, while hstphot can determine a modified sky value for a
star immediately before the photometry solution and very close to the star, which we
use in our investigations. In fields with rapidly-varying background, there is also an
option to estimate a local sky for each individual star just outside the photometry
aperture. Our experience showed that turning on that option does not improve
the quality of the photometry (Nikolov 2018a), in some cases even making it worse
by affecting the aperture corrections and photometric zeropoints for the camera.
Besides, the background in the broad-band images we used is not rapidly-varying
on small scales (order of arcsec) to demand a local sky determination but rather sky

level modification during the PSF photometry was the preferred approach.

3.1.2 Hot pixels removal

Camera pixels, which have equally high signal in all images regardless of filter or
exposure time, the "hot pixels", need to be removed from the images, since they
will create false detections in the photometric data. The HSTphot routine hotpizels
calculates the average and standard deviation of all eight adjacent pixels (after sky
subtraction). If its value was 10 times higher than the average of the adjacent
pixels and if it was above 7 times the standard deviation, the corresponding pixel
was flagged as hot. This approach locates well hot pixels that are on blank sky,
although the procedure will not recognize those that damage stellar images. These
strict limits are used in order to avoid any chance of cutting off WFC stellar profiles,
which can have very sharp peaks as well. If a hot pixel is found, it is flagged with a

bad data value and ignored in subsequent photometric measurements.

3.1.3 Cosmic rays removal

The observations we used consist of several images per pointing and filter, allowing
easy cosmic rays mitigation. To remove cosmic rays from dithered data one needs to
obtain several exposures of similar length at each of the dither pointings and remove
the cosmic rays from these positions separately using standard cosmic ray removal

techniques. The individual images we use were grouped by filter, exposure time and
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positioning. The HSTphot cosmic-ray rejection routine, crmask identifies cosmic
rays on a pixel-by-pixel basis and flags cosmic rays by looking for pixels whose values
significantly exceed those in other observations in the set. A registration factor of 1
and a o-threshold of 3 were used. This registration factor is conservative, to ensure
that images with fractional pixel shifts do not give rise to erroneous identification
of cosmic rays. After the cosmic rays were removed from the images, then every 2
or more images with the same pointing, exposure time and filter were combined by
the routine coadd to produce a single deep clean image ready for the photometry

process.

3.1.4 Photometry

The photometric solutions were done by the HSTphot routine hstphot. It iteratively
locates brightness peaks in the image using a grid of 5 by 5 pixels and tries to find
a PSF solution for any such peak. The one that returns the smallest x / S/N is
selected as a star’s centre with a sub-pixel accuracy. The point-spread functions
for the filters we use are precomputed, tested and distributed with the HSTphot
package.

The routine hstphot does the photometric solutions with detection threshold of
3.50. During the photometry two options have been turned on. The first re-fits the
sky during the photometry, which is recommended for general use in the HSTphot
manual, and the other does an artificial star tests (see below). The photometry done
with HSTphot is corrected for the filter-dependent plate scale changes (Dolphin
2000b) and the 34-th row error (Anderson and King 1999; Shaklan et al. 1995),
where every 34-th CCD pixel row is about 3% narrower due to a manufacturing
peculiarity.

The output photometry list is provided in both instrumental and standard Johnson-
Cousins system. Magnitudes in instrumental F555W filter are converted to standard
V', and F814W — to I magnitudes during photometry, following the calibrated trans-
formations of Dolphin (2000a). After the photometry the positions of the objects
are calibrated for the geometric distortions of the WFPC2 camera (Holtzman et al.
1995b) applying the distort routine. At this step a conversion of the individual

WF pixel coordinates to a common "global" coordinate system with reference to
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the Planetary Camera is performed also - these common pixel coordinates have the

orientation and scale of the PC frame.

3.1.5 Artificial star tests

Artificial-star experiments are a standard procedure to test the level of completeness
of photometric data. The experiment consists of adding onto an image “artificial”
stars generated from the scaled PSF obtained during the main photometry process
and then repeating the photometry measurements for these simulated stars with the
same settings to retrieve their magnitudes and positions (Mackey and Gilmore 2003;
Piotto et al. 2002).

We added more than half a million artificial stars in each cluster to estimate the
photometry completeness (hstphot option 64). The artificial stars are distributed
following the light distribution in the original image. We simulated stars, which
cover the parameter space on the CMD as the observed stars, namely in filters V
and I with magnitudes from 13 mag to 27 mag and colour indicies (V-I) ranging
from —0.5 mag to +2.25 mag. The number of simulated stars is approximately
40 000 stars per magnitude bin of one magnitude. This gives roughly 1000 stars per
radial distance and magnitude bin, which is statistically significant amount of stars
to estimate the completeness of a given radial-magnitude bin when constructing the
RDPs of a cluster.

3.2 Data quality

On the output photometry list we apply a data quality selection. For each detected
object hstphot provides position, y of the PSF fit, signal-to-noise ratio, sharpness,
roundness, major axis and object type, which is helpful to distinguish stellar from
non-stellar objects. We keep only stellar objects with good photometry and reject
objects which do not cover the quality criteria, namely: x less than 2.5, positive
signal-to-noise ratio, to be classified as a star (hstphot type < 3), and sharpness
between —0.3 and +0.3. Such values are recommended in the HSTphot manual for
stellar photometry and used in Dolphin (2000a). In Figure 3.1 the x of the fit is
plotted vs. sharpness of the objects. The vast majority of the stellar objects are
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concentrated within the applied limits for x and sharpness. The sharpness is zero
for a perfectly-fit star, positive for a star that is too sharp (e.g. cosmic ray), and
negative for a star that is too broad (e.g. unresolved galaxy or cluster). By imposing
a limit on the sharpness we reject such non-stellar objects from the final photometry
list. The artificial stars photometry followed the same data quality cleaning process,

with exactly the same criteria, as the real stars.
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Figure 3.1: Left: The distribution of the estimated hstphot photometric errors as
a function of magnitude for the cluster NGC 2004, in grey are the rejected objects
that do not cover the data-quality criteria, Right: Goodness of fit x vs. sharpness,
a diagnostics for data quality. In black are the objects that do cover all the data
quality criteria.

The typical photometric errors of our photometry are presented in Figure 3.1 Left
panel with data from cluster NGC 2004 in filter V. In the full magnitude range the
errors reach up to 0.22 magnitudes, but in the subsequent analyses the contribution
of stars fainter than 25 mag in V is negligible. The positive effect of using images
with short and long exposure times is evident in the figure, bright stars photometry
is based on the short exposures, where they are not saturated.

In a comparison with ground based observations (Figure 3.2 Right) it is clear that
both the magnitude limit and the photometric errors are lower for HST observations.

The ground based observations of M 15 we used for this comparison are presented
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Figure 3.2: Left: The distribution of the estimated hstphot photometric errors as a
function of magnitude for the cluster NGC 2004, Right: Distribution of photometric
errors of cluster M 15 from ground based observations. The Y range on both images
is the same for easier comparison.

in Nikolov (2018b) and are typical for the star cluster studies done in late 20-th
century. Images were reduced following the standard PSF photometry in IRAF!
daophot package. From this comparison it is evident, that after the data quality
cleaning the spread of magnitudes obtained from HST observations is much lower,
than the one obtained with ground based observations. This high signal-to-noise
of the HST observations in wide magnitude range of more than 10 magnitudes,
allows us to observe tight main sequences on the clusters” CMDs in Section 6 and to

determine with confidence the ages of the stellar populations of the studied clusters.

Image Reduction and Analysis Facility, http://iraf .noao.edu/
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Chapter 4

Methods

In this chapter we describe the methods used for analyses in the following Chapters.
From the obtained photometric measurements, how do we calculate the stellar den-
sity, construct the radial density profiles, derive structural parameters of the clusters

via model fitting.

4.1 RDP construction

Radial density profiles (RDP) are used for decades to describe the stellar spatial
distribution of the stars within star clusters. The method is based on counting
the number of stars in concentric annuli around cluster centre, assuming spherical
symmetry of the cluster. This approach was followed in our investigation. In the
images selected for the present work the core of the investigated clusters is always
centered onto the Planetary Camera. Due to the peculiar L-shape of the WFP(C2,
parts of the outer cluster regions were not covered by the WFCs. We have no reason
to expect non-symmetrical distribution of stars in the area not covered by WFPC2
(see Elson (1991)). Following this presumption we have analyzed density profiles
based on star counts in radial bins on the actually observed area of the camera only.
To obtain the stellar density we divided the number of stars in every concentric ring

by its area calculated in Section 4.1.1.
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4.1.1 Areas calculation

Important step which needs clarification on constructing the RDP is the annuli
effective area evaluation, namely to account for vignetted region strips typical for
WFPC2 mosaic images and the L-shape of the camera. The measurement reduction
is additionally complicated by the dithering applied during observations, which is
typically between 5 and 11 pixels and is different for the different clusters.

The areas of the rings for the RDPs are computed individually for each cluster.
This is necessary, since every cluster centre was imaged in different position on
the camera and also because of the presence of vignetted regions between the four
WEFPC2 CCDs. To calculate the area of the rings we first determine the limits of
the gaps between the WFPC2 cameras. This is done from the final photometry
list of a cluster. Given that we use a common (global) coordinate system with
the reference and pixel scale of the Planetary Camera, we compute the effective
area of the observation by integrating the elementary areas (area of one PC pixel)
over the positions of the detected stars. For each of the four chips we took the
sum of the elementary areas from the minimum to the maximum of the positions
in pixels of the detected stars over the chip. This method accounts for the size
of the gaps between the chips individually for each cluster, which varies due to
the dithering pattern of the observations. The validity of the described procedure
is discussed in Section 3.1, since the HSTphot routine distort provides coordinate
transformation and rescaling of WF cameras to the coordinate system of the PC,
thus giving us all the actually observed WFPC2 area in one common PC-based global
coordinate system. For better coverage of the field we use the combined catalog of
all detected stars with a good photometry (that pass the data quality restrictions
set in Section 3.2) omitting this way the border areas between the frames. The
total effective area of the observations used for a cluster we estimate to 4.83 £ 0.02
square arcminutes. An example is presented in Figure 4.1 with stars of NGC 2031
in the global coordinates, with scale and orientation of the PC, limits of the cameras

indicated by red lines.
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Figure 4.1: Left: The field-of-view of the WFPC2 with stars of NGC 2031 and limits
of the gaps between cameras indicated with lines in red. Coordinates in (x,y) are
pixel coordinates in global coordinate system. Right: Every other ring of stars from
the cluster centre with radial step of 4 arcsec is plotted.

4.1.2 Incompleteness corrections

Even with the superb HST spatial resolution, the crowding and saturation can
cause a number of stars to be missed by an automated detection software. This
deficiency badly affects clusters’s RDP and must be accounted for (Schechter et al.
(1993)). Here we adopt the methodology followed by Mackey and Gilmore (2003).
To quantify the completeness correction, we apply artificial star tests available in
HSTphot during stellar photometry measurements, by generating approximately
5.7 x 10° artificial stars, covering parameter space on the CMD where the observed
stars are located (see Section 3.1.5). Artificial stars are measured photometrically
following the same steps and settings as real stars. Only if the measured artificial star
coordinates coincide with that of the simulated one within 1 pixel and its brightness
is within 1 magnitude tolerance, then the artificial star is considered recovered.
Otherwise the artificial star is flagged as non-recovered. The completeness factor
Cy is defined as the ratio of the number of successfully recovered (unflagged) stars
(Nyecoverea) to the number of artificial stars (Ngjmuiated) generated and varies between

0 and 1. The completeness correction C, applied on the RDP is the inverse of the
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completeness factor.

N d
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4.1.3 Density calculation

Stellar density is calculated by dividing the number of stars detected in each bin by
the actually observed annulus area as measured in the previous section, in square
arcminutes. This way the stellar density radial profile ranging from the centre of
the cluster out to 90 arcseconds is constructed. The centre of every cluster we
study is adopted from the homogeneous study of (Mackey and Gilmore 2003) since
in the majority of the clusters they use the same images as the presented in this

Thesis. The distance from the cluster centre is calculated for every star in arcseconds

as d = \/(r — x.)%+ (y — y.)?, where z, and y, are the pixel coordinates of the
cluster centre, and z,y are the star coordinates. The width of the radial step in
RDP construction was set to 4 arcsec, which provided optimal profile resolution and
enough stars in each ring. The corresponding uncertainty on the RDP is calculated
from the square root of the number of stars in each radial annulus, divided by the
actual area of the annulus. The stellar density in i-th ring is calculated as number

of stars per its area, including the completeness correction C.:

Nstars <Z> Cc@)
A7)

For every cluster we investigate three types of radial density profiles for different

fi) = (4.2)

subgroups of stars. Each one is modeled with an EFF87 or King-like model to derive
structural parameters in Sections 5 and 6 for the young and old clusters in the study,
respectively.

A) We construct a single radial density profile based on all stars photometered
in a cluster and fit it with a model to determine the structural parameters of the
cluster as a whole system. These are suitable for a direct comparison with previous
studies.

B) We construct and fit RDPs of two subgroups of stars, bright and faint — stars
brighter or fainter than 20.0 magnitude in V filter. This limiting magnitude is in
the middle of the magnitude range of our photometry. This approach can show the
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general behaviour of the core-radius with magnitude.

C) We construct and fit a radial density profile of stars of every magnitude, with
bin width of 1 magnitude (e.g. 19 <V < 20, then 20 < V < 21, etc.). Naturally, we
need several stars to construct the RDP, at least 4 at different radial distances, so
for the brightest stars in a cluster no RDP can be constructed. Using this approach
we can sample the behaviour of the core-radii with magnitude. This allows us to
use this radii in a comparative study within a cluster and as a tool to assess mass

segregation of the subgroups.

4.2 Profile fitting

The observed RDPs were approximated using MPFIT (Markwardt 2009), a min-
imization package in IDL!, developed with the perspective of astronomical data
analysis. It does a hypothesis testing by least squares fitting for a certain model
to represent the observational data by minimizing the difference between the model
and the data.

The cluster’s RDPs in Section 5.2 were fitted with King (1962) model, Equation
1.3 in its analytical form, with the background stellar density level f, incorporated

during fitting as:

2

)= fod e ——— +} (4.3)
I+ /) 1+ (e

The young clusters presented in Section 5 were analyzed via EFF87 model as
in Equation 1.4, with the background stellar density level f, incorporated during

fitting as: e
2\ (=7/2
ro=n(1+5) (4.4

where f(r) is the stellar density, fy is the density in the center of the cluster, a is
a scale factor, related to the core-radius of the cluster as r, = av/22/7 — 1, parameter

v is the power factor and f;, is the background density level. We have incorporated

nteractive Data Language,
https://www.harrisgeospatial.com/Software-Technology/IDL
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the background density into the model we fit. We assume a constant background
density, which is a reasonable assumption having the field-of-view of the camera.
The small and irregular shape of WFPC2 does not allow us to have a independent
determination of stellar background near the cluster, and for most of the clusters
there are no additional images observed. Our experiments showed that the derived
structural parameters when fitting the background or when subtracting it from the

profile are practically the same.

4.3 Structural parameters and segregation diagnos-

tics diagram

Cluster structural parameters are derived in Section 5.2 as parameters of King (1962)
profile as presented in Equation 4.3 which provides the radius of the core r. and tidal
radius r¢, also the central and the background stellar densities fy and f,. The profiles
of the young Magellanic clouds clusters we investigate are fitted with an Elson et al.
(1987) model, Equation 4.4, that provides the scale parameter a, which translates to
the King model core-radius r., the slope v of the profile and f, and f, — the central
and background densities. The core-radii derived per subgroups of stars within a
cluster are then used to trace mass segregation on a diagnostics diagram (e.g. Figure
5.1), the derived core-radius r. as a function of the mean magnitude of the stars in
the subgroup (de Grijs et al. 2002b).

4.4 Isochrones fitting and synthetic clusters

Age estimations of the cluster population is done via fitting theoretical isochrones to
the observed CMDs of the clusters studied in Section 6 and a comparison with syn-
thetic cluster. For this purpose the Astronomical Observatory of Padova PARSEC
isochrones! were used. The isochrones were computed using the stellar evolution
models, as presented in Marigo et al. (2008) and Marigo et al. (2017). An initial
estimate of the distance modulus towards the studied clusters of (m — M) = 18.5 is

used. The isochrones are then fitted by eye selecting the one that best represents

Tsochrones available at http://stev.oapd.inaf.it/cgi-bin/cmd
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the observed stellar population. The uncertainty can be estimated from the set of
isochrones, the nearest younger and the nearest older than the best-fitting isochrone.

For comparison, also a synthetic cluster for the corresponding age is generated
from the SYCLIST! tool from the Geneva stellar models, following the approach
of Georgy et al. (2014). Results on age determination of clusters NGC 2004 and
NGC 2031 are presented in Sections 6.3 and 6.2.

!Synthetic clusters available at https://www.astro.unige.ch/syclist/
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Chapter 5

Dynamical evolution of the studied

clusters

The Large Magellanic Cloud (LMC) and the Small Magellanic Cloud (SMC) provide
the unique opportunity to study populous star clusters, which cover wider age range
than those observed in the Milky Way, where the most populated clusters are the
globular clusters with ages comparable to the age of the Universe. The mechanisms
of formation of the MC clusters and their dynamical evolution are still under in-
tensive exploration. The dynamical models predict that after the cluster is formed
the less massive stars are given additional kinetic energy from the massive stars via
two-body encounters (Lightman and Shapiro 1978; Meylan and Heggie 1997; Spitzer
1987). Eventually some of them overcome the cluster’s gravitational potential and
escape. The massive stars, on the other hand, in time tend to sink towards the
cluster’s centre, and the most massive stars form the core of the cluster. This is the
expected outcome of the dynamical evolution of a star cluster past the relaxation
time, the cluster age at which a Maxwellian distribution of the velocities is achieved.
This process leads to the stellar segregation (or stratification) in star clusters. Ob-
servationally, the spatial distribution of massive stars shows a central concentration

with a core-radius being smaller than that of the less massive stars.

An alternative explanation of the stellar segregation observed in clusters is that
it has a primordial origin (Bonnell and Davies 1998), i.e. the massive stars are born

inside the cluster’s core at an early cluster formation epoch. In this case the massive
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5. DYNAMICAL EVOLUTION OF THE STUDIED CLUSTERS

stars central concentration is displayed before relaxation time. For this reason the
estimation of the cluster age, relaxation and segregation is of great importance for
more reliable understanding of star cluster formation and dynamical evolution.

We have selected a sample of LMC star clusters, presented in Table 5.1, to
investigate them by means of their radial number density profiles. This approach
allows us to determine the radial distribution of the stars of various magnitudes.
Since the brighter stars are more massive than the fainter stars, these profiles can
be used to trace mass segregation in star clusters. In the following sections we have
fitted the observed RDPs with theoretical models by Elson, Fall & Freeman (Elson
et al. 1987) and King (1962) to determine the core-radius and the concentration
of the stars per magnitude range for the investigated clusters. In Table 5.1 the
cluster coordinates and core-radii are from Mackey and Gilmore (2003), and the age

reference is indicated in the table.

Table 5.1: Coordinates, core-radii and ages of the studied clusters.
Cluster RA DEC Te Age  Age

name [hms]| [dms|]  [arcsec|] [Gyr| Ref.®

NGC 1711 4:50:37.3 -69:59:04  8.78 0.08
NGC 1754 4:54:18.9 -70:26:31  3.61 13.5
NGC 1898 5:16:42.4 -69:39:25  8.40 13.5
NGC 1984 5:27:40.8 -69:08:05  4.07 0.01
NGC 2004 5:30:40.9 -67:17:09  6.47 0.02
NGC 2005 5:30:10.3 -69:45:09  3.63 13.5
NGC 2011 5:32:19.6 -67:31:14  4.81 0.01
NGC 2019 5:31:56.6 -70:09:33  3.61 13.5
NGC 2031 5:33:41.1 -70:59:13 10.81  0.13
NGC 2214 6:12:55.8 -68:15:38  8.79 0.04

@ Age references: (1) Wolf et al. (2007), (2) Niederhofer et al. (2015), (3) Dirsch
et al. (2000), (4) McLaughlin and van der Marel (2005), (5) Olsen et al. (1998)
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5.1. Indication of mass segregation in young LMC clusters

5.1 Indication of mass segregation in the young LMC
star clusters NGC 1711, NGC 1984, NGC 2004,
NGC 2011, NGC 2031, and NGC 2214

Here we present a study on mass segregation in six populous star clusters located

in the Large Magellanic Cloud. The selection criteria of targets are the following;:

e clusters that have available HST archive observations at different exposure
times, since the most bright stars (and therefore more massive) are saturated

at long exposures;
e clusters that are candidates for mass segregation from previous studies;

e clusters of various ages in order to examine the distribution of stars at dif-
ferent dynamical evolution stages. Details on the selected target clusters are

presented in Table 5.1.

We use archival observations from the Hubble Space Telescope WFPC2 camera,
as listed in Table 2.1 and 2.2. The selected target clusters have been observed in
two broad-band filters, F555W and F814W, which correspond to Johnson’s V and
[. The calibrated images we use were reduced at the STScl archive according to
the standard HST pipeline (see Section 2.2). The photometric reduction are done
using HSTphot (Dolphin 2000b). The individual images with the same pointing and
rotation were combined in order to obtain a better signal-to-noise ratio, then used
for PSF photometry. Details are presented in Section 3.1. The magnitude errors
from the photometry are typically larger than 0.1™ only for the stars fainter than
V> 25™.

5.1.1 Profiles construction and fitting

We construct the profiles by counting the number of stars in concentric rings from
the center of the cluster. The number of stars in each ring is corrected for the
incompleteness of the photometry and then divided by the area of the ring to deter-

mine the stellar density. Three types of profiles are considered: from all stars in the
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cluster; bright and faint stars; per magnitude bin of one magnitude. In more detail
the procedure of RDP construction is described in Section 4.1.

To the constructed profiles of young LMC clusters we fit an Elson et al. (1987)
model of the form of Equation 4.4. We use the MPFITEXPR routine from MPFIT
package (Markwardt 2009) to find the best-fitting model to the profiles. During the
profiles fitting we restrict the scale-radius a, the central f; and background density
f» to be positive in order to speed-up the fitting process. In the majority of the

investigated clusters profiles the fit converges between 10 and 30 iterations.

Table 5.2: The cluster structural parameters derived
from the EFF87 profile fitting.

magnitude fo fo a Te
range stars/arcmin stars/arcmin® arcsec arcsec
NGC 1711

all 16670 + 375 807.87 +9.37 20.10 + 0.76  13.00 £ 0.22
bright 5396 + 139 51.63 + 12.62 12.96 & 0.96 10.01 £ 0.31
faint 11530 + 298 754.79 £ 8.09 23.94 + 1.06 14.15 £ 0.25
15— 16 95 + 5141 0.00 +£ 1.59  5.68 + 7.91 8.61 + 3.66
16 — 17 724 + 132 587+ 0.77 10.37 £ 1.31  7.09 £ 0.54
17 - 18 574 £+ 111 6.94 + 042 26.82 £4.45 12.38 & 0.98
18 - 19 1323 &+ 58 18.21 £5.23 2275 £3.36 12.21 £ 0.63
19 - 20 2370 £+ 216 22.50 £ 8.39 12.22 +£1.32 10.27 £ 0.61
20 - 21 2569 £ 17 82.49 £ 2.43 39.61 £ 1.28 15.27 £ 0.10
21 — 22 2944 + 509 134.67 £ 26.97 22.84 £ 3.63 13.29 4+ 1.24
22 - 23 3354 £+ 204 179.54 £ 11.44 14.28 = 1.14 11.88 & 0.51
23 — 24 2709 + 108 330.83 +4.93 3344 +2.96 16.28 + 0.39
NGC 1984

all 13012 £ 559  2209.04 £+ 13.34 6.02 &+ 0.31 5.74 £+ 0.18
bright 3137 + 208 130.46 +2.30 1281 £1.39  7.19 + 0.30
faint 10422 £ 189  2048.07 £ 13.64  4.44 4+ 0.22 4.96 £ 0.13
16 — 17 663 £ 92 3.12 £ 0.89 4.00 £ 147 3.92 + 0.85
17 - 18 405 £+ 131 6.94 &+ 2.41 10.68 £ 2.63 7.62 £ 1.05
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5.1. Indication of mass segregation in young LMC clusters

Table 5.2: continued.

magnitude fo 1o a Te
18 - 19 683 + 3625 27.09 +£ 793 19.13 £ 546  7.38 +1.90
19 - 20 855 + 129 77.59 +£2.01 1579 £345 891 +£0.71
20 - 21 1602 4+ 148 120.15 £ 2.98  6.45 4+ 0.63 6.01 + 0.37
21 — 22 1796 + 702 353.96 £ 5.35 10.80 £ 1.80  7.85 + 0.92
22 - 23 3060 4+ 2416 662.14 + 8.22  2.54 + 0.89 3.28 + 1.07
23 - 24 7803 £ 3495 880.49 + 25.50  1.35 £ 6.35 2.00 + 2.27
NGC 2004

all 11145 £ 790 703.21 4+ 21.61 14.06 + 1.07 11.66 £ 0.55
bright 5222 4+ 1523 24.80 +£8.31 7.00 4+ 0.90 7.10 £+ 0.78
faint 6552 + 550 688.93 + 18.20 20.07 £ 2.02 14.17 + 0.76
15 - 16 128 4+ 21 3.70 £0.59 28.36 £ 10.75 15.49 + 2.18
16 — 17 567 + 56 575 + 1.49 527+ 1.14 4.71 £+ 0.57
17 - 18 502 + 39 6.60 £ 0.59 21.88 +£4.28 11.45 + 0.80
18 =19 1249 + 227 5.21 £2.24 886 £+ 1.02 8.05 £+ 0.69
19 - 20 2638 + 1628 6.73 £ 4.58  4.90 + 0.97 5.70 + 1.10
20 - 21 3556 + 697 0.00 £ 17.17  3.05 £ 3.89 4.37 + 2.42
21 — 22 1507 £ 56 133.62 +£ 2.46 28.07 £ 3.41 14.25 + 0.40
22 - 23 7548 + 1450 114.38 +£41.24  4.29 +£ 1.61 5.17 + 1.89
23 - 24 1950 + 38 309.22 + 8.34 14.45 4+ 1.04 11.81 + 0.23
NGC 2011

all 5170 + 327 1014.96 + 13.28 16.89 + 1.76  11.86 £ 0.52
bright 1063 + 81 29.03 +4.46  9.29 + 1.89 9.37 £+ 0.90
faint 4083 + 405 983.23 + 11.70 19.72 £2.95 12.35 + 0.73
15 - 16 82190 + 89312 3.57 £228 0.06 £22.10 0.07 £+ 8.39
16 — 17 == 3.83 £ 0.55 8.67 + 6.48 7.89 £ 1.76
1718 83+ 6 6.01 £ 0.30 3891 +1.59 15.00 £ 0.61
18 - 19 235+ 14 7.80 £0.49 1580 £2.38  9.89 £ 0.76
19 - 20 516 4+ 90 9.00 &£ 5.02  3.90 + 4.86 6.80 £+ 3.69
20 - 21 789 4+ 45 44.36 £ 1.71 1341 £1.16 10.64 + 0.49
21 — 22 972 £+ 255 59.54 + 27.08 6.56 £+ 1.59 9.31 £ 1.81
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Table 5.2: continued.

magnitude fo fo a Te
22 - 23 609 + 102 210.59 + 2.33 4046 £6.74 15.60 £ 1.33
23 - 24 875 + 936 279.80 +4.24 27.89 + 5.87 10.75 + 2.23
24 — 25 855 + 82 334.16 + 2.04 37.30 £ 2.89 14.38 £+ 0.67
NGC 2031

all 13146 £ 222 2218.02 4+ 44.22 1849+ 0.86 16.17 £+ 0.30
bright 3249 + 63 31.75 £8.96 9.34 + 047 10.29 4+ 0.24
faint 10184 4+ 182  2215.38 + 39.88 22.02 £ 1.25 17.54 £ 0.34
16 — 17 243 + 17 3.78 £ 0.87 7.06 + 1.04 6.79 £+ 0.56
17 - 18 918 + 37 1.92 £ 1.12 5.07 + 0.49 5.34 £+ 0.35
18 - 19 894 + 39 12719 £ 3.14 1583 £ 1.35 11.92 + 0.39
19 - 20 1344 + 40 0.00 £2.03 999 +£041 12.86 + 0.40
20 - 21 1945 4+ 35 70.90 + 7.91 15.02 £ 0.81 14.02 4+ 0.27
21 - 22 2403 4+ 75 147.88 + 17.86  9.38 &+ 1.05  11.51 £ 0.58
22 - 23 1934 + 98 311.37 + 32.76  16.40 £ 2.57 18.60 £+ 0.85
23 - 24 2329 + 119 642.11 + 13.61 2348 +1.99 17.84 + 0.69
24 — 25 2061 + 66 949.21 + 7.29 50.01 £ 5.43 20.58 4+ 0.58
NGC 2214

all 11318 £ 170 397.99 + 14.27 14.50 + 0.50 12.45 £+ 0.19
bright 2691 4+ 55 21.81 +2.45 13.06 &+ 0.71  10.68 4 0.28
faint 8635 + 183 380.13 + 15.34 15.17 £ 0.67 12.99 + 0.25
16 — 17 235 + 34 5.12 £ 198  6.72 £+ 3.60 5.63 + 1.21
17 - 18 204 + 125 7.28 +0.82 38.25 +7.39 14.75 4+ 2.18
18 - 19 792 4+ 51 1761 £3.81 19.55 + 3.13 11.55 + 0.75
19 - 20 1229 + 77 0.00 £ 0.20 13.16 +£ 0.83 11.45 £+ 0.50
20 - 21 1980 + 69 0.00 £2.10 10.18 £ 0.46 10.15 + 0.32
21 - 22 1268 + 22 63.82 + 3.34 25.30 &+ 1.63 15.18 4+ 0.20
22 - 23 1630 + 60 78.71 + 3.04 19.90 £ 1.51 14.35 4+ 041
23 - 24 1568 + 152 118.18 £ 7.54 20.36 + 3.08 14.79 + 0.99
24 — 25 2394 4+ 35 93.26 + 8.43  8.54 + 0.38  10.40 4+ 0.20
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Figure 5.1: Left: Radial density profile for NGC 1711: the distance from the cluster
center (in arcsec) vs. stellar density (star count per square arcminute). The best-fit
Elson et al. (1987) model is plotted with a solid curve. The cluster core-radius is
indicated by an arrow. Right: Segregation diagnostics diagram - core-radius as a
function of the magnitude of the stars.
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Figure 5.2: Radial density profile for stars brighter (Left panel) and fainter (Right
panel) than 20™ for NGC 1711. The best-fit Elson et al. (1987) model is shown with
a solid curve. The cluster core-radius is indicated by an arrow.
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Figure 5.3: Same as 5.1 for NGC 1984.
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Figure 5.4: Same as 5.2 for NGC 1984.

46



5.1. Indication of mass segregation in young LMC clusters

density [stars/arcmin?]

density [stars/arcmin?

] NGC 2004 NGC 2004
1x10°¢ 15%
1x10* % 10/ -
g b
(2]
>
5 ﬂ |
v A |
DAL ol
1 10 100 10 15 20 25 30
r [arcsec] magnitude
Figure 5.5: Same as 5.1 for NGC 2004.
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Figure 5.6: Same as 5.2 for NGC 2004.
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Figure 5.7: Same as 5.1 for NGC 2011.
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Figure 5.8: Same as 5.2 for NGC 2011.
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Figure 5.9: Same as 5.1 for NGC 2031.
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Figure 5.10: Same as 5.2 for NGC 2031.

49



5. RESULTS

NGC 2214 NGC 2214
1x10°f 20[ T T
< — 15; % @«%‘ ]
= | &
g 1X104: % —
s 5 3
8 3 10 B B -
- B
7 1x10%: =2
@ i O g5l ]
g s @
leOZ Co P S S S SR A 07\\\\\\\\\\\\\\\\\\\
1 10 100 10 15 20 25 30
r [arcsec] magnitude

Figure 5.11: Same as 5.1 for NGC 2214.
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Figure 5.12: Same as 5.2 for NGC 2214.
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5.1. Indication of mass segregation in young LMC clusters

5.1.2 Stellar segregation discussion

Figures 5.1 — 5.11 show the derived core-radius for each magnitude bin of stars vs.
the mean value of the magnitude bin with black squares. The values for bright
stars (V' < 20) and faint stars (V' > 20) are indicated with blue triangles and red
diamonds respectively. In green with asterisks is marked the core-radius derived for

all magnitudes of stars in the indicated cluster.

The dependencies of the core-radius with magnitude in a cluster, as presented
in Table 5.2 and in Figures 5.1 — 5.11 are used as a diagnostics of mass segrega-
tion, namely: if there is a trend of increasing core-radius with fainter magnitudes
we argue that there is an indication of mass segregation. Among the targets inves-
tigated in this study is NGC 1711, a cluster already suspected in mass segregation
by Subramaniam et al. (1993). In the diagrams presented here in Figure 5.1 Right
for NGC 1711, there is clearly evidence of increasing of the derived core-radius with
magnitude. The value of the radius of the core for bright stars of 10.01 arcsec
determined in our study agrees well with the result based on photographic plates
re = 2.2 pc (9.05 arcsec) obtained by Kontizas et al. (1987). This confirmation of

mass segregation in NGC 1711 is also a validation for the method we use.

NGC 1984 is located in a populous LMC region with an ongoing star formation.
The relatively high number of field stars fainter than 20™ probably significantly
influence the observed RDPs (Figure 5.3) of the faint stars and especially in the
range V > 22.

NGC 2004 is a very young cluster with some very bright O and B stars in its core.
Some of these bright stars are saturated in our images. This limits the constructed
profiles to V < 24, as fainter stars suffer from incompleteness in the central region.
Richtler et al. (1997) report evidence of mass segregation in NGC 2004 from mass
function slope, and they also find stars of 1.1 solar masses, or of magnitude 22-23
in V to be outliers. Our results show, that NGC 2004 is mass segregated. Although
the uncertainties of the core-radii determined per magnitude are of the order of an
arcsec, the diagnostics diagram in Figure 5.5 presents a segregation in the cluster,

and the values we determine for bright and faint stars strongly confirm it.

NGC 2011 is a young LMC cluster located in the OB association region LH 75.
This cluster also shows an indication of stellar stratification (Figure 5.7 Right). The
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large uncertainty of the core-radius of the brightest stars of magnitude 15-16 in V
can be explained by the low number of stars of this magnitude.

NGC 2031 is a cluster with an age of 227 Myr. It is well resolved on the images
we use and our photometry, also the profiles presented in Figures 5.9 and 5.10 do not
suffer from much incompleteness. The derived from fitting core-radius in Figure 5.9
shows a pronounced increasing trend with magnitude, implying a clear segregation
of the stars. Most massive stars are indeed found within the core of the cluster,
while the faint less massive stars are more wide spread to the outer region of the
cluster.

NGC 2214 is a young LMC cluster, possibly in a process of merging (Bhatia and
MacGillivray 1988). In our photometry we cover a magnitude range of more than
10™ with a limiting magnitude fainter than 25 in V. Figure 5.11 shows the radial
density profile of the cluster and the best EFF87 model fit is shown with green line.
Figure 5.12 shows the representative density profiles for stars brighter than 20™. The
best-fitting model is presented with a blue line (Figure 5.12 left panel). The RDP
of stars fainter than 20™ best-fit model is shown with red line in the right panel.
The reason why we separate the stars in two groups brighter and fainter than 20™,
is because in this way we get much better statistics for the stellar density than in
magnitude bins of 1. On Figure 5.11 we show the derived core-radius from fitting
the profile for each magnitude bin. It is evident that the derived core-radius values
as a function of stellar brightness tend to become larger with increasing magnitude,
indicating mass segregation in the cluster.

From the above investigation we can confirm that the core-radius at various

magnitudes may serve as a truthful indicator for mass segregation in star clusters.
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5.2. Distribution of stars in old LMC clusters

5.2 Distribution of the stars in the old LMC clus-
ters NGC 1754, NGC 1898, NGC 2005, and
NGC 2019

Here we present our investigation of a sample of Large Magellanic Cloud star clusters.
This galaxy is among the closest neighbours of the Milky Way. From our sample
we selected four clusters with similar ages older than 10 Gyr, namely NGC 1754,
NGC 1898, NGC 2005 and NGC 2019. We constructed the radial profiles of the
clusters and derived their structural parameters to investigate again the variation

of the core-radius with stellar brightness. Indication of stellar segregation is found

in NGC 1754, NGC 1898 and NGC 2005.

5.2.1 Studied clusters

The clusters studied in this section are old, metal-poor and populous, similar to
the Milky way globular clusters (Olsen et al. 1998). NGC 1898, NGC 2005 and
NGC 2019 are located in the inner parts of of the Large Magellanic Cloud near
the LMC bar, thus the field contribution from the host galaxy is rather significant.
For this reason we incorporate the background/foreground stellar density during
fitting. NGC 1754 is located in the outskirts of LMC and is less affected by field
stars contamination. All four clusters are listed by Mackey and Gilmore (2003) as
possibly post core-collapse evolved based on their surface brightness profiles and
age. Literature values are listed in Table 5.3. The V' magnitudes and B —V colours
are from Bica et al. (1996, 1999). Metallicity [Fe/H] is from Olsen et al. (1998).
Half-light 7, and tidal-radius r; and cluster age is from the catalogue of McLaughlin
and van der Marel (2005).

5.2.2 Photometry

In this study we use archival data from the WFPC2 on-board the Hubble Space
Telescope. The images were taken for HST proposal ID 5916. List of observations
of NGC 1754, NGC 1898 NGC 2005 and NGC 2019 is presented in Table 2.2 for the

corresponding cluster.
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Table 5.3: Literature data for the studied clusters.

Cluster Name | V  B-V logage [Fe/H] T
mag mag arcsec  arcsec

NGC 1754 | 11.57 0.75 10.1 -1.42 112 1429
NGC 1898 | 11.86 0.76 10.1 -1.37  9.15 1847
NGC 2005 1158 0.73  10.1 -1.92 8.65 98.8
NGC 2019 |10.86 0.76 10.1 -1.23  9.72 1216

We obtained calibrated files from the archive which were processed prior down-
loading by the standard STScl pipeline and calibrated using the latest WFPC2 cal-
ibrations. The photometry was performed simultaneously on the calibrated images
with HSTphot package (Dolphin 2000b). During photometry extensive completeness

tests were performed, as described in detail in Section 3.1.

5.2.3 Structural parameters

We construct the Radial Density Profiles (RDPs) by counting stars in concentric
rings around the cluster centre. This number is corrected for the incompleteness
of the stars and divided by the area of the ring. The resulting density profiles of
the clusters are fitted with a King profile (King 1962) in the form presented in
Equation 4.3. We construct the RDPs for several magnitude ranges, as described
in Section 4.1, fit those profiles with the King model, and derive the core-radii of
every subsample of the cluster. Thus we can study the variation of the core-radius
with magnitude — a method commonly used to search for mass segregation in star
clusters (Brandl et al. 1996; de Grijs et al. 2002a).
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5.2. Distribution of stars in old LMC clusters

Table 5.4: Structural parameters derived from King-like
model fitting, fox is the central density, f, - background

density, 7. is the core radius and r; - tidal radius.

Magn. Jox Jo Te Tt

range (arcmin=?) (arcmin=—?) (arcsec) (arcsec)
NGC 1754

all 42875 £ 5980  748.93 £ 193.18  11.73 £ 2.06  98.47 £+ 39.77
bright 4670 4+ 876 33.60 £ 12.93 5.58 + 1.10 124.48 £+ 105.19
faint 38850 £ 5825 723.24 £ 179.99 12.62 £ 2.39  93.69 £ 35.76
16 — 17 134 + 410 5.43 £ 2.44 4.39 £+ 9.18 150.00 £ 0.00
1718 359 £ 152 4.35 + 1.33 4.84 + 2.21 62.92 £ 72.78
18 - 19 999 £ 304 7.23 £1.98 0.65 = 1.85 75.50 + 47.31
19 -20 3340 £ 669 21.83 £ 10.88 5.00 £ 1.16  140.25 £ 148.75
20 - 21 1794 + 336 35.14 £+ 4.68 7.88 +£1.24 150.00 £ 0.00
21 -22 3070 £ 463 99.58 4+ 14.34 6.93 £ 1.25 123.26 = 105.00
22 - 23 16159 £+ 1514  225.87 + 35.80 7.83 £0.85 108.63 £ 38.20
23 — 24 47274 + 5924 280.28 £ 30.23 7.03 £+ 0.64 150.00 £ 0.00
NGC 1898

all 21166 £+ 2100 2324.53 4+ 59.17 13.26 &+ 1.62  73.01 + 13.58
bright 2455 £ 316 227.64 £+ 9.96 9.81 £ 1.23 150.00 £ 0.00
faint 18996 + 2024 2084.26 + 52.83 13.75 £ 1.81 68.72 £ 11.59
17 - 18 203 £ 78 14.67 £ 2.21 9.52 4+ 3.46 150.00 £ 0.00
18 - 19 312 £+ 133 44.72 £ 5.08 10.34 £ 4.46  150.00 £ 0.00
19 —20 1982 £ 292 157.71 £ 7.32 8.44 + 1.14 150.00 £ 0.00
20 - 21 1863 + 286 23791 £ 8.21 11.80 £ 2.34  55.70 4+ 10.37
21 - 22 2333 + 669 625.90 £ 49.62  12.96 £ 3.70 126.68 £ 174.65
22 —23 14786 £ 1534 1196.02 4+ 37.43 13.98 £ 1.85 65.98 £+ 9.42
NGC 2005

all 29686 £ 5203 2103.62 £ 149.46 15.08 £ 3.34 56.03 + 7.88
bright 7188 £ 1031 199.93 £ 12.02 6.91 &£ 1.10 60.14 4+ 14.25
faint 22129 + 6493 1881.00 £+ 185.58 19.68 + 6.34 06.82 £ 8.75
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Table 5.4: continued.

Magn. Jox o Te T

range (arcmin—2) (arcmin=2) (arcsec) (arcsec)

16 — 17 182 £ 117 4.96 £ 3.29 0.98 £ 4.39 101.29 £ 389.77
17 - 18 539 £+ 285 10.59 + 2.29 4.33 £ 1.68 150.00 £ 0.00
18 =19 2142 + 606 34.20 £ 8.37 5.12 £ 143  95.97 £ 107.89
19 - 20 4294 £ 607 139.92 £+ 10.96 8.31 £ 1.40 48.85 £+ 6.50
20 -21 3518 £ 525 22417 £ 12.83 8.54 £ 1.57 A47.51 £ 7.47
21 - 22 4479 £+ 815 600.96 £ 26.83  16.63 £ 3.77  54.50 £ 6.89
22 - 23 40636 £ 5231 111342 £ 28.61  6.28 £ 0.81 68.61 + 9.99
NGC 2019

all 47962 £ 2907  2295.29 £+ 59.44 11.03 £ 0.90  62.97 £ 5.56
bright 5240 £ 519 227.00 £ 11.81 11.15 £ 1.48  74.30 £ 14.82
faint 42725 £ 2630  2061.03 £ 54.16 11.00 £ 0.91 61.75 £ 5.32
16 — 17 209 + 64 D.78 £ 1.35 1547 £6.66  57.35 £ 15.27
17 - 18 543 £+ 250 8.92 £ 4.40 6.77 £ 3.44 9899 £+ 151.48
18 =19 1614 +£ 293 44.33 £ 7.29 7.59 £ 1.67 100.70 £ 70.72
19 -20 3129 +£ 420 155.61 £ 9.30 13.39 £ 2.40  65.61 &+ 11.57
20 - 21 3374 £ 626 290.62 £ 14.38 1048 £ 2.45 62.48 £+ 19.31
21 -22 7735 £ 891 630.69 £ 21.12 11.05 £1.64 60.17 £ 10.16
22 -23 31709 £ 1798 1128.92 £ 34.90 11.19 £ 0.88 60.67 £ 4.23
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5.2. Distribution of stars in old LMC clusters
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Figure 5.13: Left: RDP for cluster NGC 1754. King-like model fit is illustrated with
green line, its r. is indicated by an arrow. Right: stellar segregation diagnostics
diagram for cluster NGC 1754. Core-radius from model fitting is on the y-axis,
magnitude of the stars in the magnitude bin is on the x-axis.
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Figure 5.14: Left: RDP for cluster NGC 1898. Right: Same as Fig. 5.13 Right for
cluster NGC 1898.
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Figure 5.15: Left: RDP for cluster NGC 2005. Right: Same as Fig. 5.13 Right for
cluster NGC 2005.
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Figure 5.16: Left: RDP for cluster NGC 2019. Right: Same as Fig. 5.13 Right for
cluster NGC 2019.

5.2.4 Stellar segregation assessment

In the right panel of Figures 5.13 to 5.16 the green circles mark the core-radius

derived for the indicated cluster considering all magnitudes. When we consider
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stars in groups, the faint stars (shown with red circles) generally have core-radii
approximately twice as large as the bright stars (shown with blue circles). Inspecting
the variation of the core-radius with stellar magnitude in Figure 5.13 we can conclude
that the stellar distribution of NGC 1754 changes with magnitude — brighter stars are
more centrally distributed, an indication of stellar segregation, possibly of dynamical
origin.

NGC 1898 is one of the populous LMC star clusters. It is located in the out-
skirts of the LMC bar and the background/foreground density of the galaxy adds a
significant contribution to the density profiles, as fitted by the f;, background den-
sity in Table 5.4. There is a jump in the estimated central density for magnitude
19 < V < 20, which results in a core-radius of 8.44 arcsec. In the right panel
of Figure 5.14, the cluster core-radius derived per magnitude bin shows a steady
increasing trend with magnitude, an indication of mass segregation in the cluster.

The tendency of the core-radius with magnitude in NGC 2005 shows a trend of
increasing for fainter magnitudes, and the groups of bright and faint stars support
it (see Figure 5.15). The first and last data points are outliers, but this is not
unexpected. The RDP for the brightest stars in the magnitude bin 16 < V < 17
suffers from low-number statistics, so the uncertainties of the derived parameters
are larger. The stars in the magnitude bin 22 < V < 23, on the other hand, are
more affected by the crowding and incompleteness effects, which distort the profile
making it steeper with smaller core-radius.

The RDPs of NGC 2019 (Figure 5.16 Right) do not show significant tendency in
the relation of the core-radius vs. magnitude. The profiles are smooth and similar
in 7. for all magnitude bins within the uncertainty. These observational features
give us the reason to reject the hypothesis of mass segregation in NGC 2019 from
this study.

5.3 Comparison with previous results

Here we present a comparison of our results with a surface brightness profiles study
of Mackey and Gilmore (2003) (hereafter M&G2003). In Figure 5.18 the core-radii
determined in this Thesis are plotted against the core-radii of the same clusters

determined by M&G2003 with the corresponding uncertainties. In circles are the
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r. we determine for a cluster (from all magnitudes of stars) compared to their r,
while with triangles is our value for stars brighter than 20™ in V, compared to the
measurement of Mackey and Gilmore (2003).

The differences are presented in Figure 5.17 between our measurements of bright
stars and core-radii from Mackey and Gilmore (2003). The line indicates equality
between the results. Our values are on average 2.5 arcsec larger, with a standard
deviation of 1.73, than Mackey and Gilmore (2003) estimation.
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Figure 5.17: The differences between the core-radii derived for bright stars in this
Thesis and the core-radii of the same clusters published by Mackey and Gilmore
(2003). The line indicates equality between the measurements.

An important difference, which can explain the systematically larger radii de-
termined by us: the profiles presented in this Thesis are number-density profiles
based on star-counts, while Mackey and Gilmore (2003) use surface-brightness for
the construction of the profiles. The brightest stars in a cluster contribute much
more to the light profile than the fainter stars, while in the star-count profile all

magnitudes of stars have equal weight. As a result the surface-brightness profiles
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Figure 5.18: A comparison between the core-radii derived in this Thesis and the
core-radii of the same clusters published by Mackey and Gilmore (2003) with the
corresponding uncertainties. In circles are the r. we determine for a cluster using all
stars, while with triangles is our value of r. for bright stars only. Cluster names as
NGC numbers are labeled. The line indicates equality between the measurements.

of Mackey and Gilmore (2003) are representative mostly for the bright stars in the
cluster, while our profiles represent also the more populous faint stars, as can be

seen by the comparison in Figure 5.18. This also explain why the closest to the
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values of r. determined by Mackey and Gilmore (2003) are our estimated radii for

the bright stars (plotted with triangles).

5.4 Summary

In this Chapter we presented a mass segregation study based on radial-density
profiles of the LMC star clusters NGC 1711, NGC 1754, NGC 1984, NGC 1898,
NGC 2004, NGC 2005, NGC 2011, NGC 2019, NGC 2031, and NGC 2214. The

results presented in this Chapter are published in the following papers:

e Nikolov et al. (2009a): Nikolov, G.; Golev, V.; Kontizas, M.; Dapergolas,
A.; Kontizas, E.; Bellas-Velidis, 1., “The distortions in the density profiles in
LMC clusters NGC 1850, NGC 2214 and BSDL 103", 2009, Annual of Sofia
University "St. Kliment Ohridski", Faculty of Physics, vol.102, p.107

e Nikolov et al. (2010b): Nikolov, G.; Dapergolas, A.; Kontizas, M.; Golev, V.;
Belcheva, M.; "Density profiles of populous star clusters in the Magellanic

Clouds", 2010, Bulgarian Astronomical Journal, vol.14, p.43

e Nikolov et al. (2010c): Nikolov, G.; Dapergolas, A.; Kontizas, M.; Golev, V.;
Belcheva, M.; "Density Profiles of Star Clusters in the Magellanic Clouds",
2010, Astronomical Society of the Pacific, vol.424, p.236

e Nikolov et al. (2010a): Nikolov, G.; Dapergolas, A.; Kontizas, M.; Golev, V.;
"Indication of Stellar Stratification in Star Clusters in the Magellanic Clouds",
2010, Publications of the Astronomical Observatory of Belgrade, vol.90, p.73

e Nikolov et al. (2012): Nikolov, G.; Kontizas, M.; Dapergolas, A.; Belcheva,
M.; Golev, V.; Bellas-Velidis, I.; "Indication of Mass Segregation in LMC Star
Clusters", 2012, Astrophysics and Space Science Proceedings, vol.29, p.227
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Chapter 6

Age of stellar content in LMC star

clusters

The Magellanic Clouds give us the unique opportunity to study resolved stellar pop-
ulations in star clusters. In this Chapter we present an age estimation of the stellar
population of LMC star clusters BSDL 103, BSDL 101, NGC 2004 and NGC 2031.

6.1 Clusters BSDL 103 and BSDL 101 age and den-
sity map

The Magellanic Clouds are known to host a large variety of star clusters of various
ages and morphology. Unlike the Milky Way, the Magellanic Clouds have suffered
strong interactions among themselves and our galaxy through their lifetime. During
those episodes, bursts of star and cluster formation has occurred, so a large num-
ber of star clusters are in the process of forming, still embedded in very disturbed
environments and are often found in pairs.

This is the reason why we have selected such binary cluster candidate. Here we
present the multiple cluster candidates BSDL 101 and BSDL 103 and KMHK 156,
located in the LMC. The first two appear in the LMC extended catalog (Bica et al.
1999) and are not well studied yet. In this research we use archival data from Hubble
Space Telescope WFPC2. The full list of the observations used is presented in detail
in Table 2.2 and described in Section 2.
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6.1.1 Colour-magnitude diagrams

For the photometric measurements we use the HSTphot package, as described in
Sec. 3.1. The resulting catalogue of stars contains positions, data-quality parameters
and magnitudes in Johnson’s V and I filters, used for further analysis.

In order to establish the common origin of BSDL 101 and BSDL 103 we construct
and compare their (V,V — I) colour-magnitude diagrams. Figure 6.1 (right panel)
presents BSDL 103 CMD, while in the left panel is the CMD of BSDL 101.

BSDL101 CMD and isochrones logt=8.7 and 8.8
T R e e

BSDL103 CMD and isochrones logt=8.7, 8.8 and 9.8
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Figure 6.1: Left: CMD for the cluster BSDL 101. The same isochrones for logage =
8.7 and 8.8 as for the Figure 6.1 Right; Right: CMD for the cluster BSDL 103.
The isochrone of logage = 8.7 (long-dashed line) and logage = 8.8 (dot-lined) well
represent the cluster, while the one for logage = 9.8 (short-dashed line) represents
the field stars.

To assess the ages of the stellar content of the clusters we use the PARSEC
isochrones (Marigo et al. 2008). The isochrones overlayed in Figure 6.1 are computed
for logage = 8.7 (long-dashed line) and 8.8 (dot-lined), corresponding to ages 5.01 x
108 and 6.31 x 108 years, respectively. We apply a LMC distance modulus of 18.5 to
the isochrones to fit the observed stellar population. The age of the stellar population
of both clusters lies in between the two fitted isochrones, or approximately 600 Myr
and the uncertainty of £100 Myr arises from the low number of cluster stars. In the
right panel of Figure 6.1 also an isochrone of logage = 9.8 (6.3 x 10? years) is shown

by short-dashed line, as it well represents the observed population of field stars. We
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6.1. Clusters BSDL 103 and BSDL 101 age and density map

made an investigation of the spatial distribution of the stars with V' — I > 0.75
and V' < 22 and found out that they are uniformly distributed in the field. The
similarity of the CMDs and the best-fitting isochrones of the two clusters suggests
that BSDL 101 and BSDL 103 are about the same age 600 + 100 Myr and probably

were born together from the same gas-dust cloud complex.

6.1.2 Density map

The stellar density maps can be used to trace the cluster’s shape, morphology,
bridges between the clusters or any hierarchical structure (Lada and Lada 2003,
Santos-Silva and Gregorio-Hetem 2012). In Figure 6.2 we investigate the stellar
density distribution by counting the stars in square bins of 0.8 pc wide or 64 Plan-
etary Camera pixels. The derived density map illustrates that both clusters are
small and seem embedded in the same larger structure, in which the stellar density
is higher than the background away from the clusters. If they are coeval, then this

map represents their original concentration from where they are born.

BSDL 103

BSDL 101

Figure 6.2: The stellar density map in and around the cluster BSDL 103. The size
of the bin of the density map is 64 Planetary Camera pixels, corresponding to 0.8
pc at the distance of LMC.
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KMHK 156 In field-of-view of the images we use we can find the object KMHK 156
located at RA= 04:51:00 and DEC=-70:01:24 degrees (J2000). It was categorized
as a cluster in Kontizas et al. (1990) from ground-based observations. Our investi-
gation of the WFPC2 images shows that it is actually two well resolved bright stars
with an angular separation of 4.1 arcsec on the sky. They can not be resolved by
the ground-based observations, but are easily recognized on the WFPC2 images,
where they are resolved. An excerpt of the WFPC2 image in the area of the object
is presented in Figure 6.3, with yellow ellipse is marked KMHK 156, while with
blue circles are the two stars, which we subsequently identifiied in the Gaia DR2
(Gaia Collaboration et al. 2018) as sources ID 4654944864622880512 (G=13.08) and
4654944860325689984 (G=13.74).
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Figure 6.3: KMHK 156 ontop of WF3 CCD image, labeled in yellow ellipse. The
two bright stars identified are indicated with blue circles.

6.1.3 Conclusion

Here we have constructed a density map of the clusters BSDL 103, BSDL 101 and
the surrounding field to investigate the stellar density. We find out that BSDL 103
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6.2. NGC 2031: Mimicking Multiple Stellar Populations

is a small cluster composed of bright Main Sequence stars. An isochrones fitting
for the CMDs of BSDL 103 and BSDL 101 implies that the two clusters are the
same age, (6 + 1) x 10® years, and much younger than the field stars, which have
an age of billions of years. The similarities of the CMDs suggest that these two
clusters, BSDL 103 and BSDL 101, are coeval and most probably are a physical

pair, embedded in the region where they are born.

6.2 NGC 2031 Stellar Populations

6.2.1 Introduction

For decades, astronomers have known that stars in star clusters are formed in one
episode of star formation so that the stars in a cluster are coeval. However, recent
discoveries of young stars in old clusters have changed these concepts (Girardi et al.
2009; Gratton et al. 2012). Extended main sequences and multiple stellar popu-
lations have been identified in intermadiate-age star clusters in the neighbouring
Magellanic Clouds galaxies, but the interpretation is still unclear (Bastian et al.
2016; Cabrera-Ziri et al. 2015; Niederhofer et al. 2015).

Here we use WFPC2 images to show an example when color magnitude diagrams
based based on observations from mosaic CCD camera can mimic a split in a cluster’s
Main Sequence. We use archival observations of the cluster NGC 2031 from the
Hubble Space Telescope WFPC2 camera, obtained from the STScl archive. The
observations are in the filters F555W and F814W, which correspond to Johnson’s V
and 1. The different exposure times ensure that both bright and faint stars are well
exposed and not saturated. Observations are presented in detail in Fischer et al.
(1998). Details on the particular datasets used here are presented in Tables 2.1 and
2.2.

6.2.2 Photometry

The photometry was done using HSTphot package as described in Section 3.1.
The bad pixels, hot pixels and cosmic rays are removed from the images, as

described in Section 3.1. The image sky level is determined prior the photometry

67



6. RESULTS

using the routine getsky. The sky level is recomputed also during the photometry
to ensure better estimation.

The photometric solutions were done by the routine hstphot, as described in
detail in Section 3.1. During the photometry an artificial star tests are conducted
and we added 560000 artificial stars to estimate the completeness of the photometric
data (see Section 3.1.5). For this cluster we experimented with sky background
determination during hstphot photometry and two separate photometric catalogues

were computed and compared, with only difference the sky estimation method.

Sky level determination

In fields with rapidly-varying background (e.g. star formation regions with gas
clouds) or crowded regions it is recommended to estimate a local sky for each in-
dividual star just outside the photometry aperture. A drawback of this method is
that it overestimates the sky background near the brightest stars. Our experiments
showed that the background in the images used is not rapidly-varying on small scales
of arcsec to demand a local sky determination. Alternativelly in HSTphot we can
measure the global sky background for the whole CCD, a varying mean for each
pixel, and produce a global sky level map for the camera.

In this study of NGC 2031 we did two runs of the photometric measurements - one
with local sky (hstphot option = 2) and another with global sky level determination
(hstphot option = 512). The resulting photometry lists are discussed below.

After the photometric measurements we corrected the positions of the objects for
the geometric distortions of the camera using Holtzman et al. (1995a) corrections by
the routine distort. On the output photometry list we apply a data quality selection.
We reject objects, which do not cover the data-quality criteria and keep only stars

with good photometry, as described in Section 3.2.

6.2.3 MS splitting effect

Figure 6.4 presents the difference of the CMDs derived from photometry with and
without local sky determination during photometry. On this figure, for visibility, the
four WFPC2 CCDs are marked with different symbols and only stars lying on the
WEF3 only are coloured in grey. It is evident, that when the sky is determined locally,
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6.2. NGC 2031: Mimicking Multiple Stellar Populations

Figure 6.4: Left: CMD of the cluster NGC 2031 in standard filters V and I with
stars from different WFPC2 CCDs denoted: PC as triangle, WF2 as diamond, WF4
as square, and WF3 as X (cross) and grey in colour, Right: Same as Left, global
sky determination.

the stars from the WF3 are shifted in colour with respect to the color indices of the
stars from the other three CCDs, broadening the Main Sequence and mimicking an
older population in the cluster, or extended Main Sequence turn-off. We use images

of different exposure times, so the shift is well visible in both bright and faint stars.

For comparison, the CMD of the cluster when estimating the sky level globally
during photometry is presented in Figure 6.4 Right. In this case the stars from all
CCDs of the camera are distributed in the same areas of the CMD, with no apparent

shifts greater than the photometric uncertainties.

The root of this discrepancy is in the aperture corrections erroneously determined
when local sky for the stars is computed (Dolphin, A., private communication),
which consequently affect the photometric zeropoint applied to every CCD. In Table
6.1 are listed the aperture corrections applied to the photometry in the cases of local

and global sky determination. When the sky is considered locally, (hstphot option
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Table 6.1: Aperture corrections mean determined for the four CCDs of WFPC2, in
magnitudes.

WFPC2 local global
CcCD sky sky

pPC 0.377  0.102
WE2 0.134  0.046
WF'3 0.343  0.047
WF4 0.167 0.048

= 2) then the aperture corrections in I are overestimated by the order of 0.20 — 0.25
magnitudes, reaching 0.30 in WF3, compared to the other WFC frames, whose
pixels are identical. The PC pixel size is half of the WFC pixel size, its value for
aperture corrections is expected. This results in a shift on the CMD, as seen in
Figure 6.4 Right. On the other hand, when the sky level is determined globally
(hstphot option = 512), the aperture corrections applied for the three WF frames
are identical, 0.047™. Then the resulting CMD of the cluster is as expected of a
single stellar population, as the one observed by Mould et al. (1993). The natural
spread in colour of the main sequence in Figure 6.4 Right is much smaller, making
the features on the CMD much prominent.

Many of the cameras nowadays used with the modern telescopes are a mosaic of
several CCD sensors, e.g. WFC3 (Dressel 2017), SDSS (Gunn et al. 1998), Gaia (de
Bruijne et al. 2010), and other. Here we show how important it is to consider the
whole camera as one, though dealing with individual CCD sensors. We argue that
the cluster NGC 2031 colour-magnitude diagram can be represented well by single

stellar population models.

6.2.4 Age determination

Currently various theoretical models of stellar evolution exist. They are constantly
improved to be more realistic, taking into account the limb darkening effects, stellar
rotation, latest estimates of the solar abundance of the chemical elements, etc. In

recent study Martins and Palacios (2013) made a comparison between the currently
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available evolutionary tracks for massive stars and conclude that the stellar evolution
beyond the Main Sequence is currently not well understood. The models include
evolution through a red giant stage or a supergiant, but the correct positions on
the Hertzsprung-Russel diagram, the exact luminosity and temperature the models
can not yet predict. This fact is a motivation for us when fitting isochrones to
the observed stellar population to try to model with higher confidence the Main
Sequence and its turn-off point.

In the last decade a synthetic clusters have been developed (Ekstrom et al. 2012;
Georgy et al. 2013), which allow for a direct comparison between the theory and
observations. In this study we modelled the population of star cluster NGC 2031 by
means of theoretical isochrones from the Padova group and corresponding synthetic
model from the developed in the recent years by the Geneva group.

We use the V and I filter photometry to construct the CMD of the cluster to
which we first fit the PARSEC v1.2S isochrones, described in Marigo et al. (2017).
We find metallicity Z = 0.0056 to best describe the stellar population of NGC 2031,
which is typical for LMC star clusters (Livanou et al. 2013). In Figure 6.5 a set of
isochrones with logarithm of age 8.30, 8.35, 8.40, 8.45, 8.50 is presented.

To convert the isochrones absolute magnitudes to the observed V and I, a distance
modulus of (m — M), = 18.48 to the Large Magellanic Cloud is used (Inno et al.
2016). The reddening is estimated to be E(V — I) = 0.17 towards NGC 2031.

When fitting the observed stellar population with isochrones it is necessary to
fit the blue part of the Main Sequence, since these are the positions of the single
stars of the cluster. Unresolved binaries lie above the MS, thus making it wider in
colour. From this set of isochrones we find the best-fitting isochrone of PARSEC
models that fits the observed stellar population on the main sequence, and both the
turn-off point and the giants has an age of 230 million years, or logage = 8.35.

For further comparison we use synthetic cluster simulated based on the models
developed by Georgy et al. (2013), which cover stars with masses from 1.7 to 15
solar masses and metallicity Z = 0.014(= Z©® ),0.006,0.002. On the simulated
population we again apply the distance modulus and reddening towards NGC 2031
to fit the observed cluster population. In figure 6.5 the simulated population of
unresolved binaries is clearly visible, lying to the red and above the Main Sequence.

From the existing models, the ones with metallicity of Z = 0.0060 are most suitable
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Figure 6.5: PARSEC isochrones of logage = 8.30,8.35,8.40, 8.45, 8.50 fitted to the
observed NGC 2031 population.

for NGC 2031.

We requested a simulation of 9000 stars, comparable with the real number of
observed stars in the images used. The fraction of unresolved binary stars is set to
30% during simulation and normal distribution of photometric uncertainty is applied
with an amplitude of 0.05 in filter V' and 0.08 in colour V' — I. From the simulated
cluster population we estimate the synthetic population that best represents the
observed stellar population of NGC 2031 has a metallicity Z = 0.006 and is 224
million years old.

From the synthetic cluster and isochrone fitting we can conclude that the stellar
population of NGC 2031 has an age of 227 Myr + 3 Myr and metallicity Z =
0.0058 4= 0.0002. This estimation makes NGC 2031 one of the youngest populous
star clusters in the LMC.
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6.3 Characterising LMC Star Cluster NGC 2004

NGC 2004 is a young populous star cluster from the Large Magellanic Cloud (LMC)
located at RA=82.670208 and DEC=-67.288055 degrees (J2000). In this study we
provide an accurate age estimate using the latest PARSEC and SYCLIST theoretical

models of evolution.

6.3.1 Observations and photometry

For the purpose of stellar photometry performed in this study we use an archive
observations of NGC 2004 taken WFPC2 onboard Hubble Space Telescope. The
observations used are presented in Tables 2.1 and 2.2.

The photometry was done using HSTphot, following the procedures described in
Section 3.1. The photometric solutions were done by the hstphot routine. During
the photometry the global sky background is recomputed (hstphot option = 512),
as recommended for general use in the HSTphot manual (Dolphin 2000b).

To account for the geometric distortions of the cameras corrections of Holtzman
et al. (1995b) were applied additionally using the distort routine and the individual
frame coordinates were translated to a global coordinate system with respect to the
PC pixel coordinates. Final quality selection was performed to objects presenting
the output photometry list with Johnson’s V' and [ stellar magnitudes and posi-
tions. This way a list containing 8984 objects was prepared and used for further

exploration.

6.3.2 Surface density profile

The radial profile of a cluster provides structural parameters, such as core-radius,
radius of tidal stripping from the host galaxy, or concentration of the cluster. These
parameters are linked to the dynamical state of the cluster (see King (2008); Mey-
lan and Heggie (1997)) and can be used to assess mass segregation, core-collapse,
expansion Bonnell and Davies (1998); Mackey et al. (2008).

A surface-number radial density profile has been constructed to determine struc-
tural parameters of the cluster NGC 2004. In Figure 6.6 Right panel, the Y error

bars represent Poisson uncertainties, while the radial step on X axis is 4 arcseconds.
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Figure 6.6: Left panel: Stars of NGC 2004. In grey are objects considered to be field
contamination from the LMC. In black are stars of the inner region, centered on the
cluster core. Right panel: Number density profile in logarithmic scale. Best-fitting
King model is plotted with a solid line in green, while the best-fitting Elson et al.
(1987) model is with dashed line in orange.

To the cluster radial-density profile we fitted an Elson et al. (1987) model, in the
form of Equation 4.4. It is presented with dashed line in orange on Figure 6.6. The
derived core-radius of the EFF87 model is r. = 11.66 4+ 0.55 arcsec, with parameters
of the model, scale parameter a = 14.06 + 1.07, v = 2.64 £+ 0.15, central density
fo = 111454790 and background density f, = 703 21 stars per square arcmin. To
test our results we also fitted an King (1966) model to this cluster. The best-fit to the
observed cluster’s stellar density profile (Figure 6.6 Right panel, continuous curve)
was achieved for King-like model with a core-radius of r, = 11.99 4+ 1.88 arcsec. At
the adopted distance modulus to the cluster (m — M), = 18.45 this translates to a
radius of 2.85 + 0.46 parsecs. The estimated tidal-radius is r, = 134 493 arcsec, the
central maximum density fy = 13618 £ 1827 and background density f, = 760 £ 120
stars per square arcminute. The two models are indistinguishable, except in the
most outer parts out of the fitting area. The core-radius derived from the EFF&87
model is, within the uncertainty, the same as the core-radius determined from King

model fitting.
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6.3.3 Colour-magnitude diagram and field decontamination
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Figure 6.7: CMD of the cluster NGC 2004. Left panel: all objects from the photome-
try list. Right panel: Stars of the cluster population, after the field decontamination.

The observed (V,V —1I) colour-magnitude diagram (CMD) is presented in Figure
6.7, Left panel. Representative error bars along the two axes are shown to the left of
the diagram. As expected, the observed CMD is affected by field stars from the host
LMC galaxy. In order to account for the contamination of the LMC field stars on
the NGC 2004 CMD stars from two different cluster fields was used to construct the
CMD. The procedure is described in Bastian et al. (2016) and discussed in detail in
Cabrera-Ziri et al. (2016a). In this approach two different regions, one in the central
part and another representing the sparse outer regions of the cluster are chosen to
build the observational CMD. The radius of the area centered on the cluster core
was adopted in accordance with the core radius derived in the previous subsection
being 6 times larger than r. (72 arcsec).

The central region contains 5530 stars. As a second step a reference field covering

approximately the same area as the first one, but not larger, was chosen. The field

)



6. RESULTS

reference region presents stellar density as far from the cluster center as possible,
reaching up-to the outer edges of the WFC. In our case the reference region contains
3454 stars. As a final step for every star in the CMD of the reference field, the star
in the cluster CMD that is closest to the reference field star in colour-magnitude
space was rejected. This way stars of the field area were matched on the (V,V — 1)
plane with stars of the inner area, the latter being flagged and removed from the
photometry list. Matching is performed in topcat (Taylor 2005) by finding the closest
match on the colour-magnitude diagram with tolerance 1 magnitude in both color
V' — I and V magnitudes. In this way one reduced photometry list was derived.
It contains 3201 stars all located in the inner area. These stars are considered to
be real cluster stars, objects with highest probability of belonging to the cluster
population (Figure 6.7, Right panel).

6.3.4 Isochrones fitting and synthetic cluster

To estimate the age of NGC 2004 the PARSEC isochrones from the Astronomical
Observatory of Padova (Marigo et al. 2017) were used. Fitting is done on the cleaned
decontaminated cluster population, by finding the isochrone that best represents
the Main Sequence (MS) until the turn-off point. The isochrone itself represents the
population of single stars forming the MS. This is the reason we fit the isochrone to
this part of the observed CMD), ignoring unresolved binaries that lie above and to
the red of the MS. In Figure 6.8, Left panel, the isochrones with logarithm of the
age logage = 7.0,7.1,7.2,7.3,7.4 are shown with yellow lines.

The metallicity Z = 0.008 and reddening E(V — I) = 0.3 of NGC 2004 are
accepted with accordance to other studies of LMC clusters (Brocato et al. 2001;
Niederhofer et al. 2015). Taking into account these values and following the best-
fitting isochrone from the used set of models (Figure 6.8) we accept the age of
NGC 2004 to be 16 Myr (logage = 7.2). It confirms exactly the age determined
based on HST data by Keller et al. (2000). For the completeness of the study we
have to point that Niederhofer et al. (2015) found that the position of helium burning
stars on their (V, B—V') diagram is best reproduced by an isochrone corresponding to
20 Myr which resembles the value declared by Elson (1991). The CMD in our work
based on deep HST WFPC2 data reaches a considerably deeper limit in magnitudes,

76



6.3. Characterising LMC Star Cluster NGC 2004

/‘4 \\\\\ T T "4
16+ 8 16+

y—\/‘87 r—\"87

o L o

O O

£ £

= 20t = 20t
22+t 22+
24 L 24 1
-0.5 —0.5

Figure 6.8: Final CMD of the cluster NGC 2004 cleaned for field stars contamination.
Left panel: PARSEC isochrones of logage = 7.0,7.1,7.2,7.3,7.4 drawn, the one
corresponding to an age of 16 Myr is shown with red line. Right panel: Best-fitting
PARSEC isochrone of age 16 Myr is shown with red line, synthetic clusters simulated
from SYCLIST are shown with blue and green circles

compared to other published studies of NGC 2004 (Brocato et al. 2001; Niederhofer
et al. 2015).

For validation of the results from isochrones fitting, we requested a simulation
of a synthetic cluster by the SYCLIST tool from the Geneva stellar models. Such
approach is presented in Georgy et al. (2014) on the galactic cluster NGC 663.

In this work the number of simulated stars is 1000, a representative number
comparable to the number of cluster stars cleaned of field. Using the age found
from the isochrones fitting in the previous section and the accepted LMC metalicity,
a synthetic cluster model was simulated from the available grids with two rotation
rates and stellar masses covering a mass range from 0.8 to 120 solar masses (large
grids). A binarity fraction of 30% was simulated, typical for LMC clusters (Li

et al. 2013). From a spectroscopic study the fraction in this cluster is reported
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to be 23% (Evans et al. 2010, 2006). A photometric noise of 0.1 magnitudes on
the simulated stars was also accepted as a simulation parameter. The CMD of
the synthetic clusters is presented in Figure 6.8, Right panel with blue circles. We
found that the observed and synthetic CMDs are in good agreement. The observed
discrepancies could be explained by the inherent differences between PARSEC and
SYCLIST models and the lower metallicity (Z=0.002) of the best-fitting isochrone
from the PARSEC models. The unresolved binaries, both synthetic and observed,
are located above the Main Sequence population, while at magnitudes fainter than
22™ a negligible residue of field LMC stars can be identified.

Conclusion

In this work we present precise two band (V,I) photometry of more than 3000 stars,
members of stellar cluster NGC 2004. Age estimation of 16 Myr was obtained using
isochrone fitting and single stellar population models. A good agreement of the
observed color-magnitude diagram with the one derived on the base of simulated
synthetic cluster (Geneva SYCLIST tool) adopting 16 Myr cluster age with 30%

binarity fraction is demonstrated.

6.4 Summary

In this Chapter we presented an age estimation of the LMC star clusters BSDL 103,
BSDL 101, NGC2004, and NGC 2031 by fitting theoretical isochrones. The derived
ages of NGC 2004 and NGC 2031 are compared to synthetic cluster models. The
results presented in this Chapter are published in the following papers:

e Nikolov et al. (2009b): Nikolov G.; Kontizas, M.; Dapergolas, A.; Kontizas,
E.; Golev, V.; Bellas-Velidis, I.; "The distortions in the density profiles of star
clusters of the Magellanic clouds”, 2009, Publ. Astr. Soc. "Rudjer Boskovic",
No. 9, p.363

e Nikolov, G.; "Age determination of star cluster NGC 2031 through isochrones

and a synthetic cluster model", 2017, Proceedings of "120 years Astronomical
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Observatory at Sofia University "St. Kliment Ohridski"", (in Bulgarian), vol.1,
p.22 fulltext

e Nikolov (2018a): Nikolov, G.; "Mimicking multiple stellar populations", 2018,

Memorie della Societa Astronomica Italiana, vol.89, p.85

e Nikolov and Markov (2019): Nikolov, G.; Markov, H.; "Characterising LMC
Star Cluster NGC 2004", 2019, AIP Conference Proceedings, vol.2075, p.090005
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Chapter 7

Contributions

Main contributions:

e in this Thesis a detailed study on the Large Magellanic Cloud star clus-
ters NGC 1711, NGC 1754, NGC 1984, NGC 1898, NGC 2004, NGC 2005,
NGC 2011, NGC 2019, NGC 2031, and NGC 2214 is presented

e radial density profiles for various magnitudes of the stars were constructed for
the studied clusters and the variation of the core-radii vs. magnitude is used

as a method to assess mass segregation

e EFF87 model (Elson et al. 1987) is fitted to the RDP of the clusters NGC 1711,
NGC 1984, NGC 2004, NGC 2011, NGC 2031, NGC 2214 and their structural

parameters determined

e King model (King 1962) is fitted to the old LMC star clusters NGC 1754,
NGC 1898, NGC 2005, NGC 2019 and their structural parameters determined

e mass segregation in NGC 1711 and NGC 2004 is confirmed

e an evidence of mass segregation in the clusters NGC 2011, NGC 2031, and
NGC 2214 is observed, unlike NGC 1984

e an indication of stellar mass segregation, possibly of dynamical origin, is ob-
served in the old star clusters NGC 1754, NGC 1898 and NGC 2005
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e An isochrones fitting for the CMDs of BSDL 103 and BSDL 101 implies that
the two clusters are the same age, (6 & 1) x 10® years, and much younger
than the field stars, whose age we assess to approximately 6.3 Gyrs. We argue
that the similarity of BSDL 103 and BSDL 101 colour-magnitude diagrams

suggests that both clusters are coeval and most probably are a physical pair

e the object, categorized as a cluster KMHK 156 is actually two bright stars of
magnitudes G=13.08 and G=13.74 with a small separation of 4.1 arcsec on
the sky. This result is obtained thanks to the use of high resolution WFPC2

images in this study

e we demonstrate on NGC 2031 how an eMSTO effect can be achieved only
through the sky determination during photometry of multiple-CCD cameras.
In the presented case, in the CMD of the cluster the stars from WF3 CCD are
shifted in colour with respect to the other CCDs

e using synthetic cluster simulations and isochrone fitting, we estimated that
the stellar population of NGC 2031 has an age of 227 + 3 Myr and metallicity
Z = 0.0058 £ 0.0002 with reddening estimated to E(V — I) = 0.17 towards

the cluster

e for cluster NGC 2004 an age estimation of 16 =4 Myr is obtained using single
stellar population isochrone fitting and a synthetic cluster simulation. The
reddening towards the cluster is estimated to be E(V —I) = 0.3
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Future prospects

In the current Thesis we determined structural parameters of the studied clusters.
Now we are able to model them via direct N-body simulations. Especially since
we know how various mass groups are distributed we can compare the model with
the actual observations. We also have an accurate age estimation of NGC 2004 and
NGC 2031 and have an adequate synthetic cluster population model simulated. This
way we can compare the simulated results of the dynamical state at the actual age
determined for a cluster. Next in this studies of LMC star clusters is to determine

accurate age of the other star clusters in our sample.
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