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Abstract

"It takes two to tango..."

As it happens, this saying holds even in the case of stars!

Binary stars, with their potential to promote evolutionary scenarios at odds with

standard single stellar models, have been long recognised as fascinating and im-

portant objects in stellar astrophysics. Higher interaction cross-section and the

evolutionary relations with various intriguing objects, ranging from massive stars

to progenitors of gravitational waves, enable binaries to have a lasting impact on

their neighborhoods. Binaries and their progenies, which are often massive, have

pivotal roles in the chemical and dynamical evolution of star clusters and even

galaxies.

Star clusters host a substantial amount of binaries, many of them being primordial.

In the dense environment of Globular Clusters (GCs), which are some of the oldest

objects in the Universe, the elastic scatterings of binaries carry great significance.

Binaries play a crucial role in the energy distribution in star clusters often through

three-body interactions. They are important in determining cluster parameters

such as age, radius, and mass function. Many of the exotic objects that have been

frequently detected in the vast expanse of GCs, such as Blue straggler stars (BSSs)

or cataclysmic variables, have formation scenarios that can be traced to binary

interactions in star clusters.

Studying binaries and associated stellar populations can reveal vital information

about the life and eventual fate of a cluster. However, most of the studies on bina-

ries are restricted to Galactic clusters which limits the range of accessible cluster

parameters such as masses, ages, and densities. To broaden the cluster parameter

range and better understand their impact on binary formation and evolution, we

must look beyond the Galaxy.

Magellanic Cloud (MC) dwarf galaxies offer an extragalactic environment with

its GCs spanning a wide range of ages and a mass range that is not spanned by

both Galactic open and globular clusters. Additionally, they are close enough to

study resolved stellar populations. The images collected with the Hubble Space



Telescope are used to study fourteen star clusters of the MC dwarf galaxies that

cover an age interval between ∼ 0.6 and 2.1 Gyr and masses of 104−105 M⊙, which

is poorly investigated in the context of binaries.

Photometry is used to estimate the fraction of binary systems composed of two

main-sequence (MS) stars, as well as the fraction of candidate BSSs. Colour mag-

nitude diagram (CMD) analysis of star clusters facilitates a statistically robust de-

tection of binaries spanning a large range of stellar parameters, such as primary

star mass and mass ratio, with limited observation time in two filters. The fraction

and distribution of binary fractions in terms of cluster and stellar parameters are

also investigated. Moreover, the structural parameters of the cluster, including the

core radius, central density, mass function, and total mass are also estimated.

The fraction of binaries with a mass ratio larger than 0.7 was found to range

from ∼7% in the cluster NGC 1846 to ∼20% in the cluster NGC 2108. The radial

and luminosity distribution was observed to change from one cluster to another.

However, on combining the results from all the clusters, the binaries are found to

follow a flat distribution with the mass of the primary star and show no significant

correlation with the mass ratio of the companion stars in the binary. Dynamically

younger clusters were found to form a flat radial distribution while dynamically

older clusters demonstrated evidence of segregation towards the center. A novel

approach was devised to detect low mass-ratio binaries which are deemed inac-

cessible for binary fraction analysis due to photometric errors and their proximity

to the MS stars.

The results on binaries in the examined MC clusters are combined with those from

67 Galactic GCs and 78 open clusters (OCs), which were subjected to a homoge-

neous binary fraction analysis. We find a significant anti-correlation between the

binary fraction in the core and the mass of the host cluster. The observed trend

is consistent with analytical studies on cluster cores which imply that as cluster

mass increases, so does the collision rate, driving the binary disruption processes.

However, star clusters with similar masses were discovered to exhibit a wide range

of binary fractions. In contrast, there is no evidence of a relationship between the

fraction of binaries and either the cluster or dynamic age.



Binaries share evolutionary links with many stellar populations. The potential

relation between binary fraction and the occurrence of other stellar populations,

notably that of the BSSs, was investigated. However, no evidence of a relation

was found between them in the case of the analysed MC star clusters of young and

intermediate age. The lack of correlation was similar to what has been observed in

the case of young Galactic OCs and contrary to the strong correlation observed in

the case of old Galactic GCs. Interestingly, the radial distribution of BSSs showed

evidence of a moderate correlation with the dynamical age of the cluster.

A population of stars was discovered above the Red Clump (RC) region of the

cluster. Their number is quantified with respect to the number of stars in the (RC)

and thus obtained fraction is explored for their potential relation with different

physical parameters of the cluster. To shed light on their formation scenarios, their

fraction is explored with respect to the MS binary fraction and BSS fraction.

An accurate binary fraction determination holds immense gravity in stellar and

cluster studies. As of now, 159 clusters belonging to both Milky Way and MC have

been homogeneously analysed in the context of binaries. With new and upcoming

telescopes and enhanced data reduction techniques, the scope of the proposed

study is certain to expand. Robust studies of binaries are sure to arise, revealing

many secrets about these fascinating objects.
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Chapter 1

Introduction

1.1 Binary stars

In the late 18th century, while conducting his studies on the spatial distribution

of stars in the Milky Way (MW) to infer the shape of the Galaxy, Sir William Her-

shel with the skilful aid of his sister Carolina Hershel, noticed that a large number

of stars appeared in pairs. He found that the pairing was not due to differen-

tial parallaxes or spatial projections of two spatially separate stars. After studying

their motions in detail, he confirmed they appeared to revolve around each other

and termed them binary systems. Isolated and independent observations of bi-

nary stars date back to as early as the second half of the 17th century. However,

Hershel’s robust observations which fitted perfectly in the then newly proposed

theoretical framework of Sir. Isaac Newton, was the seminal discovery that en-

couraged exploration into a new and exciting field of stellar astrophysics, i.e., the

binary stars.

1
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FIGURE 1.1: High-resolution ALMA image of the binary system [BHB2007]11 of

a small star cluster belonging to the Barnard 59 core in Pipe Nebula molecular

cloud (Alves et al., 2019).

Binary stars refer to a system of two stars that are gravitationally bound and orbit

around their common centre of mass. Many stars, especially in the solar neigh-

bourhood, are found to appear in binary systems (Raghavan et al., 2010; Duquen-

noy and Mayor, 1991). The Sun itself is speculated to be part of a binary that

later dissolved (Siraj and Loeb, 2020). While being formed in collapsing molecu-

lar clouds, disk fragmentation tempts stars to emerge in multiple systems, out of

which binaries are the most populous group. Figure 1.1 shows the high-resolution

Atacama Large Millimetre/submillimeter Array (ALMA) images of the young bi-

nary system [BHB2007]11 that is still under formation. It clearly shows the accre-

tion filaments that feed the two protesters in the centre of the circumbinary disk.

Binary stars can be formed in the later stages of a star’s life as well. Massive stars

can gravitationally capture a passing star and form binaries, though such events
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are quite rare.

Since the beginning of the twentieth century, binaries have been studied rigor-

ously both on the observational and theoretical frontiers, which provided valu-

able insights into the stellar structure and evolution. Binaries were found to pro-

vide well-constrained mass±luminosity (Kuiper, 1938) and mass±radius relations

(Huang and Struve, 1956). The variability in their light curves and relative mo-

tions remains one of the most accurate ways to measure stellar parameters such

as mass, radius, and temperature.

Proximity and gravitational attractions between the companion stars in a binary

is an apt recipe for a variety of evolutionary pathways which are unachievable by

standard single stellar evolution models. Closer and tightly bound hard binaries

can influence each other’s evolution by even transferring mass while soft binaries

have weak gravitational interactions and barely interfere with each other’s evolu-

tion. Complex interactions ought to happen as the companion stars evolve which

leads to an array of interesting objects.

Formation scenarios of planetary nebulae, intermediate luminous transients, su-

pernovae, gamma-ray bursts, and gravitational wave progenitors, among others,

are closely linked with binary evolution. Most massive stars form in multiple

systems and a binary system is found to be their preferred choice (Sana et al.,

2012). Models suggest binarity alters the temperatures, luminosities, and ele-

mental abundances, on the surface and interior, of massive stars. The rates and

mechanisms of their mass loss and their ultimate core-collapse fates are directly

linked to the conditions present at their formation in a binary (Dorn-Wallenstein

and Levesque, 2020). Under specific conditions, binarity induces the onset of cer-

tain nuclear reactions leading to the formation of Type Ia supernova explosions
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FIGURE 1.2: Hubble space telescope image of the Large Magellanic Cloud cluster

NGC1755 (esahubble.org).

from low-mass stars in binaries, which also serve as a standard candle in astron-

omy. Massive early-type stars have powerful stellar winds that interact with the

interstellar medium. These processes immensely contribute to the abundance and

distribution of heavy elements observed in the interstellar medium.

Binaries are peculiar in many ways that it is safe to say when observations disagree

with the theory, there ought to be a binary involved. And, the peculiar evolution

binaries and their progenies, which are often massive, have inadvertent ramifi-

cations in the chemical and dynamical evolution of star clusters and galaxies as

well.
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1.2 Star clusters and binary stars

Star clusters form one of the most spectacular spectacles in the night sky. Lumi-

nous clusters such as Hyades, Pleiades, or Omega Centauri have been observed

through centuries. They are luminous groups of stars that are held together by

their mutual gravitational attraction. They are useful tools in distance calibration

and in measuring the age and evolution of galaxies. Cluster members are expected

to be formed from the same molecular clouds and have similar ages and metallic-

ities. The coeval members are expected to be at the same distance and move as a

single unit through the galaxy. However, recent studies have shown that star clus-

ters host multiple populations of stars with differences in elemental abundances

and/or distinct sequences in photometric diagrams (Milone and Marino, 2022).

Binaries are expected to play a key role in this phenomenon. Nevertheless, their

importance as an astrophysical laboratory for stellar evolution and dynamics stud-

ies remains unchallenged.

Star clusters are categorised into two major classes; Open clusters (OCs) and Glob-

ular clusters (GCs). OCs are loosely bound aggregates of hundreds or thousands of

stars. They consist of Population I stars and are relatively younger and less massive

compared to GCs. GCs are one of the oldest objects in the universe and host Popu-

lation II stars. Hence, they are excellent tools to probe galactic archaeology. With

a few thousand to a million members, they have stronger mutual gravitational

attraction which gives them a globular shape. Being one of the densest environ-

ments, star clusters are home to a variety of intriguing objects. Among them,

binaries hold a position that is both fundamental and significant (Ishak, 2019).

Both open and globular clusters host a substantial number of binaries, many of

them primordial in nature (Hut et al., 1992). Binaries have a major role to play
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in the ever-ensuing dynamics of the clusters and their various stellar populations

(Lanzoni et al., 2016). Additionally, the determination of various cluster param-

eters such as age, luminosity function, radius, and mass benefit greatly from the

understanding of binarity in the system (Mohandasan et al., 2024; Cordoni et al.,

2023).

Binaries have higher interaction cross-sections compared to single stars. Through

frequent interactions with other objects in the cluster, they form an efficient mech-

anism for kinetic energy distribution (Fregeau et al., 2004). This binary-burning

phase of the cluster is the longest phase of cluster evolution in which most of

the observed clusters are expected to be (Heggie, 1975). The elastic scattering

interactions of binaries are effective in withstanding the impeding gravitational

collapse in the centre, thereby, defining the dense cluster core (Heggie and Hut,

2003). Aarseth and Hills (1972) found that even if there are no binaries initially

in the cluster, they can be formed swiftly and can take possession of a considerable

amount of the binding energy of the cluster within a few mean crossing times. The

growth in binding energy is often accompanied by the formation of triple systems

by capturing single stars that pass by. These interactions can guide the binary stel-

lar evolution by altering the orbital parameters, assisting the escape and exchange

of the binary members.

The interaction rate of binaries in clusters can be significant enough to cause the

destruction of soft binaries even in low-density stellar systems. Raghavan et al.

(2010) suggest binaries, especially the ones with higher cross sections and hence a

higher interaction rate, will lose companions to dynamical stripping with age. Soft

binaries in clusters are tremendously influenced by the tidal effects which mod-

ify their orbital periods and reduce their eccentricities (Duquennoy and Mayor,

1991). Hard binaries, on the other hand, become even harder with the ongoing
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interactions (Heggie, 1975). The high rate of scattering transforms the dense clus-

ter neighbourhood into an ideal cauldron for the production of exotic objects. In

recent decades, Blue Straggler Stars (BSSs, Piotto et al., 2004), Cataclysmic Vari-

ables (CVs, Cool et al., 1995), Low-Mass X-ray Binaries (LMXBs, Kim et al., 2006),

and Millisecond Pulsars (MSPs, Edmonds et al., 2002) have been detected in close

binary systems in star clusters. In addition, their evolution is better understood

against the backdrop of binary fractions in the cluster.

The evolution of binaries in a cluster largely depends on two factors: i) the sec-

ular binary stellar evolution and ii) their interaction with other cluster members.

Secular binary evolution can depend on the mass and mass ratio of the compan-

ion stars. Environmental parameters and internal dynamics of the cluster greatly

influence the formation, destruction, and segregation of binaries. Cluster core pro-

vides an excellent place of birth for binaries but there is no guarantee that they

can stay there for long. The high rate of interactions that facilitated the birth of

binaries can very well toss them to the outskirts. Gravity, on the other hand, seg-

regates the cluster members to the core, thus trying to retain the core density. This

sinking is more prominent in the case of massive stars, and binaries more than

often comprise the most massive cluster members (Sana et al., 2012). The bina-

ries with kinetic energy comparable to that of a typical cluster star are the main

variables in the binary fraction. Their amount and influence on cluster evolution

can significantly depend on the environment.

Being massive, binaries and their progeny are subjected to dynamical sinking in

star clusters. Processes in star clusters leave lasting imprints in their amount and

distribution. By exploring the binary fractions belonging to diverse cluster envi-

ronments in terms of different stellar and cluster parameters, we can peek into the

dynamics underway.
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1.3 Detection methods

Several techniques are deployed to detect binaries. The techniques employed

should be specific to the characteristics of the types of binaries being studied.

The first binaries to be detected were visual. They are systems in which the an-

gular separation between the companion stars in a binary is wide enough for the

telescope to resolve them. These are usually soft binaries with large separations

between them and periods of a few decades. Another approach is to study the

spectral lines emitted by a binary system. In close binaries, the orbital velocity

of the companion stars will be significant enough to produce detectable Doppler

shifts which are detectable from their spectra. Astrometric measurements of the

wobbling of the luminous companion in a binary are also found useful in verify-

ing the presence and estimating the structural parameters of the inconspicuous

companion.

Photometric variability (Kaluzny et al., 1996) in the light curve of photometric or

eclipsing binaries is one of the most common binary detection methods. It is quite

useful in detecting binaries with their orbital plane lying in the line of sight of

the observer. When they undergo eclipses, their light curve reaches a discernable

minimum. Occultation causes a periodicity in the light curve which can be used to

estimate mass, radius, and distance to these binaries with unprecedented accuracy.

Figure 1.3 denotes the typical light curve of an eclipsing binary. The method is

specific for systems with large brightness differences.

Radial velocity variability analysis is another prominent method to detect binaries

(Latham, 1996). This method is frequently employed to analyse binaries compris-

ing massive stars. Radial velocities of the companions are commonly measured

employing Doppler spectroscopy of the spectral lines emitted by the stars. Figure
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FIGURE 1.3: Binary detection using photometric variability. The figure denotes

the dip in the light curve of a non-contact binary system (Skelton and Smits,

2009).

1.4 shows the variation in the line of sight component of the radial velocity of a

typical binary system. Solid and hollow points denote the different components

of the binary system. However, accurate radial velocity estimation requires a long

observation time.

Among the various techniques in literature to identify and characterise binary sys-

tems, the method based on the colour-magnitude diagram (CMD) provides an effi-

cient approach. CMD is a form of Hertzsprung Russel Diagram where the luminos-

ity is represented by either apparent or absolute magnitude and the temperature

is represented by the colour index. CMDs of star clusters have been extensively

employed to study stellar populations in them (Milone et al., 2009; Ferraro et al.,

1999a; Cordoni et al., 2022; Milone et al., 2023b; Tailo et al., 2021; Dondoglio

et al., 2022) including unresolved main sequence (MS) binaries (Rubenstein and

Bailyn, 1997). Unlike the previously mentioned methods, the said approach is not
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FIGURE 1.4: The plot demonstrates the radial velocity variations observed for

binary system (Sana et al., 2001).

biased toward systems with higher brightness, radial separation, or eccentricity.

Rather, it is effective in studying binaries that span a wide range of structural pa-

rameters such as the mass of the primary star (M1), mass-ratio of the companion

stars (q), or radial region of occurrence in the cluster (Bolte, 1992). Additionally,

this method is statistically robust and observationally cheap as a limited observa-

tion time in two filters alone is sufficient to examine the multitude of binaries and

other stellar populations in the cluster which belongs to a large parameter space

(Hut et al., 1992).

Even with the highest resolution instruments, it is hard to resolve single stars in

binary in dense stellar systems such as GCs. Therefore, they appear as a single star

of enhanced magnitude in telescopic images (Refer to Chapter 4 for details). In the
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FIGURE 1.5: Colour magnitude diagram used for binary analysis. Locus of bi-

naries belonging to different mass-ratios, q, and primary star masses, M1, are

indicated in the figure (Milone et al., 2012).

CMD of a cluster, MS-MS binaries populate the region in the red side of the main-

sequence-fiducial-line (MSFL). Figure 1.5 demonstrates the binary populations in

the CMD of the Galactic GC NGC2298 (Milone et al., 2012). The position of

binaries in the CMD is a function of M1 and q, as shown in the figure. Similarly,

we can simultaneously analyze a large number of binaries with different primary

star masses and mass ratios and calculate their fraction in the cluster using cluster

CMD. The distribution of binaries with respect to M1, q, and radial distance from

the cluster centre provides vital inferences about the dynamics underway in the

cluster.

Photometric errors, differential reddening, blending, and spatial-dependent varia-

tions of the photometric zero points are among the major challenges for accurately
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FIGURE 1.6: Variation of binary fraction as a function of the mass of the cluster.

The plot is based on observations of 50 Galactic globular clusters (Upper panel)

outside their half-mass radii (Lower panel) and between their core radii and half-

mass radii (Milone et al., 2008).

determining photometric binaries. Field stars that sneak into the cluster region of

the telescopic field of view (FoV) pose another hurdle. Hence, this approach neces-

sitates high-precision photometry, astrometry, and high-resolution images. These

requirements are achievable in the era of the Hubble Space Telescope (HST) and

advanced data reduction software. The methods adopted to rectify such effects

will be discussed in Chapter 2 and Chapter 4.
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FIGURE 1.7: Variation of binary fraction as a function of the mass of the cluster.

The plot is based on observations on 78 Galactic Open Clusters (Cordoni et al.,

2023). Clusters in different panels span different age ranges.

1.4 Binary fraction and distribution

Pioneering studies on photometric binaries can be seen in the work of Bolte (1992),

Aparicio et al. (1991), and Romani and Weinberg (1991). The first investigation

of a large sample of clusters was done by Sollima et al. (2007), who studied the

binaries in 13 low-density Galactic GCs and derived the binary fractions in the

cluster cores. They found an anti-correlation between the relative age of the clus-

ter and binary fraction. An extensive survey of photometric binaries in 67 Galactic

GCs was conducted by Milone et al. (2012) and Milone et al. (2016), using the

images collected with the Advanced Camera for Survey (ACS) aboard HST. They

did not observe any link between age and binary fraction. However, the fraction

of binaries in the cluster core was found to anti-correlate with the cluster mass, as

shown in Figure 1.6. Similar to Galactic GCs, studies on Galactic OCs also show a

reduction in binary fraction with an increase in cluster mass and no relation with

the age of the cluster (Sollima et al., 2010).

Theoretical models have predicted the importance of binary ionisation processes

in determining the binary fraction, particularly in relaxed stellar systems (Sollima,
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FIGURE 1.8: The figure shows the binary fraction as a function of radial distance

for a sample of 59 Galactic globular clusters (Milone et al., 2012).

2008). A massive system has a higher probability of collisional interactions, of-

ten with colliding stars of higher kinetic energy (Battinelli and Capuzzo-Dolcetta,

1991). Collisional interactions can result in binary disruption or mergers and re-

duce the binary fraction. An extensive Gaia-based study on 78 Galactic OCs has

shown the variation of binary fraction with cluster mass can be a function of age.

Figure 1.7 shows the binary fraction decreases with increasing mass in the case of

the relaxed systems, while young and intermediate clusters show an increase.

Different processes can influence the formation and survival of binaries in a clus-

ter, such as collision, fragmentation, and tidal disruption (Heggie and Hut, 2003).

Binaries of different masses, mass-ratios, and the ones pertaining to different re-

gions in the cluster, such as cluster centres or outskirts, are not equally affected by

these processes. For example, the high-mass binaries, whether it be due to higher
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FIGURE 1.9: (left panel) Radial distribution of MS binaries in Galactic open star

clusters (Cordoni et al., 2023). (right panels) The radial distribution in younger,

older, and intermediate age clusters is plotted separately. Y axes in each panel

show the normalised binary fraction.

primary star mass or high mass-ratio between the companion stars in a binary,

tend to form in tightly bound systems unlike the low-mass ones and are more re-

sistant to disruption by interaction with other cluster members (Heggie, 1975).

However, high-mass-ratio binaries have a higher chance of fragmenting and turn-

ing into low-mass-ratio binaries. Additionally, high-mass binaries are prone to

dynamic friction and sink to the cluster centre whereas the low-mass counterparts

are eventually pushed to the outskirts. This mass segregation increases the proba-

bility of collisional interaction, especially in the cluster core, and can be a function

of the dynamical state of the cluster (Ferraro et al., 2012). The domineering pro-

cesses determine the amounts of binaries belonging to a certain mass, mass-ratio,

and radial region. Conversely, by understanding the preferred mass, mass-ratio,

and radial distribution of binaries, we can infer the governing processes in the

system.
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FIGURE 1.10: Variation of binary fraction as a function of the mass of the primary

star in old Galactic globular clusters. Y-axes show the normalised binary fraction

corresponding to the mass bin in the x-axes. Refer to Milone et al. (2012) for

more details.

The radial distribution of binaries in Galactic GCs was observed to have a prefer-

ence towards the cluster centre (Sollima et al., 2007). Figure 1.8 shows the nor-

malised radial distribution of binary fraction 59 old Galactic GCs (Milone et al.,

2012). For feasibility in comparison, the normalisation of the radial range and

the binary fraction is done with respect to the core of the clusters. A significant

population of binaries appears to have segregated to the centre. The left panel

of Figure 1.9 demonstrates the radial distribution observed in the case of Galac-

tic OCs (Cordoni et al., 2023). The blue strip shows the mean distribution of 78

young Galactic OCs in a confidence interval defined by the standard deviation. On

dividing in terms of their relative ages, differences can be discerned in the relative
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FIGURE 1.11: Variation of binary fraction as a function of the mass of the primary

star in Galactic open clusters (Cordoni et al., 2023). Y-axes denote the normalised

binary fraction corresponding to the mass bin denoted in the x-axe. qlim is the

minimum q accessible in the cluster.

distribution of younger and older clusters in the sample set, as shown in the right

panels. Dynamical sinking in systems of different relaxation states is predicted to

be responsible for such a difference in the radial distribution of binaries (Geller

et al., 2013).

The distribution of binary fraction with respect to the mass of the primary star was

observed to be flat in the case of Galactic GCs (Milone et al., 2012). Figure 1.10

shows the lack of correlation between binary fraction and primary star mass for

59 old Galactic GCs. A similar analysis in Galactic OCs resulted in a similar lack

of correlation (Cordoni et al., 2023), as shown in Figure 1.11. On exploring the

variation of binary fraction with the mass-ratio of the companion stars, no correla-

tion was observed in the case of Galactic GCs (Milone et al., 2012) or Galactic OCs

(Cordoni et al., 2023). Figure 1.12 and Figure 1.13 show the patterns observed

for the dataset of 59 Galactic GCs and 78 Galactic OCs, respectively.
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FIGURE 1.12: Binary fraction in Galactic globular clusters as a function of mass

ratio parameter, q (Milone et al., 2012).

1.5 Exotic objects in star clusters

Binary stellar evolution has great significance in stellar evolution studies. Depend-

ing on the type of interaction between the companion stars in a binary, they can

give rise to a variety of evolutionary pathways. Numerical analysis has shown that

the frequent interactions between cluster members can drive the disruption of soft

binaries and the hardening of hard binaries (Heggie, 1975). Though stars in a non-

contact binary system do not deviate much from standard evolutionary scenarios,

mass transfer in contact binaries results in progenies that are at odds with single

stellar evolutionary models. The higher interaction rates in cluster environments

have a substantial influence on these scenarios.
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FIGURE 1.13: Binary fraction in Galactic open clusters as a function of mass ratio

parameter, q (Cordoni et al., 2023). Y-axes denote the normalised value of equiv-

alent binary fraction in each q bin.

Binaries with compact companions usually demonstrate strong accretion scenar-

ios. When the compact companion is either a black hole or neutron star, and the

other one is a lower-mass star, either a MS star, giant, or white dwarf, it forms a

LMXB. The accretion disk produces radiation in X-ray wavelength, making it one

of the brightest objects in the X-ray sky. The powerful outflows produced have

a great impact on the surrounding environment and interstellar medium (Fijma

et al., 2023). A white dwarf that accretes from a low-mass companion in a close

binary system forms CVs. MSPs form in binary systems containing a neutron star

and an evolving companion star, where mass accretion eventually spins up the neu-

tron star. About 50% of the identified MSP population belongs to GCs (Ferraro,

2006).

The dense environments of GCs promote strong dynamic interactions between its

members, including collisions. Compared to the Galactic disk where such binaries

can only form through the evolution of primordial binaries, dynamical interactions
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in GCs can lead to the formation of several different binary systems suitable to pro-

duce exotic objects (Ferraro, 2006) which are often detected in the vast expanses

of GCs. These binary by-products can be strongly affected by the cluster dynamics,

thus serving as a diagnostic tool for the dynamical evolution of GCs.

BSSs constitute the most abundant stellar population among the exotic objects

observed in star clusters. Two competing scenarios are proposed to explain their

formation, i.e., binary accretion and stellar collision, both are related to the bi-

nary frequency in the cluster. In the dynamical clock framework of star clusters

(Ferraro et al., 2009), the radial distribution of BSSs is presented as an effective

tool to map the evolution of the hosting star cluster. Binaries along with their

massive progenies such as BSSs are prone to dynamical friction which leads to

their eventual migration towards cluster centers. Depending on the degree of mi-

gration observed in the cluster, as demonstrated by their radial distributions, the

dynamical state of the system can be inferred (Lanzoni et al., 2016).

Photometry has been successfully used to probe exotic stellar populations. BSSs

span a distinguishable sequence in the CMD of a star cluster and can be studied

efficiently. Studies on Galactic GCs have shown a strong correlation between bi-

nary fraction and BSS fraction (Milone et al., 2012) while such a trend was absent

in young Galactic OCs (Cordoni et al., 2023).

1.6 Problem statement

Several works on photometric binaries explore the effect of stellar parameters on

binary fraction. Some of these works compare a large number of clusters (Sollima

et al., 2007; Milone et al., 2012, 2016; Cordoni et al., 2023) such that the influence
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FIGURE 1.14: Binary fraction as a function of age, dynamical age, and mass of

Galactic clusters, in logarithmic scale (Cordoni et al., 2023).

of cluster parameters on binary fraction can be investigated. Yet, they face a major

limitation of being constrained to Galactic environments.

Given the higher signal-to-noise ratio (SNR), studies on Galactic clusters can ob-

tain better photometry compared to their extragalactic counterparts. However,

Galactic GCs share similar ages and environmental parameters. Most of them are

older than ∼10 Gyr and quite massive (Dotter et al., 2010). Hence, it is chal-

lenging to investigate the dependence of binary fractions on cluster age and study

the binary systems where one component is more massive than ∼0.8M⊙ (Sollima

et al., 2007; Milone et al., 2012, 2016). On the contrary, the investigation of bina-

ries in Galactic OCs is limited to low-mass clusters with masses smaller than ∼104

M⊙ (e.g. Cordoni et al., 2023; Jadhav et al., 2021).

Figure 1.14 demonstrates core binary fraction in clusters as a function of mass,

age, and dynamical age. The studied clusters belong to a statistically robust and

homogeneously analysed sample of Galactic OCs (Cordoni et al., 2023) and Galac-

tic GCs (Milone et al., 2012, 2016), as denoted in the figure in blue and black dots,

respectively. A gap is evident in age and mass intervals can be observed which can

be filled using the GCs in MC. MC clusters offer an extragalactic environment
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while being close enough to study resolved stellar populations in them. Theoreti-

cal studies have shed light on the role of cluster mass and age in directing binary

destruction processes (Sollima et al., 2008). Filling the mentioned mass and age

gaps and checking the veracity of these claims is indispensable.

The present work surpasses these limitations on mass and age by analysing four-

teen star clusters in the Large and Small Magellanic Clouds (LMC and SMC). The

selected clusters span an age interval between ∼0.6 and 2.1 Gyrs and masses be-

tween 104 and 105 M⊙. Clusters in MC evolved in an environment, with different

parameters such as density and concentration, than the Galactic case. We aim to

study and quantify the population of binary stars and other exotic stellar popula-

tions in them and compare them with the results obtained for Galactic open and

globular clusters. We strive to understand the influence of different stellar, clus-

ter, and environmental parameters in the formation and evolution of these stellar

populations, and the dynamical implications they carry.

Study objectives and thesis outline

The study aims to explore the MS binaries and related stellar populations in MC

star clusters. I want to understand the effect of stellar, cluster, and environmental

parameters on the binary fraction and distribution in the cluster. Particularly, my

investigation will revolve around the following,

• The global fraction of MS binaries in the MC star clusters.

• The dependency of the binary fraction on stellar parameters such as primary

star mass, mass-ratio, and radial range of occurrence.

• The dependency of the binary fraction on cluster parameters such as age,

mass, and dynamical age.
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• The fraction of BSSs in the clusters and their dependence on MS binary frac-

tion and cluster parameters.

This thesis is organised into 9 chapters, including the present chapter (Chapter

1), where we explored the previous studies on binary stars in star clusters, their

detection methods, and the dynamical relevance of their fraction and distribution.

This chapter describes the need for the study, the problem statement, the objec-

tives of the study, and a brief thesis outline. We have selected 14 MC GCs for this

study. We have used HST data for this study which has been subjected to state-of-

the-art data reduction techniques, and differential reddening correction, among

others. The used data source and data reduction approaches are detailed in Chap-

ter 2. Thus obtained CMD is used to estimate cluster parameters through mass

function and density profiles, as will be discussed in Chapter 3. Afterwards, we

calculated the global binary fraction in each of the clusters. Chapter 4 describes

the binary fraction analysis methodology in detail while Chapter 5 summarises the

distribution of binaries in the analyzed clusters. In this part of the chapter, we try

to understand the mass, mass-ratio, and radial distribution of binaries in MC GCs

and their relation with Galactic clusters. Notably, the selected MC clusters allow us

to extend the cluster parameter range for binary analysis. Therefore, I want to ex-

plore the dependency of binary fractions on cluster parameters such as age, mass,

and dynamical age, by combining the results from the MC GCs with homogeneous

analysis performed on Galactic clusters. Apart from binaries, we have focused on

other stellar populations in star clusters such as BSS in Chapter 6 and red clump

stars in Chapter 7. We explore the potential relation between the fraction of these

populations and with MS binary fraction in the cluster. We also look at these rela-

tions or the lack of them in contrast to the results through homogeneous studies
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in Galactic clusters. Conclusions and research contributions of the current work

and practical implications are summarised in Chapter 8.



Chapter 2

Data sources and reduction

High-resolution images are required to investigate resolved star populations in

extragalactic clusters. Space telescopes are free of atmospheric distortions and

can view at wavelengths inaccessible to ground-based telescopes. As a result, they

are the most suitable instruments for resolving and studying stellar populations in

crowded environments such as GCs. High-precision astrometry and photometry

obtained from HST data are used to study binaries and related stellar populations

in the analysed MC GCs. Details of data sources and processing techniques are

described in this section.

2.1 Data Source

This work investigates fourteen MC star clusters younger than ∼2 Gyr that span an

interval of mass (104 and 105 solar masses) which has been poorly explored in the

context of binaries 1. To obtain robust results, our sample does not include clusters

1This extract is taken from Section 2 of Mohandasan et al. (2024).

25
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younger than ∼0.6 Gyr. Indeed, these star clusters exhibit split MSs associated

with stellar populations with different rotation rates (Milone and Marino, 2022,

and references therein), which can alter our binary fraction analysis.

I have used HST observations in Optical, Ultraviolet, and Infrared filters to study

MC GCs. The clusters are observed with the Wide Field Channel (WFC) of the

ACS and the Ultraviolet and Visible channel (UVIS) of the Wide Field Camera 3

(WFC3) on board HST. ACS/WFC has an angular resolution of 0.05 arcsec/pixel

and a field of view (FoV) of 202 × 202 arcsec2. In the case of WFC3/UVIS, the

angular resolution is 0.04 arcsec/pixel and FoV is 162 × 162 arcsec2. The features

of the employed HST channels ensured detailed images of the studied GCs with a

wide enough coverage of the cluster and field regions.

The details of the used HST observations are summarised in Table 2.1. The images

are corrected for the effect of the poor Charge Transfer Efficiency (CTE) by using

the method described in Anderson and Bedin (2010).

2.2 Data Reduction

High-precision photometry and astrometry, essential for an accurate binary anal-

ysis, are derived using the state-of-the-art data reduction programs developed

by Jay Anderson (e.g. Anderson and King, 2000; Anderson et al., 2008), which

are based on the effective point spread function (ePSF) fitting 2. We used the

FORTRAN software package KS2, which is an upgraded version of the program

kitchen_sync (Anderson et al., 2008) that entails three different methods to mea-

sure the positions and magnitudes of stars. Method I measures the stars in each

2This section is taken from Section 2 of Mohandasan et al. (2024).
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FIGURE 2.1: Differential reddening correction. The figure comparison of the CMD

of the star cluster NGC 1751 (left panel) before and (right panel) after the correc-

tion for differential reddening (Mohandasan et al., 2024).

image, independently, by using the best available ePSF model. The results are then

averaged to derive the best estimates of magnitude and position. This method pro-

vides the best photometry for relatively bright stars that define distinct peaks in a

5×5 pixel raster. Method II measures each star using aperture photometry, after

subtracting all the neighboring stars. It works well for faint stars that do not have

enough photons to be aptly fitted by the ePSF. Method III is similar to method II

in terms of analysis and it works well in very crowded regions. We refer to papers

by Sabbi et al. (2016), Bellini et al. (2017), and Milone et al. (2023a) for details

on KS2.

Since we are interested in stars with high-precision photometry, we excluded all
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FIGURE 2.2: Collection of CMDs for the investigated star clusters. For each cluster,

we plot the F814W magnitude against the X−F814W colour, where the X filter is

quoted in the corresponding panel.
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FIGURE 2.3: Continuation from Figure 2.2.



Chapter II. Data sources and reduction 32

the sources that were poorly fitted by the PSF model and the stars with large root

mean square values in positions. To select these stars, we used the computer pro-

grams and the methods provided by Milone et al. (2012). The stellar coordinates

are corrected for geometric distortion by using the solutions by Anderson and King

(2006) and Bellini et al. (2011). The photometry has been calibrated to the Vega

magnitude system as in Milone et al. (2023a) using the zero points provided by

Space Telescope Science Institute (STScI) 3. The photometry was corrected for the

effects of differential reddening by using the methods by Milone et al. (2012) and

Legnardi et al. (2023). As an example, Figure 2.1 compares the original CMD of

NGC 1751 (left) with the CMD corrected for differential reddening (right). Finally,

we derived the ages, metallicities, distances, and reddening of the studied clusters

by comparing the CMDs with isochrones, as in Cordoni et al. (2023). We used

the isochrone from the Dartmouth Stellar Evolution Database 4 which were only

available for clusters older than 1 Gyr. MESA Isochrones and Stellar Tracks 5 were

used for clusters younger than 1 Gyr. The use of isochrones from different sources

had a negligible effect on the binary analysis as will be discussed in Section 4.3.

The reddening coefficients for the different filters are provided by Aaron Dotter

(private communication).

Figure 2.2 and 2.3 demonstrate the CMDs obtained after data reduction and dif-

ferential reddening corrections for the analysed MC GCs.

3https://www.stsci.edu/hst/instrumentation/acs/data-analysis/zeropoints
4http://stellar.dartmouth.edu/models/isolf_new.html
5http://waps.cfa.harvard.edu/MIST/



Chapter 3

Estimation of cluster parameters

In this section, we discuss the methods used to calculate different physical pa-

rameters of the cluster. We have derived the density profile and mass function

of the studied MC clusters and inferred the values of the core radius, half-mass

radius, central density, and mass of each of them. These quantities are employed

to characterise binaries and related stellar populations.

3.1 Density profiles of the clusters

To estimate the density profile of each star cluster, we used the procedure illus-

trated in Figure 3.1 for the cluster NGC 1751 1. We first derived the number of

stars with mass greater than 0.9M⊙ in different annuli in the HST FoV and then

corrected those numbers for completeness. The obtained numbers are normalised

by the areas of the annuli to get the number density profile of the cluster.

1This section is taken from Section 3.1 of Mohandasan et al. (2024).

33
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FIGURE 3.1: Grey points correspond to the observed density profile of the cluster

NGC1751. The grey dotted horizontal line denotes the contribution from field

contamination. The profile in blue is obtained after subtracting the background

contamination from the actual density estimate, and it is fitted with the EFF profile

(Mohandasan et al., 2024).

We derived the parameters of the EFF profile (Elson et al., 1987) that provide the

best fit with the observed density profile. Specifically, we adopted the relation:

µ(R) = µ0(1 +
R2

a2
)−

γ

2 + bg, (3.1)

where µ0 is the central density, a is the scaling factor, γ is the power law factor,

and bg is the constant that accounts for the contamination from field stars (Santos
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FIGURE 3.2: Logarithmic version of the density profile in Figure 3.1 (Mohandasan

et al., 2024).

et al., 2020). The core radius, Rc, is derived by the relation,

Rc = a(2
2

γ − 1)
1

2 . (3.2)

Figure 3.1 shows the EFF density profile that provides the best fit with the observed

density profile from the cluster NGC 1751. Figure 3.2 shows the corresponding

plot in the logarithmic scale. The grey and blue points denote the number density

distribution with and without the contamination from field stars. Blue points are

obtained by subtracting bg from the grey points, where the black horizontal line

denotes the level of bg. The corresponding radius is Rf . The radius at which the
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TABLE 3.2: Average density and concentration of the cluster.

Cluster ρRc
ρRhm

C1 C2

ID [arcsec−2] [arcsec−2]

ESO057SC075 0.84 0.61 1.02 0.29
ESO057SC030 3.54 2.84 0.88 0.21

KMHK316 2.10 1.45 1.20 0.38
NGC1651 2.63 2.02 0.89 0.23
NGC1718 5.60 3.64 1.11 0.36
NGC1751 2.23 1.81 0.85 0.20
NGC1783 3.84 3.31 0.73 0.14
NGC1806 3.12 2.74 0.75 0.13
NGC1846 1.48 1.12 0.93 0.26
NGC1868 4.92 3.39 1.05 0.31
NGC1872 6.69 5.76 0.86 0.16
NGC2108 2.22 1.72 0.93 0.23
NGC2203 1.93 1.57 0.80 0.19
NGC2213 2.84 1.90 1.11 0.34

number density becomes two times bg is denoted as R2f .

For comprehensiveness, we derived the King profile (King, 1962) parameters that

provide the best-fit with the observed density profile. The results are listed in Table

3.1. The average density of the core and the cluster region till Rhm, denoted as

ρRhm
and ρRc

respectively, are reported in Table 3.2. The table also features the

normal concentration parameter, C1 = log(Rt/Rc), and the modified concentration

parameter, C2 = log(Rhm/Rc), of the analysed MC cluster.
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FIGURE 3.3: The mass function of clusters is determined using log(dN/dM) v/s

log(M) plots. The green line is the least square fit of the observed mass distribu-

tion, denoted in pink.

3.2 Mass functions and masses of the clusters

To derive the mass functions of each cluster, we used the procedure by Cordoni

et al. (2023) 2. We derived the number of MS stars within the radial distance of

R2f , divided them into intervals of equal mass, and normalised this quantity to

the mass bin. The star counts are corrected for completeness and only stars with

completeness values larger than 0.5 are taken into account.

We fitted the observed mass function with the following relation obtained from

Trenti et al. (2010):

ξM = ξ0M
−α. (3.3)

2This section is taken from Section 3.2 of Mohandasan et al. (2024).
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To estimate the total mass of the cluster, MCluster, we integrated the mass function

over the entire mass interval provided by the best-fit isochrone. Moreover, we

accounted for the cluster stars with a radial distance larger than R2f by using the

cluster EFF profile and assuming a homogeneous radial distribution for stars with

different masses.

Finally, we estimated the half-mass relaxation time by using the following equa-

tion,

trh =
0.138M

1/2
ClusterRhm

3/2

GM̄ln(0.11MCluster/M̄)
, (3.4)

where G is the universal gravitational constant, M̄ is the average mass of a star,

and Rhm is the half-mass radius (Spitzer, 1987). The results are provided in Ta-

ble 3.3.



Chapter 4

Binary fraction

4.1 Binaries in star clusters

Binary stars are the most populous multiple systems and star clusters host a sig-

nificant amount of them. Their number in a cluster is influenced by the physical

parameters and is subject to the dynamics underway. Sollima et al. (2007) stud-

ied the binary fraction in the core of 13 low-density Galactic GCs and found a

minimum fraction of 6%. They also projected a global fraction ranging from 10%

to 50% depending on the clusters. Later, a statistically robust survey on 59 old

and massive Galactic GCs found that the fraction can go as low as 1% (Milone

et al., 2012). Sollima et al. (2010) conducted a similar study on five high-latitude

Galactic OCs and found a minimum binary fraction of 11% within the core. With

a global fraction estimate ranging from 35% to 70%, the OCs have been found to

hold a significantly higher fraction of binaries than GCs as predicted by theoretical

models and N-body simulations (Sollima et al., 2010). They credit this result to

the dominance of binary destruction processes that progress with age, mass, or

41
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density. These results are consistent with radial velocity surveys in the solar neigh-

bourhood, which have also shown the fraction can go as high as 33% (Raghavan

et al., 2010).

To better our understanding of binaries, it is imperative to have homogeneous

studies on clusters belonging to different environments and wide ranges of physi-

cal parameters. To this effort, we have studied the MS binary fraction in 14 young

and intermediate-age MC GCs spanning a mass range unexplored by Galactic stud-

ies. The adopted methodology and results are described in this session.

4.2 Methodology

Star clusters are dense systems. Surviving in such environments requires the stars

in a binary to be in close proximity 1. Even with the high-resolution power of HST,

it is hard to resolve the individual stars in such systems. Hence, the binaries are

perceived as single stars of enhanced luminosity, where the observed flux will be

the combination of the fluxes of the companion stars.

Suppose we are observing a binary system where the magnitudes and fluxes of the

companion stars are m1 and m2, and F1 and F2, respectively. Then, the magnitude

of the binary system is:

mbin = m1 − 2.5log(1 +
F2

F1

), (4.1)

where subscripts 1 and 2 denote the primary and secondary stars, respectively,

with the primary star being the more massive component of the binary system.

1This session is taken from Section 4 of Mohandasan et al. (2024).
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FIGURE 4.1: CMD of NGC 1718 zoomed around the upper MS (Mohandasan et al.,

2024). The colored continuous lines are the fiducial lines of binary systems with

different mass ratios, as indicated in the inset. The dashed lines represent the

locus of binaries with primary masses of 1.19, 1.01, and 0.86 solar masses and

mass ratios between 0 and 1.

In a simple stellar population, the fluxes of MS stars depend on stellar mass and

follow a given mass-luminosity relation. Hence, the luminosity of a binary system

depends on the mass ratio between the companion stars:

q =
M2

M1

, (4.2)

where, 0 < q ≤ 1.

As illustrated in Figure 4.1, MS-MS binaries populate the CMD region on the red

and bright side of the MSFL, with equal-mass binaries defining a fiducial line that

is parallel to the MSFL but is shifted by −0.7526 mag in brightness.
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The fiducial lines are derived from the observed MS stars of the cluster NGC 1718,

which is taken as a test case for demonstration. Specifically, we selected the well-

measured candidate MS stars and divided this sample into intervals of 0.5 mag in

the F475W band. The MSFL is derived by linearly interpolating the median colours

and magnitudes of the stars in each bin. The standard deviation of the colours of

stars in each bin, σ, is considered a proxy for the average colour error of the stars

in that bin.

For a fixed mass of the primary star, the binaries with q < 1 distribute on a curved

line between the MSFL and the equal-mass binary fiducial line. Due to obser-

vational errors, it is not possible to disentangle binaries with small mass ratios

from single stars in the observed CMD. The colours and magnitudes of the bina-

ries with different mass ratios are determined with the mass-luminosity relation

provided by the best-fitting isochrones provided by Dotter et al. (2008); Dotter

(2016). The latter is derived by comparing the CMD of each cluster with a grid

of solar-scaled isochrones that account for different ages, metallicities ([Fe/H]),

distance modulus ((m−M)0), and reddening (E(B−V), see Milone et al., 2009, for

details). The distance to the cluster is calculated from (m−M)0. The values of age,

[Fe/H], (m−M)0, and E(B−V) that provide the best match with the observed data

are listed in Table 4.1.

The ages obtained in our work are in agreement, at 1-σ level, with those by Sun

et al. (2018), who compared the observed CMDs with the Padova group’s PARSEC

1.2S isochrones (Bressan et al., 2012). The average age difference is 190 Myr,

which is comparable with the age error of ∼ 200 Myr provided by Sun et al. (2018).

The distance modulus, (m−M)0, derived in our work differ, on average, by 0.18

mag with those from Sun et al. (2018).
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FIGURE 4.2: The figure summarises the method that was used to analyse MS-MS

binaries in NGC 1718 (Mohandasan et al., 2024). Top-left panel: Region A of the

mF475W vs.mF475W −mF814W CMD, which is shaded with light-blue colour. Top-

right panel: Region B, a subsection of Region A, is shaded with pink. Bottom-left:

CMDs of stars in the cluster region. Bottom-centre: Field region. Bottom-right:

Simulated CMD. See text for details.

The method for deriving the fraction of binaries is illustrated in Figure 4.2 in the

case of cluster NGC 1718. We divided the CMD into two regions. The region

A includes all the single stars in the studied luminosity interval and the binary

systems with a primary star in the same magnitude range. It is limited to the left by
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the blueshifted MSFL, which is blueshifted by three times the colour observational

error (σ) is introduced. The right boundary corresponds to the fiducial line of

equal-mass binaries redshifted by three times the colour error. The upper and

lower boundaries are the sequences of binaries where the mass ratio ranges from

zero to one and the primary stars exhibit magnitudes of mF475W = mbright
F475W and

mfaint
F475W, respectively. Here, mbright

F475W and mfaint
F475W, corresponding to masses Mu and

Ml, are the bright and faint limit of the studied luminosity interval. Then, mbright
F475W

is selected such that region A does not intervene with the turnoff region, and

the selected mfaint
F475W assures the completeness of the magnitude range of analysis

remains above 0.5. Region B is the portion of Region A that is predominantly

populated by binaries with q ≥ qmin. The value of qmin is chosen with the criterion

that the fiducial line of binaries with q = qmin is redder than the MSFL shifted by

σ to the red. In Figure 4.2, the MSFL and the fiducial of equal-mass binaries are

represented with red and cyan dot-dashed lines, respectively, in all panels. The

blue dot-dashed and blue-dashed lines mark the left and right colour boundaries

of region A, displaced by three times the colour error from the fiducial and equal

mass binary lines, respectively. Green curves represent the mass limit of analysis,

i.e., binaries with certain primary mass and the mass ratio with secondary mass

ranging between 0 and 1. Orange lines represent the unequal mass binary line,

i.e., binaries with a mass ratio, q = 0.6.

Moreover, to derive the fraction of binaries, we defined two regions in the HST

FoV: 1) The cluster-region that extends from the dense cluster centre to R2f . 2)

Starting from R2f , the field-region stretches to the outermost parts of the HST

FoV. Figure 4.3 demonstrates the cluster-region and field-region in the case of the

cluster ESO057SC075. As an example, the bottom-left and bottom-middle panels

of Figure 4.2 show the CMDs of stars in the cluster-region and the field-region of
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FIGURE 4.3: Spatial distribution of stars in the cluster ESO057SC075. The region

within the red circle is the cluster region and the designated region outside the

blue circle is the field region.

NGC 1718, respectively.

The binary fraction is derived using the Equation 1 of Milone et al. (2012):

F q≥qmin

bin =
NB

cluster −NB
field

NA
cluster −NA

field

−
NB

art

NA
art

. (4.3)

Here, NA
cluster and NB

cluster are the number of stars in the cluster-region, corrected

for completeness (Refer to subsection 4.2.3), in the regions A and B of the CMD,

respectively. NA
field and NB

field are the corresponding number of stars in the field-

region normalised by the ratio between the respective areas of the cluster and field

region (Refer to subsection 4.2.1). NA
art and NB

art are the numbers of artificial stars
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that populate the regions A and B of the CMD. The artificial star binary fraction is

denoted by the term
NB

art

NA
art

of the Equation 4.3. This term accounts for the fraction

of single stars that populate region B of the CMD due to large photometric errors

or chance superposition of their images with other single stars (Refer subsection

4.2.2 for details).

4.2.1 Field star contamination

Contamination of the telescopic images by foreground stars and background galax-

ies is a serious concern in CMD analysis of binaries. Field stars are ideally sepa-

rated using the difference in their proper motion with respect to cluster stars.

Proper motion separation requires observations in two epochs. Given the smaller

distances, such approaches are frequently used in the case of Galactic clusters. In

the case of MC clusters, a good enough proper motion disentanglement requires

observations that are at least a decade apart. Since such data sets are not available

for the clusters under study, we are adopting a statistical subtraction approach.

Within the small HST FoV, we can assume the field star distribution to be uniform

in cluster-region and field-region. The field stars appearing in cluster-region may

contribute to the stars present in regions A and B of the cluster-region CMD. A

CMD is plotted for stars in the field-region as shown in the lower middle panel of

Figure 4.2, and the number of stars in regions A and B is found using the same

method followed for cluster stars. The area of the field-region and cluster-region

need not be the same in the telescopic FoV and a scaling factor is introduced to

account for the said difference in their relative areas. Further, another scaling

is done to account for the reduction in star count due to incompleteness in data

(Refer to subsection 4.2.3). Thus obtained number of field stars in regions A and
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B, denoted by NA
field and NB

field respectively, are subtracted from the observed star

count in region A and B of cluster-region CMD as shown in Equation 4.3.

4.2.2 Scattering correction

Photometric errors and scattering can cause the images of single stars to superim-

pose on each other and thereby approach the magnitude of a binary system. The

amount of such ’chance-superposition binaries’ has to be estimated and omitted

for an accurate binary fraction determination. Since it is hard to discern the real

and blended source in the CMD, a statistical approach using an Artificial star (AS)

set has been adopted (Milone et al., 2012; Anderson et al., 2008).

We performed AS tests to estimate the photometric errors, the level of complete-

ness of our sample, and the fraction of blended sources that contaminate the CMD

region populated by binaries. To do so, we used the method by Anderson et al.

(2008) and Milone et al. (2009). For each cluster, we generated a catalogue of

100,000 ASs with instrumental magnitudes between −4 and −13.7 in the F814W

bands. The colours of each AS are derived from the empirical fiducial line of MS

stars. For the ASs, we adopted the same radial distribution and luminosity func-

tion as the real stars and reduced them using the same PSF model and procedure

adopted for real stars. Moreover, we used the same criteria as for real stars to

select the sample of relatively isolated ASs that are well-fitted by the PSF. Com-

pleteness is derived for each star as in Milone et al. (2009) (see their section 2.2),

by accounting for its magnitude and radial distance from the cluster centre. The

points with large deviations in their initial and final measurements of position and

magnitude in respective filters were also discarded. Subjected to the same reduc-

tion method as real stars, the statistically rich AS set can mimic the behaviour of
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single star images in real data that underwent chance superposition and appeared

as binary.

A CMD is constructed using the reduced ASs within the cluster radius limits, as

demonstrated in the lower right panel in Figure 4.2. The number of ASs appearing

in regions A and B of the AS CMD, NA
art and NB

art respectively, is calculated in the

same way as in cluster star CMD (refer to section 4.2). The chance superposition

binary fraction is obtained by taking the ratio of these two quantities, which is

then subtracted from the field star-corrected binary fraction of the cluster, as in

Equation 4.3.

4.2.3 Completeness correction

For a given resolution power, faint stars have a lower probability of being detected

as separate objects and measured accurately compared to brighter objects. This is

particularly evident in dense regions such as cluster centres or the vicinity of other

bright objects. This effect, pertaining to the data reduction step of the analysis,

causes the star count to be smaller than the actual number. To account for this

reduction in star count, a quantity called the Completeness Ratio, C, is introduced.

Ideally, C has a value of one for bright objects and it reduces to zero with an

increase in crowding and a decrease in stellar luminosity.

C is defined as the ratio between the number of objects that are successfully re-

solved to the number of input objects that are present. Practically, C is calculated

using simulated sources, such as the AS set discussed in the previous section. AS

set is subjected to the same data reduction procedures and selection criteria as real

stars. With ASs, we are also in a unique position of having access to both input and

output files of data reduction, which is quite useful in calculating C. The ASs are
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divided into small magnitude bins of 0.1mag width and the number of stars in each

bin that satisfy certain selection criteria (Milone et al., 2012) is calculated before

and after the data reduction. Completeness is calculated in each magnitude bin

by taking the ratio of the star counts obtained before and after the data reduction.

The measured C in each bin is expressed as a function of the mean magnitude of

the bin. By scaling the observed star count in a certain magnitude range by the

corresponding C, we can obtain the original star count.

Since the cluster stars and field stars belong to different density environments, C

has to be calculated separately for each region. C is calculated within a radius

of R2f for cluster-region and outside a radius of Rf for field-region of analysis.

The variation of C in cluster-region and field-region of NGC1718, as a function of

magnitude, is reported in Figure 4.4. On average, the C is high for lower values of

magnitudes and it reduces significantly for larger values of magnitude, specifically

after a mF475W magnitude of 26.5. In the latter regions, it is evident that the

completeness for field-region stars is higher than cluster-region stars, as the latter

is densely populated.

4.3 Binary fraction in Magellanic Cloud star clusters

Following the procedure described in previous sections, we derived the fraction

of binaries with a mass ratio, q ≥ 0.7 for each of the analysed MC GCs. More-

over, in the clusters where the binaries are better distinguishable from single stars,

namely NGC 1718, NGC 1751, NGC 1783, NGC 1846, NGC 1868, NGC 2203, and

NGC 2213. We also studied binaries with q ≥ 0.6. The results are listed in Ta-

ble 4.2, where we provide the fraction of binaries within the radial distance of

Rhm and the analysed stellar-mass interval, given by the difference between the
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FIGURE 4.4: Completeness value is plotted as a function of magnitude in filter

F475W , for cluster NGC2108. The blue continuous curve denotes the trend for

stars in the field-region and the red curve denotes the one for the cluster-region.

corresponding Mu and Ml values. The binary fraction ranges between ∼ 0.07 in

NGC 1846, to ∼ 0.24, in NGC 2108.

Table 4.2 also provides the fraction of binaries within the core of each cluster,

which has a minimum of 7% in NGC 2203 to a maximum of 24% in NGC2108. For

most clusters, namely ESO057SC075, KMHK0316, NGC1651, NGC1718, NGC1783,

NGC1846, NGC1868, NGC1872, and NGC2213, the core binary fraction is greater

than the one within the half mass radius. This indicates the relative concentration

of binaries in the centre compared to the MS single stars.

The results of 12 out of the 14 analysed clusters are derived using the isochrones

from Dartmouth Stellar Evolution databases 2, which are available for ages greater

than 1 Gyr. In the cases of KMHK 316 and NGC 1872, which are younger than 1

2http://stellar.dartmouth.edu/models/
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Gyr, we used the MIST isochrones 3. To investigate possible systematic errors

in the binary fraction due to the difference in the used isochrone, we calculated

the fraction of binaries in three clusters, of different ages, by using both types of

isochrones. In the ∼ 1 Gyr old cluster NGC 2108, the fraction of binaries within RC

and Rhm that we derived using the Dartmouth and the MIST isochrones differ by

less than 1%, whereas in NGC 1868 (age of ∼1.5 Gyr) and ESO 057SC030 (age of

∼2 Gyr) the fraction of binaries derived from the two sets of isochrones varies by

∼0.6% and ∼0.3%, respectively. Since such differences are much smaller than the

corresponding observational errors, we conclude the results are not significantly

affected by the adopted isochrones.

4.4 Summary

The MS binary fraction in young and intermediate-age MC GCs is successfully

computed within core and half mass radii of the cluster for mass ratios greater

than 0.7, and 0.6 whenever possible. Fraction has been subjected to corrections

for field star contaminations, scattering effects, and incompleteness of the data set.

Within half mass radius and for a mass-ratio greater than 0.7, the fraction ranges

from 7% in NGC1846 to 24% in NGC2108. The fraction increases in the cluster

core for most of the clusters, with a minimum of 7% in NGC 2203 to a maximum

of 24% in NGC2108. The obtained fractions are higher than the results obtained

from a homogeneous study on old and massive Galactic GCs (Milone et al., 2012)

where the minimum was around 1%. Similar studies on young and less massive

Galactic OCs have obtained a maximum fraction of 40% (Cordoni et al., 2022).

3https://waps.cfa.harvard.edu/MIST/
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Properties of binary fraction

The structural and dynamical parameters of the star clusters, such as age, mass,

and dynamical age, can determine the ambient conditions in the cluster. They are

used to determine the average kinetic energy of the members, their interaction

cross-section, collision rates, and mass segregation. Further stellar parameters of

the binary system play a major role in determining the stability of the system and

its interaction with other cluster members, which has ramifications in its neigh-

bourhood. To understand the same, we explore the distribution of binaries with

respect to different stellar and cluster parameters in the analysed MC GCS, as

detailed in the following sections.

5.1 Binary fraction and cluster parameters

Several studies focused on Galactic clusters have explored the dependence of bi-

nary fractions on the physical parameters of the clusters. Sollima et al. (2007)

studied 13 low-density Galactic GCs and found that the relative fraction of binaries

57
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in the core has a dependence on their ages. They propounded that the disruption

process ensuing in the core reduces the binary fraction with time. However, Milone

et al. (2012) did not report any evident relation between binary fraction and age

or relative age for the large sample of 59 old Galactic GCs. Nevertheless, they did

find an anti-correlation between cluster mass and binary fraction. Raghavan et al.

(2010) found a decrease in binarity with age for binaries in solar neighbourhoods,

especially for the ones with higher interaction cross sections, and no dependence

on its metallicity. A statistically robust study of 78 Galactic OCs by Cordoni et al.

(2023) suggests the anti-correlation between binary fraction and cluster mass is a

characteristic of older stellar systems. Sollima et al. (2010) studied five Galactic

GCs and found a similar anti-correlation between binary fraction and mass and

no dependence on cluster age. They suggest the binary disruption process is the

dominant process that drives binary fractions in stellar systems.

In the case of the analysed MC GCs, the binary fraction exhibits no significant

correlations with cluster age and metallicity, as shown in the left and right panels

of Figure 5.1. This conclusion is supported by Spearman’s rank correlation coef-

ficients of 0.2 and -0.2, respectively. Similarly, there was no correlation between

binary fraction and other cluster parameters such as mass, density, or concentra-

tion. However, the distribution of binary fractions with the dynamical age of the

clusters shows some interesting patterns. As demonstrated in Figure 5.2, some

clusters show a linear anti-correlation in their binary fraction with dynamical age.

These clusters, ESO057SC075, KMHK316, NGC1751, NGC1868, NGC2108, and

NGC2213 are clusters with lower masses in the data set, from ∼ 104 to 4 × 104,

as evident from the colour coding of the points with respect to the cluster mass,

while massive clusters appear to have a binary fraction less than 0.15. There is a

decrease in binary fraction in low mass clusters with each mean revolution time,
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FIGURE 5.1: Binary fraction and cluster parameters. Fraction of binaries with

q≥0.7 and within the Rhm of the cluster is plotted against the age (left panel) and

iron abundance (right panel) of the host cluster Mohandasan et al. (2024).

indicating the progress of binary disruption interactions.

5.2 Binary fraction and the mass of the primary star

To investigate the binary fraction in different intervals of primary-star mass, we

divided the studied magnitude interval into five magnitude bins of equal width

1. NGC 1846 and NGC 1872 are remarkable exceptions where we only used four

bins as the magnitude intervals were smaller. To infer the masses of the stars in

a magnitude bin, we used the mass-luminosity relations inferred from the best-

fitting isochrones. We estimated the fraction of binaries with q ≥ 0.7 and r ≤ Rhm

1The following extract is taken from Section 5.1 of Mohandasan et al. (2024).
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FIGURE 5.2: Variation of binary fraction and dynamical age of the cluster. The

points are colour-coded according to the mass of the cluster on a logarithmic scale.

in each bin and plotted this quantity as a function of the mean mass of the primary

stars in that bin, as illustrated in Figure 5.3 and Figure 5.5. A visual inspection of

this figure suggests that the behaviour of F q≥0.7
bin,Rhm

as a function of the stellar mass

varies from cluster to cluster.

Furthermore, for each cluster, we derived the χ2 value with respect to the average

binary fraction, and the corresponding P − value, which indicates the deviation

from a flat distribution. We calculated the χ2 values according to the relation,

χ2 =
∑N

0 (((Y − Ȳ )2)/N). The latter is estimated using 1,000 Monte Carlo simula-

tions. In each simulation, we assumed a flat binary fraction corresponding to the

observed average binary fraction and the same number of stars as in the observed

CMD. The P −value is defined as the fraction of simulations with χ2 values greater
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FIGURE 5.3: Binary fraction distribution with mass of the primary star. The frac-

tion of binaries with a mass ratio greater than 0.7 and within the half-mass radius

of the cluster is plotted against the mass of the primary star. Horizontal bars de-

note the extent of each mass bin.
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FIGURE 5.4: Continuation from Figure 5.3.
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FIGURE 5.5: Mass distribution of binaries. The figure demonstrates the variation

of binary fractions with mass ratios larger than 0.7 as a function of the mass of

the primary star, for all the studied Magellanic Cloud clusters. The binary fraction

is normalised to the average binary fraction in each mass bin (Mohandasan et al.,

2024).

than the observed χ2. The χ2 and P − values are listed in Table 5.1.

Various clusters manifest a trend very close to flat distribution, as evident in

NGC1806 (P − value ∼1). Conversely, NGC2108 (P − value of ∼0) shows a

decrease in the binary fraction with increasing mass of the primary star.

To further compare the results from the different clusters, we calculated the aver-

age binary fraction (F
q≥0.7

bin,Rhm
) in the different mass bins and plotted the F q≥0.7

bin,Rhm
/F

q≥0.7

bin,Rhm

ratio as a function of the mean mass of the primary stars in a particular bin. The

results obtained from combining the distributions from all the analysed clusters

are plotted in Figure 5.5, where we observe that the general trend is that of a flat

distribution with a Spearman’s rank correlation coefficient of −0.1. The obtained



Chapter V. Properties of binary fraction 65

trend is in agreement with the results obtained from homogeneous studies on 59

old and massive Galactic GCs (Milone et al., 2012) and 78 young and less massive

Galactic OCs (Cordoni et al., 2023).

5.3 Relations between the binary fraction and the

mass ratio

FIGURE 5.6: mF475W vs.mF475W −mF814W CMD of NGC 1718. Different unequal

mass fiducial lines used to derive the fraction of binaries in different mass-ratio

bins are denoted in the figure. See the text for details.

There are several studies on the mass-ratio distribution of binaries, many of them

with contradictory results. Through a statistically robust study on 59 old and

massive Galactic GCs, Milone et al. (2012) found a flat mass-ratio distribution

for MS binaries. A homogeneous study on 78 young and less massive OCs also
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FIGURE 5.7: Binary fraction and mass ratio parameter. The frequency of binaries

is plotted as a function of the mass ratio. The horizontal bars mark the mass-ratio

intervals corresponding to each point.
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FIGURE 5.8: Continuation from Figure 5.7.
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arrived at a flat mass ratio distribution. However, Jadhav et al. (2021) claims

the mass-ratio distribution is unlikely to be flat in OCs. Based on Hipparcos data,

Raghavan et al. (2010) found a preference for equal mass binaries in a data set

of solar-type stars in the solar neighbourhood. Duquennoy and Mayor (1991)

also reported an increase in binary fraction with a decrease in mass-ratio for G-

dwarf stars in the solar neighbourhood. Moe and Di Stefano (2017) claimed that

the mass-ratio distribution is a function of the period of the binary system. The

dynamics of binaries are influenced by their mass and interaction cross-section,

which is related to their period. They categorised mass ratio distribution in the

studied O-type to B-type binaries into three categories depending on their period

ranges.

To constrain the relation between binary population and mass ratio, we calculated

the binary fraction in different mass ratio bins and with r ≤ Rhm
2. The q-intervals

are selected within region B of the CMD with a prerequisite that the strips formed

by the different q-loci should occupy the same area in the CMD. Therefore, we have

selected loci of q values 0.6, 0.685, 0.755, 0.833, and 1. Though the subsequent

q values are not in equal increments, they form equal-area strips in the CMD as

shown in Figure 5.6.

We calculated the fraction of binaries in each mass ratio interval and derived the

equivalent binary fraction,

Vbin =
Fbin

∆q
, (5.1)

where Fbin is the fraction of binaries in a given mass ratio interval, ∆q.

The values of Vbin,Rhm
are plotted against q, as shown in Figure 5.7 and Figure 5.8.

The corresponding χ2 and P − values are provided in Table 5.1. We note that

2This section is taken from Section 5.2 of Mohandasan et al. (2024).
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some clusters such as NGC1718, NGC2203, and NGC2213 (all with P − value =

0) manifest an increase in the frequency of binaries with higher mass ratios, while

others, such as NGC 1651 (P − value ≥ 0.5) and NGC1846 (P − value ∼ 0.5),

exhibit a nearly flat distribution.

FIGURE 5.9: Frequency of binaries as a function of the mass-ratio for all the

studied clusters (Mohandasan et al., 2024).

By combining the distributions from all clusters, Figure 5.9 investigates the overall

trend between binary fraction and mass ratio in the analysed MC GCs. To properly

compare the different clusters, we have normalised the fraction of binaries by its

average value. The distribution is nearly flat with a Spearman’s rank correlation

coefficient of +0.4.
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5.4 Chromosome map of binaries

To obtain the complete binary fraction and distribution with respect to mass-ratio

parameters in star clusters, it is imperative to know the number of binaries be-

longing to every mass ratio range, from 0 to 1. However, we are limited to higher

mass-ratio binaries because of photometric uncertainties. The CMDs used for bi-

nary analysis in this study are constructed using the optical filters available in

HST. The locus binaries with q > 0.7 are found to be well separated in these opti-

cal CMDs and were used for the study. As evident in Figure 5.6, more than 60% of

the area between the MSFL and the equal mass binary line is occupied by binaries

with q > 0.5. Hence, the loci of binaries with lower q values are congested together

and appear in the vicinity of MSFL. The photometric error present in the magni-

tude estimation of stars in MSFL put an additional uncertainty in the estimation of

the fraction of lower q binaries.

Properties of CMDs show variations depending on the filters used to construct

them. Even though optical CMDs show crowding of lower q binaries, CMDs con-

structed with ultraviolet or infrared filters are found to show different degrees of

crowding in these areas. By tuning the contribution from ultraviolet, optical, and

infrared filters in the colour and magnitude axes, the crowding around different q

ranges in the CMD can be controlled and mitigated.

We have simulated the CMD of NGC2213 in the JWST filter and have investigated

the colour error compared to the observation error, as demonstrated in the right

panel of Figure 5.10. To investigate binaries with low qs, we need to limit the

observational error in such a way that the CMDs are sharp enough to distinguish

single stars from the lowest q binaries. The optical and UV filters aboard HST are

not specific to low mass stars and the high observational error makes it impossible
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FIGURE 5.10: The plot shows the main sequence part of the colour-magnitude di-

agram of the cluster NGC2213. The left and right panels show the CMD with HST,

and the simulated CMD with JWST, respectively. Zoom-in images of a 0.2 mag

window show the colour separation between q = 0 and q = 0.2 lines (denoted in

a black horizontal line) and the associated observational error (σ, denoted in a

grey horizontal line) for a certain mass range as denoted in the figure.
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FIGURE 5.11: Chromosome map for binaries constructed using a F814 v/s

(F110W-F160W) CMD and F814W v/s (F606W-F814W) CMD of the NGC1783.

The Loci of binaries with different qs are colour-coded as denoted in the figure.

to separate low q binaries from single stars. In the HST-based mF814W v/s mF475W

- mF814W CMD of cluster NGC2213, the observational error is a staggering 9 times

the colour difference between the locus of binaries with q = 0.2 and single star

MSFL denoted by the q = 0 line (refer to the left panel of Figure 5.10). We have

simulated the CMD in JWST/NIRCam filters, as shown in the right panel of Figure

5.10. The observational error is 1/4th of the colour difference between MSFL and

the binary locus with q = 0.2. This is a 36-fold improvement which will potentially

help us to explore low q binaries, and further help in obtaining the complete q

distribution of binaries.
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To better disentangle binaries belonging to different q loci, we have constructed

a plot similar to the Chromosome map, a popular analysis method to characterise

multiple populations in star clusters. We followed the recipe prescribed by Milone

et al. (2017) to construct the Chromosome maps. The adopted procedure can be

summarised as follows. Two CMDs, with the same magnitude axes and different

colour axes, are generated for the same cluster. A filter combination for each of

these two CMDs is selected such that we obtain better separation of binaries be-

longing to different q ranges. Each target q locus in each of the CMDs is subjected

to verticalisation with 2 reference lines, for example, q = 0 and q = 1 loci. The

colour difference of the target q locus is calculated in each CMD with respect to

the respective reference lines. Thus obtained colour difference from each CMD is

plotted against each other to create the Chromosome maps.

Figure5.11 shows a Chromosome map constructed using best-fitting isochrones of

the cluster NGC1783. Double normalisation has been performed here to increase

the separation of different q loci. The first normalisation is done with q = 0 and

q = 0.5 as the reference lines while the subsequent verticalisation is done with

q = 0.5 and q = 1 as the reference lines. The loci of different mass ratio binaries are

denoted with different colours in the figure and they appear to be well separated

to facilitate an accurate calculation of their fraction.

Chromosome map of binaries helps in (i) studying binaries of lower q values and

(ii) optimising the separation of larger q loci. Multiple verticalisation procedures

and multi-wavelength analysis offer a holistic approach to control the separation

between different q loci. By incorporating the lower q binary fractions, we can

approach the complete binary fraction and attain a comprehensive view of the

mass-ratio distribution of binaries in star clusters.
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5.5 The radial distribution of binaries

The radial distribution of binaries is the result of various processes leading to

the formation, migration, and evaporation of binaries. The environmental condi-

tions in different radial ranges are different which changes the amount of binaries

present there. Dense cluster cores witness higher interaction rates, including colli-

sion, which accelerates the binary disruptions processes there compared to cluster

outskirts. On the other hand, mass segregation builds up the concentration of

binaries in the core.

The radial distribution of BSSs has been found useful in the context of a ’dynamical

clock’ to date the dynamical history of the host stellar system (Ferraro et al., 2012).

Li et al. (2013) found the radial distribution of binaries in two chronologically co-

eval clusters in LMC, NGC1818, and NGC1805 of age ∼ 30Myr, to have different

radial distributions. Different dynamical ages were advocated to explain the ob-

served difference. Similarly, MS binaries population in non-relaxed systems such

as the Galactic GC NGC6101 shows no evidence of mass segregation (Dalessandro

et al., 2015).

Lanzoni et al. (2016) claim the radial distribution of the binary system in clusters

can be generalised to bimodal where the position of the is associated with the

dynamical stage of evolution (Dalessandro et al., 2011; Beccari et al., 2013). A

study using detailed N-body modelling by Geller et al. (2013) supports this claim.

They find that in the very early phase of cluster evolution, just a few Myr from

the formation, a bimodal radial distribution of binaries can be observed and the

minima between the two peaks progressively move to larger radial values until

it reaches cluster outskirts and the distribution becomes unimodal with a single

central peak.
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The following section details our investigation of the radial distribution of MC GCs

and their potential dynamical significance.

The radial distribution of binaries is examined by dividing the cluster region within

the radial distance of R2f into five annuli, each with an equal number of MS stars

3. The binary fraction in each annulus is calculated using the procedure mentioned

in Chapter 4 and is plotted as a function of the mean radial distance of the stars

in that annulus from the cluster centre, as in Figure 5.12 and Figure 5.13. The

corresponding χ2 and P − values are reported in Table 5.1.

We find that in some clusters, such as ESO057SC075 and NGC 1868, which are

the studied clusters with a higher dynamical age of 7 and 10 respectively, the

binaries are centrally concentrated. However, the binaries of other clusters, in-

cluding NGC 1751 and NGC 2108, show a flat distribution with P − values ∼ 1

whereas NGC1872 shows hints of a secondary peak.

The radial distribution of binaries from all the clusters is combined, as shown in the

left panel of Figure 5.14, where we normalise the fraction of binaries to the fraction

of binaries in the core and express the radial distance in the units of the core radius.

We do not find evidence for a correlation between the fraction of binaries and the

radial distance from the cluster centre, as denoted by the correlation rank of −0.3.

However, when we separate the clusters into two groups with ages either smaller

or greater than five times their half-mass relaxation time, trh (middle and right

panels of Figure 5.14, respectively), a pattern emerges. With a correlation rank of

-0.6, most dynamically old clusters exhibit some hints of binary segregation into

the centre, while the dynamically younger ones exhibit a flat distribution with a

correlation rank of 0.

3This extract is taken from Section 5.3 of Mohandasan et al. (2024).
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FIGURE 5.12: Radial distribution of binaries in Magellanic Cloud star clusters.

The core radii of the studied clusters are denoted with a dotted pink line.
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FIGURE 5.13: Continuation from Figure 5.12.
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5.6 Comparison with Galactic clusters

Galactic and extra-galactic clusters provide different environmental conditions

such as density and concentration. The stellar populations in them, including

binaries, are expected to reflect such differences. Binaries in Galactic clusters,

both OCs (Cordoni et al., 2023; Jadhav et al., 2021) and GCs (Milone et al., 2012,

2016; Sollima et al., 2007), are extensively studied in this context. Galactic GCs

are predominantly old and massive, whereas Galactic OCs have a large number of

young and less massive clusters.

To compare the binary fractions of MC star clusters and Galactic open and globular

clusters, we combined the results of this work with results from the literature

where binaries were analysed homogeneously 4. The results are illustrated in

Figure 5.15 which compares the core binary fraction with q ≥ 0.7 derived in this

paper (purple dots) and those measured in Galactic GCs (green dots, Milone et al.,

2012, 2016) and Galactic OCs (pink dots, Cordoni et al., 2023). The left panel of

Figure 5.15 shows the fraction of binary as a function of the cluster mass in the

logarithmic scale. We used mass and trh values for Galactic GCs from Baumgardt

and Hilker (2018), except for NGC 6637, NGC 6652, NGC 6981, and Palomar 1,

for which the adopted values come from McLaughlin and van der Marel (2005).

The MC star clusters studied in our paper span a mass interval between 104 and

105 M⊙, which are poorly populated by the clusters studied in the previous works.

Considering all clusters together, we find an anti-correlation between the binary

fraction in the core and the cluster mass. This observation is supported by theoret-

ical models by Sollima (2008) where they suggest the energy and rate of collisions

in the core increases with the mass of the cluster which in turn accelerates the

4This section is taken from section 5.5 of Mohandasan et al. (2024).
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binary disruption processes there. However, for a fixed cluster mass, the binary

fraction spans a wide range of values. In particular, the MC clusters studied in this

paper exhibit a larger fraction of binaries than the bulk of Galactic GCs with similar

masses. Conversely, as shown in the middle and right panel of Figure 5.15, there

is no evidence of a correlation between the fraction of binaries and the cluster age

or the ratio between cluster age and trh.

5.7 Summary

I have investigated binary fractions in young and intermediate-age MC star clusters

as a function of different cluster and stellar parameters. The obtained results were

compared to the homogeneous studies on Galactic OCs and GCs. The main results

are as follows,

• Binary fraction did not show any strong correlation with cluster parameters

such as chronological age, dynamical age, metallicity, mass, density, or con-

centration. However, a small number of clusters show a decrease in binary

fraction with an increase in cluster mass and dynamical age. An increase

in binary disruption processes with the increase in cluster mass has been

predicted by theoretical models (Sollima, 2008).

• The mass distribution of binaries appears to be flat. The result is in agree-

ment with the results from homogeneous studies on Galactic GCS (Milone

et al., 2012) and OCs (Cordoni et al., 2023).
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• Distribution of binaries with respect to the mass ratio of the systems did not

show any strong correlation. The results are in agreement with the homoge-

neous studies on Galactic OCs (Cordoni et al., 2022) and Gcs (Milone et al.,

2012).

• An innovative method titled ’Chromosome map of binaries’ has been intro-

duced to analyse binaries of different mass-ratio. This method appears quite

promising to optimise the seperation between different mass-ratio and is

quite advantageous for studying lower mass-ratio binaries which are hard

to disentangle otherwise.

• The radial distribution shows two kinds of patterns.

(i) The dynamically older clusters, with an age greater than five times their

trh, show a concentration of binaries towards the centre. Similar central

concentrations of binaries have been observed in a homogeneous study of

old Galactic GCs by Milone et al. (2012).

(ii) Dynamically younger clusters, with an age less than five times their trh,

show no correlation between binary fraction and radial distance. Studies

on Galactic OCs have reported different radial distributions for clusters of

different ages (Cordoni et al., 2023).

We have combined the results obtained in the case of MC GCs with homogeneous

studies on Galactic clusters (Milone et al., 2012; Cordoni et al., 2022) which en-

abled us to increase the cluster parameter range of MS binary fraction investi-

gation. We find a decrease in binary fraction with an increase in cluster mass

as predicted by theoretical models (Sollima, 2008). However, for a fixed cluster

mass, the binary fraction spans a wide range of values. Additionally, we did not

find any connection between the observed binary fraction in the core and either

the chronological or dynamical age of the cluster.
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Chapter 6

Blue straggler stars

6.1 The interesting case of blue straggler stars

Blue straggler stars were first discovered in the CMD of Galactic GC M3 by Allen

Sandage (Sandage, 1953). The occurrence of such bright and massive stars in old

systems like GCs is quite puzzling. Their existence is at odds with single stellar

evolution models as such a massive object should have exhausted its nuclear fuel

and evolved long ago to become a white dwarf. However, BSSs were identified and

studied later in different stellar systems such as GCs (e.g., Piotto et al., 2004), OCs

(e.g., Chen and Han, 2008), dwarf galaxies (e.g., Salinas et al., 2012), galactic

field region (e.g., Preston and Sneden, 2000)), MC (e.g., Sun et al., 2018; Li and

Hong, 2018). Gaia and other modern astrometric and photometric surveys have

led to a significant rise in the detection of BSSs (Li et al., 2023). It is now widely

accepted that BSSs are commonly observed in star clusters older than 1 Gyr.

BSSs represent a population of rejuvenated stars formed through the evolution

of old stellar populations in star clusters. BSSs are younger and hotter than the

83



Chapter V. Blue straggler stars 84

FIGURE 6.1: Blue straggler stars identified in the Hertzsprung-Russel diagram of

Galactic globular cluster M3 (Ferraro et al., 2020).

normal cluster members and have masses up to twice that of turn-off stars (Li

and Hong, 2018; Fiorentino et al., 2014). Radial distribution of BSSs was found

to carry dynamical implications regarding the star cluster (Stryker, 1993; Ferraro

et al., 2009). In the CMD of a cluster, BSSs populate a region in the upper and

bluer side of the MSTO and appear as an extension of the MS stars, as shown in

Figure 6.1 (Ferraro et al., 1999b). Two main, non-exclusive formation scenarios

have been identified to unravel the mystery regarding their formation; (i) colli-

sional stellar mergers (Hills and Day, 1976) and (ii) mass transfer in a binary

system (McCrea, 1964). The discovery of a double BSS sequence in the CMD of

a candidate post-core collapse GC (refer to Figure 6.2) and the subsequent impli-

cation that each of these sequences is linked to one of the two major formation

channels (Ferraro et al., 2009; Cadelano et al., 2022) make the photometric ven-

tures into BSSs further compelling.
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FIGURE 6.2: Double sequence of blue straggler stars observed in the colour-

magnitude diagram of Galactic globular cluster M30 (Ferraro et al., 2009).

6.1.1 Blue straggler stars: Formation scenarios

Binary mass transfer (McCrea, 1964) and direct stellar collisions (Hills and Day,

1976) are identified as competing evolutionary scenarios leading to the formation

of BSSs in star clusters (refer to Figure 6.3). The temperature and luminosity

spread of the BSS population observed in the CMD is mapped to the mass transfer

process in primordial binaries, which is present irrespective of the environment.

However, the detection of a double sequence of BSSs supports the co-existence of

mass transfer and collisional formation scenarios. Core collapse triggers the forma-

tion of BSSs through binary and collisional channels. The observed distribution of

BSSs in CMDs can be reproduced through collisional models of MS binaries (Sills

et al., 2009) and binary mass transfer models (Jiang et al., 2017). Observational

pieces of evidence can be a deciding factor in determining the relative importance

of these processes.

Many of the observational studies on Galactic BSSs have been produced in recent
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FIGURE 6.3: Artistic illustration of blue straggler star formation through (Top

panel) binary mass transfer channel and (Bottom panel) stellar collision channel

(Ferraro et al., 2020).

years and some of them have conflicting conclusions. Ferraro et al. (2003) stud-

ied central regions of six Galactic GCs of varying densities and metallicity in the

context of the BSS population. They found good agreement between the observed

number of BSSs and the predicted number through collisional models. Piotto et al.

(2004) studied BSSs in 56 Galactic GCs and did not find any statistically signifi-

cant relation between BSS frequency and the collision rate. However, they found

an anti-correlation between the relative frequency of BSSs and the total absolute

luminosity. On the other hand, Andronov et al. (2006) suggests the predicted num-

ber of BSS from MS mergers is comparable to the observed number in GCs. They

also claim such mergers are responsible for at least one-third of the BSSs in OCs

and found agreement between the observed number of BSSs and the estimated

MS merger rates in the OC M67. Knigge et al. (2009) found a sub-linear relation

between the BSS number in the cluster core of GCs and the core mass. Binary
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fraction is also found to be dependent on core mass in Galactic GCs (Milone et al.,

2012), suggesting the dominance of binary interaction in BSS production. Mapelli

et al. (2006) inferred that the dominant formation channel can be a function of

spatial distribution, especially in clusters with a significant radial gradient of den-

sity. By studying the radial distribution of BSSs in 4 GCs and comparing them

with numerical simulations, they surmise that the BSSs found near the cluster

core most likely formed through collisional interactions while those in the out-

skirts almost exclusively formed from mass transfer in primordial binaries. Since

the ecology of formation holds immense importance in the preferred formation

scenario, studying BSSs from different environments is crucial to constrain their

formation scenarios.

6.1.2 Blue straggler stars in Magellanic Cloud star clusters

Most of the studies on BSSs were focused on Galactic clusters. They offer better

photometry with low-field contamination. However, most Galactic clusters are old

and massive. For a better understanding of the formation scenarios of BSSs, we

need to increase the sample size and include clusters with different ages and evo-

lutionary stages. The star clusters in the LMC and SMC are suitable for achieving

this objective as they are the only systems that contain clusters at all stages of evo-

lution while being close enough to study the resolved stellar populations in them.

Unlike the Galactic clusters, clusters in MC span a wide range of ages and densities

(McLaughlin and van der Marel, 2005; Mackey and Gilmore, 2003). They have

lower density and hence a lower probability for collisional interactions compared

to that of the MW clusters.
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The studies on BSSs in extragalactic clusters are limited in number (Li and Hong,

2018; Li et al., 2018a). Sun et al. (2018) studied the BSS population in 24 MC GCs

and compared it with collision rates and mass of the core. They found a correlation

between the mass of the core and the number of BSSs in the core. The mass-

normalised number of BSSs depends only weakly (or perhaps not at all) on the

collision rate, implying that the binary-driven BSS formation channel dominates.

Li et al. (2019) studied the radial distribution of BSSs in 7 MC GCs in the contest

of the dynamical clock framework proposed for the Galactic clusters. They did not

find a strong agreement between dynamical age and radial distribution of BSSs.

Additionally, Li and Hong (2018) found no mass segregation in the LMC cluster

NGC2213 compared to the giant stars, though it was dynamically old. Through

numerical simulations, they argue that the disagreement between the dynamical

age and the radial profile of BSSs can be attributed to the presence of potential

black holes or binary disruption processes present in the clusters which delay mass

segregation. A robust conclusion requires further observational studies on the BSS

populations in MC star clusters.

6.2 Blue straggler star fraction

The CMDs of the analysed 14 MC star clusters have a sequence of stars in the blue

and brighter side of the MSTO 1. This region of the CMD is populated by the BSSs,

whose origins are traditionally associated with stellar mergers or the evolution

of binary stars (e.g. Sun et al., 2018, and references therein). However, recent

works argue that the sequences of blue stars observed in some intermediate-age

LMC star clusters correspond to young stellar populations that emerged from the

1This session discusses the results from session 5.4 of Mohandasan et al. (2024).
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FIGURE 6.4: Figure demonstrates the procedure to derive the blue straggler star

fraction in the upper MS region of the mF814W vs.mF475W − mF814W CMD of

NGC 2213 for stars in the (left panel) cluster region and (right panel) field region

(Mohandasan et al., 2024). The pink-shaded areas mark region A1 which is pop-

ulated by MS stars, while region B1 hosts the candidate blue straggler stars which

are marked with azure dots. The azure solid and dotted lines denote the bound-

aries of region B1. See the text for details.

merging events in the MC (Li et al., 2016; Hong et al., 2017; Hammer et al., 2021).

Understanding the origin of these stars is beyond the purposes of our study. Here,

we focus on determining some of their observational properties.

To derive the fraction of candidate BSSs in each cluster, we defined two regions in

their CMD, namely A1 and B1, as illustrated in Figure 6.4 for the cluster NGC 2213.

The A1 region (pink-shaded area) hosts MS stars. It is similar to the region A of the

CMD introduced in Chapter 4, but spans an interval of one magnitude in the filter



Chapter V. Blue straggler stars 90

F814W along the magnitude axes. The B1 region corresponds to the portion of the

CMD that hosts the candidate BSSs and is limited by the azure solid and dotted

lines. The continuous azure line corresponds to the MSFL shifted by four times

σ to the blue side, where σ is the colour uncertainty associated with MSFL. The

vertical azure dotted line has the same colour as the MSTO, whereas the horizontal

azure dotted line is 0.25 mag fainter than the brightest limit of region A1.

The fraction of candidate BSSs is defined as,

FBSS =
NB1

cluster −NB1
field

NA1
cluster −NA1

field

, (6.1)

where NA1
cluster and NB1

cluster are the numbers of stars in the regions A1 and B1 of the

cluster-region CMD obtained after giving correction for completeness. NA1
field and

NB1
field are the corresponding quantities for the field-region CMD that have been

normalised by the ratio between the areas of cluster-region and the field-region,

as explained in Chapter 4.

The BSS fraction obtained for the analysed clusters is listed in Table 6.1. The

fraction of candidate BSSs within the half-mass radius of the cluster ranges from

a minimum of 0.1%, in the cluster NGC 2108, to a maximum of 2% in clusters

NGC 1806 and NGC2213. The fraction in the core is higher than FBSS,Rhm
and

it ranges from a minimum of 0.1% in clusters NGC1872 and NGC2108 up to a

maximum of 4% in cluster NGC2213. NGC2213, the cluster with the highest

fraction, is one of the dynamically old clusters in the list with an age of more

than eight times its trh, while NGC2108, the cluster with the lowest fraction, is

one of the dynamically young clusters in the list, with an age of three times its trh.

Figure 6.5 reveals the lack of correlation between the fraction of candidate BSSs

in the core and the cluster age or metallicity, as expressed by Spearman’s rank
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FIGURE 6.5: BSS fraction and cluster parameters (Mohandasan et al., 2024). The

fraction of candidate Blue straggler stars in the core is plotted as a function of (left

panel) cluster age and (right panel) iron abundance.

correlation coefficients of 0.3 and −0.3, respectively. The BSS fraction showed a

correlation rank of 0.1 and -0.1 with the dynamical age and mass of the clusters, as

demonstrated respectively in the left and right panels of Figure 6.6. Nevertheless,

we confirm that clusters younger than ∼ 1 Gyr are unlikely to host BSSs (Rain

et al., 2021; Cordoni et al., 2023). Also, we did not observe any double-sequence

in the distribution of BSSs as expected for the analysed pre-core collapse clusters.

However, recent studies have documented the existence of bi-sequences of BSSs

in a young LMC cluster NGC 2173 of age 1.58 Gyr (Li et al., 2018b). While this

finding remains contentious (Dalessandro et al., 2019), additional proper-motion-

based analysis is required to ascertain cluster membership of the stars forming the

sequence.
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FIGURE 6.6: The relation between blue straggler star friction with (left panel)

dynamical age and (right panel) mass of the cluster.

6.3 Blue straggler stars and MS binaries

Mass transfer in a binary and coalescence of companion stars in a binary±binary

or binary±single star systems are competing scenarios of BSS formation (Chen and

Han, 2008). Therefore, the amount of BSSs is expected to be correlated with

the number of MS binaries in a cluster. The fraction of BSSs was found to show

a strong correlation with the fraction of binaries in the case of old Galactic GCs

(Milone et al., 2012; Sollima et al., 2008). Figure 6.7 demonstrates the correlation

obtained between the core MS binary fraction with q ≥ 0.5 and the number of BSSs

normalised to a luminosity standard. With Spearman’s rank correlation coefficient

of ∼ 0.9, the BSSs in these old clusters are expected to have an evolutionary link

with MS binaries in them.

The BSS fraction in the MC GCs under study is explored as a function of the MS

binary fraction in them. Figure 6.8 shows the variation of the BSS fraction as

a function of the binary fraction with q ≥ 0.7, within the half-mass radius of
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FIGURE 6.7: The relation between the normalised number of blue straggler stars

and binary fraction in old Galactic globular clusters (Milone et al., 2012). Spear-

man’s rank of the relation is denoted in the figure.

the cluster. There is no evidence of a correlation between the BSS fraction and

MS binary fraction in these young and intermediate age clusters. This lack of

correlation is similar to what has been observed in the case of young Galactic OCs,

as reported by Cordoni et al. (2023). Figure 6.9 demonstrates the variation of the

BSS fraction in them with MS binary fraction.

Figure 6.8 shows that the clusters with higher density are distributed around a

vertical strip centred at a binary fraction of 0.1. Whereas the lower-density clusters

are spread out along a line with an obtuse angle with the horizontal direction.

Higher and lower-density clusters are found to populate different regions in young

Galactic clusters as well, as demonstrated in Figure 6.9.
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FIGURE 6.8: Fraction of candidate blue straggler stars as a function of the fraction

of binaries with mass ratio, q≥ 0.7 in Magellanic Cloud star clusters (Mohandasan

et al., 2024). The clusters are colour-coded based on their density, as indicated in

the colour bar.

6.4 Cluster dynamics and A+ Parameter

BSSs have an average mass of ∼ 1.2 - 1.5 M⊙ which is quite high for an average

GC member (Sollima, 2008). In a dynamically active system such as GC, they

are prone to dynamical friction which is an effect that sinks objects with above-

average masses towards the centre of the gravitational potential. This gravitational

sedimentation has a stronger and more immediate effect on the objects near the

centre. However, eventually, the effect spreads to the whole radial range of the

cluster (Ferraro et al., 2009; Lanzoni et al., 2016). The extent of this mass seg-

regation, which is visible from the radial distribution of massive objects such as

BSSs, is closely linked with the dynamic evolution of the cluster (Ferraro et al.,

2009).
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FIGURE 6.9: The variation of blue straggler fraction and binary fraction in young

Galactic open clusters (Cordoni et al., 2023). The points are colour-coded de-

pending on their density range.

FIGURE 6.10: Radial distribution of blue straggler stars in (left panel) young and

(right panel) old clusters (Ferraro et al., 2012).

6.4.1 Dynamical implications of radial distribution of blue strag-

gler stars

The radial distribution of BSSs is expected to be flat in dynamically young clusters

with ages less than their trh. Dynamic friction has not influenced the stars in these

young systems. Eventually, when the dynamic sinking has affected the vicinity of
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FIGURE 6.11: Radial distribution of blue straggler stars in intermediate-age clus-

ters (Ferraro et al., 2012). rmin denotes the position of the dip.

the cluster centre but not the outskirts, a bimodal distribution starts to emerge.

Clusters with an age in between trh and 5 × trh are expected to demonstrate such

a radial behaviour (Dalessandro et al., 2008). In dynamically old clusters with

an age greater than 5 × trh, the mass segregation has influenced the whole radial

range of the cluster and the radial distribution of BSSs is expected to have a peak

in the centre followed by a monotonous decrease. Besides BSSs, massive systems

such as binaries are also found to follow a similar radial profile for clusters in

different evolutionary stages, as shown with detailed N-body simulations in the

case of LMC cluster NGC1818 in Geller et al. (2013).

Dynamically old Galactic clusters are found to have a higher concentration of BSSs



Chapter V. Blue straggler stars 98

in their core (refer to the right panel of Figure 6.10). Ferraro et al. (1999b) ob-

served one of the most numerous and mass-segregated populations of BSSs in the

old Galactic GC M80. Many of them are expected to be formed from collisional

interactions which also is expected to put off the impending core collapse in such

dense systems. MS binaries and BSS populations in non-relaxed systems such as

the Galactic GC NGC6101 show no evidence of mass segregation (Dalessandro

et al., 2015). The left panel of Figure 6.10 shows the flat distribution observed in

dynamically young clusters. Many intermediate-age clusters, such as Hodge 11,

are found to host bimodal distribution of BSS fraction (Li et al., 2013). Figure

6.11 demonstrates the radial profile of BSSs in different intermediate-age clusters

along with the position of the dip between the two peaks. Bimodal distribution

has been proposed as a general template of BSS radial distribution (Dalessandro

et al., 2008). The position of the dip progressively moves from the cluster centre

to the outskirts, changing the radial profile from flat to one with a central peak.

Hence, the position of the dip has been associated with the dynamical age of the

cluster (Ferraro et al., 2012).

Though observed in a large number of clusters, bimodal distribution is unstable in

predictions made using analytical models and N-body simulations (Miocchi et al.,

2015). Categorising BSS radial distribution into three major dynamical phases is

found to be subjective at times, especially in systems with a low number of BSSs.

Field contamination and other artefacts pose further hurdles to an accurate deter-

mination (Dalessandro et al., 2019). A+ parameter-based categorisation offers a

statistically robust estimation of the relative segregation of BSSs.
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FIGURE 6.12: The normalised radial distribution of blue straggler star fraction in

the case of the cluster NGC2213.

6.4.2 A+ parameter

With the help of N-body simulations, Alessandrini et al. (2016) introduced a quan-

tity called A+ as a measure of relative segregation of BSSs in a cluster. It is defined

as the difference between the cumulative distribution of BSSs and that of a lighter

stellar population. They argue that the time evolution of A+ is a better measure

of the dynamical evolution of the stellar system compared to the normal radial

profile of BSSs. A dynamically young cluster with no effective mass segregation

is expected to have an A+ closer to 0. With the progress in mass segregation, the

value of A+ increases (Lanzoni et al., 2016).
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FIGURE 6.13: The figure shows the cumulative distributions of the blue straggler

stars and the reference population in cluster NGC2213 in blue and red colour

respectively. The corresponding A parameter is denoted in the figure.

To investigate the dynamical significance of the BSSs in the analysed clusters, we

derived the A+ parameter for them. The A+ parameter is defined as:

A+(x) =

∫ x

xmin

φBSS(x
′)dx′

−

∫ x

xmin

φREF (x
′)dx′, (6.2)

where x = log(R/Rhm) and xmin is the minimum value that we sampled. We

limited the analysis to stars within the Rhm. φBSS is the cumulative distribution

of BSSs while φREF denotes the cumulative distribution of a reference population

of stars with smaller masses. Consistent with the BSS fraction calculation, we

adopted the MS stars in region A1 of the CMD as the reference population, as

illustrated in Figure 6.4 for the cluster NGC 2213.

To account for the effect of field stars on the determination of A+, we adopted a



Chapter V. Blue straggler stars 101

method based on the distributions of 1,000 groups of BSSs and reference stars. To

define each group, we first randomly associated each field-region star that popu-

lates the regions B1 and A1 of the CMD with a random position within the Rhm

of the cluster. Then, we excluded them from the sample of BSSs and reference-

population stars. We derived a value of A+ by using the remaining stars. The

best determination of A+ and the corresponding uncertainty are provided by the

respective mean and root mean square (RMS) of the 1,000 determinations.

Figure 6.12 shows the normalised radial distribution of the BSS fraction in the

cluster NGC2213. Annular regions of analysis are the same as in the radial dis-

tribution of MS binary. Figure 6.13 demonstrates the corresponding cumulative

distribution of the BSS population and the reference population. The A+ param-

eter is calculated from the relative difference in their distribution, within the Rhm

of the cluster. The calculated A+ parameters for the analysed MC GCs are listed

in Table 6.1. A+ ranges from a minimum of ∼ −0.16 in cluster NGC 1783 to a

maximum of 0.30 in cluster NGC 2213. Eleven out of the fourteen clusters have

positive A+ values. Moreover, we find a mild correlation between A+ and the

cluster dynamical age that yields a Spearman’s rank correlation coefficient of 0.6.

This finding would provide constraints on the origin of the candidate BSSs as well

(e.g. Li et al., 2016), by supporting the binary formation scenario for the detected

candidate BSSs in the analysed MC GCs.

6.5 Summary

The population of candidate BSSs was analysed in the studied 14 MC GCs. Their

fraction was compared in terms of structural parameters and MS binary fraction
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in the cluster. The dynamical implication of their radial distribution was explored

using the A+ parameter. The main results are summarised below;

• The core BSS fraction ranges from a minimum of 0.1 % in clusters NGC2108

and NGC1872 to a maximum of 4% in cluster NGC2213.

• The BSS fraction did not correlate with either age, metallicity, mass, or dy-

namical age of the cluster. However, clusters younger than ∼ 1Gyr are found

unlikely to host BSSs.

• The fraction of BSSs did not show any correlation with MS binary fraction in

the analysed clusters, similar to what has been observed in young Galactic

OCs and unlike in old Galactic GCs.

• A+ parameter is found to be positive for 11 of the 14 analysed MC GCs.

Moreover, the values of the A+ parameter show evidence of a mild correla-

tion with the dynamical age of the clusters.



Chapter 7

Red clump binaries

7.1 Red clump stars

Red clump (RC) is one of the distinctive features observed in the CMD of inter-

mediate age clusters and nearby galaxies (Girardi, 2016). Yet, studies focusing on

RC stars are few in number and have started to emerge in only recent decades.

Cannon (1970) was the first to recognize RC as a real CMD feature and a result

of the post-Red Giant Branch (RGB) evolution of low-mass stars. Helium is con-

verted to Carbon and Oxygen in their convective cores. The cores are surrounded

by a radiative Hydrogen-burning shell that migrates outwards and an H-rich con-

vective envelope. Because their core masses are very similar for a range of turnoff

ages, the differences in their luminosity and effective temperature are constrained

(Girardi, 2016). Though in the same evolutionary stage as the Horizontal branch

(HB) stars, RC stars do not spread over a range of surface temperatures. They

appear redder as an over-density in a spot close to the first ascent RGB, which was

later termed as RC region (Cannon, 1970). Binarity and rotation are expected to

103
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FIGURE 7.1: Color-magnitude diagram of stars with well-measured parallax, com-

mon to the TGAS and 2MASS catalogues (Hawkins et al., 2017). The diagram is

colour-coded with the number of stars on a logarithmic scale.

bring other uncertainties in the position of stars in RC. However, their effects have

not been investigated due to the unavailability of detailed models (Girardi, 2016).

The uniqueness and narrowness in the characteristics of RCs make them easily rec-

ognizable from spectroscopic and asteroseismic surveys such as Hipparcos, Gaia,

or LSST. Figure 7.1 shows the CMD obtained using stars that have well-measured

parallaxes in both Gaia survey-based Tycho-Gaia Astrometric Solutions (TAGS) and

Two Micron All-Sky Survey (2MASS). They are quite abundant that about 30% of

the red giants in any star-forming galaxies are expected to be in RC (Girardi et al.,

2005). They are widely used to accurately measure different properties of the

host cluster, such as kinematics and chemical abundances. The near consistency

in the absolute magnitude of the RC stars, irrespective of their age or chemical
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FIGURE 7.2: The CMD of the cluster NGC1651. Observed stars are denoted us-

ing grey points. Fiducial lines constructed from the red clump, main sequence,

turn-off, and red giant branch stars are denoted in different colours, as indicated

in the figure. Zoomed-in window highlights the position of simulated binaries

constructed with red clump stars and a companion star. A companion star can be

a star from a red clump, main sequence, turn-off, or red giant branch. The binary

combinations are represented in different colours as indicated in the figure.

composition, has led to them being used as standard crayons to determine the

true colour and reddening maps (Nidever et al., 2014; Nataf et al., 2016). They

are also widely used as standard candles for astronomical distance measurements

(Hawkins et al., 2017; Ting et al., 2018), particularly in MC and MW bulge. They

are used to measure distances larger than what is measurable using white dwarfs.

Near-infrared I band observations are found to be free of statistical uncertainties

and offer more precise distance estimation than using giant stars.
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FIGURE 7.3: The CMD of the cluster NGC1651. The red clump region is zoomed

in the right panel. The red clump stars are identified in red colour. The potential

red clump binaries are denoted in blue.

7.2 Potential red clump binaries

MC clusters have well-constrained distances and foreground extinction. The large

number of stars relative to the field and the availability of high-quality observa-

tions make them an ideal candidate for RC studies. High-quality HST observations

used to study the MC clusters in this work ensured the visibility of RC stars in

their CMDs, largely unaffected by photometric errors. Interestingly, a population

of stars was consistently present in the region just above the RC region. To un-

derstand more about these populations, we have tried to characterise them as a

function of cluster parameters and explored potential formation scenarios.
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FIGURE 7.4: The plot shows variation of the red clump binary fraction within the

cluster core, as a function of cluster age and metallicity.

Appearance of this population above the RC was compared with MS binary dis-

tribution for possible analogy. We have first explored the possibility of binaries

consisting of two RC stars populating the above-mentioned region. However, the

observed spread was not confined within the 0.7526 magnitude interval, as pre-

scribed by Equation 4.1. To account for the binaries appearing outside this region,

we have considered binaries with companion stars belonging to diverse evolution-

ary phases, such as TO, RGB, and MS. We have investigated their positions in the

CMD by simulating such binaries. We constructed the fiducial lines corresponding

to RC, RGB, TO, and MS regions of the CMD and randomly selected points from

them to constitute a set of 1000 binaries in each combination. The magnitudes of

resulting binaries are calculated using Equation 4.1 and are plotted in the CMD.

The constructed fiducials and the position of binaries arising from different com-

binations are visualised in Figure 7.2. The considered four binary combinations
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were found to span different non-exclusive regions above the RC region, as shown

in the figure.

To quantify the population of these potential binaries, which will be referred to by

the name potential RC binaries (RCBs) for the rest of the analysis, we have intro-

duced a quantity called RCB fraction, FRCB, which is the ratio of the number of

RCBs to the number of RC stars in the cluster. FRCB is calculated after accounting

for the field star contamination in the region, following the method prescribed in

Chapter 4. I have identified the RCBs under investigation and RC stars in the CMD

of MC GC NGC1651 in Figure 7.3. I have denoted them in colours blue and red

respectively.

FRCB is calculated for different MC clusters analysed in this study and the results

within the core radius and half mass radius are reported in Table 7.1. FRCB within

Rhm ranges from a minimum of 4 % in the cluster NGC1846 to a maximum of

∼ 20% in the cluster KMHK316. The fraction is comparatively higher in the core,

with a minimum of ∼ 4% in NGC1718 and a maximum of ∼ 30% in clusters

KMHK316. Being massive, RCBs are more likely to undergo mass segregation

towards the centre than RC stars. This mass segregation is expected to cause the

observed increase in FRCB within Rc compared to that within Rhm of the cluster.

We have investigated the effect of cluster parameters on the formation of the evo-

lution of RCBs which may be reflected in the calculated FRCB. Figure 7.4 demon-

strates the variation of FRCB within Rc as a function of the age and metallicity

of the cluster. FRCB shows no strong correlation with either age or metallicity of

the clusters, as demonstrated by Spearman’s rank correlation coefficient of -0.4

and 0.5 respectively. Within Rhm, the correlation coefficients are -0.3 and 0.4, re-

spectively. On average, the clusters with higher FRCB are found to have a higher

dynamical age as well. Figure 7.5 shows the variation of FRCB with the cluster’s
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FIGURE 7.5: The plot shows the variation of the red clump binary fraction within

the core as a function of the dynamical age of the cluster.

TABLE 7.1: Fraction of potential red clump binaries of the studied clusters.

Cluster FRCB,Rc
FRCB,Rhm

ID

ESO057SC075 0.261 ± 0.121 0.189 ± 0.079
ESO057SC030 0.110 ± 0.054 0.057 ± 0.040

KMHK316 0.308 ± 0.111 0.211 ± 0.064
NGC1651 0.270 ± 0.094 0.189 ± 0.062
NGC1718 0.042 ± 0.031 0.066 ± 0.027
NGC1751 0.135 ± 0.039 0.117 ± 0.030
NGC1783 0.138 ± 0.024 0.112 ± 0.019
NGC1806 0.107 ± 0.023 0.093 ± 0.022
NGC1846 0.069 ± 0.019 0.041 ± 0.010
NGC1868 0.270 ± 0.060 0.150 ± 0.034
NGC1872 0.144 ± 0.061 0.139 ± 0.053
NGC2108 0.135 ± 0.041 0.114 ± 0.031
NGC2203 0.145 ± 0.040 0.106 ± 0.027
NGC2213 0.266 ± 0.103 0.182 ± 0.052
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FIGURE 7.6: The plot shows the variation of the red clump binary fraction within

the half mass radius of the cluster as a function of the cluster’s mass.

dynamical age. They show evidence of a correlation with a Spearman’s rank corre-

lation coefficient of 0.7. The core BSS fraction shows an anti-correlation with the

mass of the cluster with a correlation rank of -0.7 (Figure 7.6). In conclusion, the

mass and dynamical age of the cluster appear to have the strongest contribution

in driving the RCBs in the cluster where the former increases the fraction while

the latter brings it down.

7.3 Potential red clump binaries: Origin

Though high-quality HST data of these bright stars largely eliminate such possi-

bilities, photometric errors and blends may lead to the appearance of HB stars,
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FIGURE 7.7: Variation of potential Red clump binary fraction with the global

binary fraction with q > 0.7. The points are colour-coded according to the dy-

namical age of the cluster.

RGB stars, sub-giant branches, or even MSTO stars close to the RC regions. These

stars may be related to the neighbouring RC stars with modifications made to their

temperature and luminosity as a result of variations in their mass or metallicity.

With the possibility of mass transfer and rotation, binarity in the life of RC stars

can be a competing contributor to such behaviours. A non-contact binary system

consisting of one or two RC stars and evolved BSSs formed out of mass transfer

and/or collisions in binary systems are competing scenarios to explain the origin

of this peculiar population of stars.
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7.3.1 Potential red clump binaries and MS binaries

A non-contact binary system consisting of RC stars may be responsible for the ob-

served stellar population above the RC region. Binary systems may be formed

with two RC stars or one RC star with a companion belonging to other evolution-

ary stages such as MSTO, giants, or MS. The possibility that these binary systems

evolved from the MS binary population in the cluster where each companion star

evolved separately into an RC star is interesting and can be investigated in this

study. To investigate the potential relation connecting the two, FRCB is explored

as a function of the Fbin calculated in Chapter 4.

Figure 7.7 demonstrates the variation of RCB fraction with respect to MS binary

fraction. With Spearman’s correlation rank coefficient of 0.2, FRCB shows no ev-

idence of a correlation with Fbin within the half-mass radius of the cluster. This

may indicate a potential evolutionary connection between MS binaries and RCBs.

However, the correlation was less significant within the core of the cluster, with a

Spearman’s rank correlation coefficient of 0, the distribution is flat. This may be

due to the stronger and more frequent interactions in the core which often leads

to binary disruption. The points in the figure are colour-coded according to the

dynamical age of the cluster on a logarithmic scale. However, no clear distinction

can be observed in the distribution of points in terms of the relaxation state of the

clusters.
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FIGURE 7.8: The colour-magnitude-diagram of the LMC cluster NGC2173. The

position of Blue straggler stars (in blue), evolved Blue straggler stars (in green),

and giant stars (in orange) are denoted. The orange solid line denotes the best-

fitting isochrone for the cluster and the blue dashed lines denote the isochrones

for younger populations (Sun et al., 2018).

7.3.2 Potential red clump binaries and evolved blue straggler

stars

Binaries with mass transfer are also explored for their potential relation with RCBs.

BSSs have evolutionary scenarios linked with binary mass transfer and collisions

and they have a significant population in analysed MC clusters. Studies post-MS

evolution using collisional models have shown that the BSSs in advanced evo-

lutionary stages, known as evolved BSSs (eBSSs), can appear quite close to the

RC region in the CMD (Sills et al., 2009). By accounting for the observed ratio

between BSSs and eBSSs in different clusters, they suggest a lifetime of 1-2 Gyr

for the BSSs. Figure 7.8 shows the CMD of the LMC cluster NGC2213 with its
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FIGURE 7.9: The plot demonstrates the relation between the fraction of potential

red clump binaries and the fraction of blue straggler stars in a cluster. The points

are colour-coded following the dynamical age of the cluster.

BSSs, eBSSs, and some giant stellar populations (RGB and RC) which are identi-

fied in different colours (Sun et al., 2018). The orange solid line denotes the best-

fitting isochrone for the cluster and the blue dashed lines denote the isochrones

for younger populations. A concentration of eBSSs can be seen in the RCB region.

To understand the effect of eBSSs on FRCB in the present dataset, we have plotted

FRCB,Rc
as a function of FBSS,Rc

, which is taken as a proxy for eBSSs in the cluster.

Figure 7.9 demonstrates that there is no evidence of correlations between them.

The points in Figure 7.9 are colour-coded with the dynamical age of the cluster on

a logarithmic scale. The clusters with higher dynamical ages tend to have higher

FRCB,Rhm
. The observed lack of correlation questions the previous assumption re-

garding contamination of RCB region by eBSSs. Analysed MC clusters are younger
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compared to the expected lifetime of BSSs. Hence, they may not host a significant

number of eBSSs to produce a strong correlation.

7.4 Summary

A stellar population, termed RCBs, has been identified in a region above the RC

stars in the analysed MC GCs. I have quantified their number and explored the

potential scenarios of their origin, particularly the ones connected to binary stars.

The findings can be summarised as follows;

• The fraction of RCBs ranges from a minimum of 4 % in clusters NGC1846 to

a maximum of ∼ 20% in KMHK316, within Rhm of the clusters. The fraction

in the core has a minimum of ∼ 4% in NGC1718 and a maximum of ∼ 30%

in clusters KMHK316.

• Although the fraction did not show any strong correlation with either age

or metallicity of the cluster, it was observed to vary with the mass and dy-

namical age of the cluster. With a Spearman’s rank correlation coefficient of

0.7, the RCB fraction was found to increase with the dynamical age of the

cluster. However, an increase in cluster mass is associated with a decrease in

RCB fraction, as clarified by Spearman’s correlation rank of -0.7 respectively.

• The RCB fraction in the clusters did not show any strong correlation with

either the fraction of binaries or BSSs in the cluster.

Any strong conclusion regarding the origin of RCBs has not been achieved in this

study. Detailed studies considering different formation scenarios are needed to

shed light on this peculiar population.





Chapter 8

Summary and Conclusions

From promoting alternate stellar evolution scenarios to detecting accurate masses,

binaries shed light on a multitude of phenomena in astronomy. With their higher

masses and higher interaction cross sections, binaries play a major role in kinetic

energy distribution, mass segregation, and the production of exotic objects, among

others, in star clusters. Information regarding the fraction and distribution of

binaries is needed in calculating several structural and dynamical parameters of

the cluster. A proper understanding of binarity facilitates a glimpse into their

dynamical and chemical evolution. To extend our understanding of the same, we

have dwelled on the population of MS binaries and related stellar populations in

14 MC GCs in this thesis.

We used high-precision data collected with the WFC3/UVIS and ACS/WFC cam-

eras on board HST to investigate the same. The studied cluster spanned a wide age

and density range and a mass range that is not spanned by the Galactic clusters.

Moreover, we determined the structure parameters of the star clusters, including

the core radius, half mass radius, and central density, and estimated the mass

function and the total mass of the cluster by fitting the density profile with an EFF

117
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profile.

Binary fraction in star clusters

Binary fraction analysis depends on different detection methods that are specific to

the type of binaries under study. The photometric analysis relies on the combined

flux of the unresolved companion stars in a binary and their feasible identification

in the CMD of a star cluster. They are suitable for non-interacting systems such as

the binaries comprised of two MS stars with a head-on view. In this work, the MS

binary fraction in young and intermediate-age MC GCs is successfully computed

within core and half mass radii of the cluster, for mass ratios greater than 0.7, and

0.6 whenever possible. The selected clusters span a mass interval unexplored in

the Galactic cluster. Fraction has been subjected to corrections for field star con-

tamination, scattering effects, and incompleteness of the data set. The distribution

of binary fraction with respect to different stellar and cluster parameters is inves-

tigated and the obtained results were compared to the homogeneous studies on

Galactic OCs and GCs. The main results on binaries can be summarised as follows,

• Within half mass radius and for a mass-ratio greater than 0.7, the fraction

ranges from ∼ 7% in NGC1846 to more than ∼ 24% in NGC2108. These

values correspond to a total binary fraction between ∼ 20% and 70%, by

assuming a flat mass-ratio distribution. We obtain similar results for the

binaries in the cluster cores.

• When we combine the results from all clusters, we find no evidence for cor-

relations between the fraction of binaries and either the mass of the primary

star or the mass ratio. However, we notice various remarkable exceptions.

As an example, the binary fraction decreases towards large stellar masses in
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NGC 2108, while NGC 1806 follows a flat distribution. Moreover, NGC 1718,

NGC 2203, and NGC 2213 exhibit a predominance of binaries with large

mass ratios, whereas the fractions in NGC1651 and NGC1846 are distributed

homogeneously. The obtained results are in agreement with homogeneous

studies on Galactic OCs (Cordoni et al., 2023) and GCs (Milone et al., 2012).

• There is no evidence for significant differences in the radial distribution of

binaries in most studied clusters. However, in clusters that are significantly

older in comparison to their trh, the binaries are more centrally concentrated

than single stars as observed in the case of Galactic GCs (Milone et al., 2012).

Dynamically younger clusters demonstrate a flat distribution. Homogeneous

studies on Galactic OCs (Cordoni et al., 2023) have also observed a differ-

ence in the radial distribution of binaries depending on the age of the cluster.

Comparison with Galactic clusters

We have combined results on MC clusters with those by a recent paper where we

have performed a similar analysis on 78 Galactic OCs (Cordoni et al., 2023) and

with results on 67 Galactic GCs (Milone et al., 2012, 2016). In total, binaries have

been now homogeneously studied in 159 star clusters.

The fraction of binaries was found to not correlate with either the cluster age or

with the dynamical age. Conversely, we find a significant anti-correlation between

the fraction of binaries in the core and the mass of the host cluster. This obser-

vation is supported by theoretical models by Sollima (2008) which suggest the

energy and rate of collisions in the core increases with the mass of the cluster

which in turn accelerates the binary disruption processes happening there. Our
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observations agree with the conclusions of Sollima et al. (2010) that binary dis-

ruption processes are the dominant factor in determining the binary fraction in

star clusters.

However, clusters with similar masses exhibit a range of binary fractions that is

wider than the observational errors. As an example, the star clusters studied in

this work typically host higher binary fractions than the Galactic GCs with similar

masses. This fact indicates that at least another parameter, in addition to cluster

mass, has an influence on the fraction of binaries in the core.

Blue straggler stars

Out of the several exotic objects present in the GCs, BSS are the most populous

and they have evolutionary links with MS binaries. We have studied the BSS

population in the analysed MC GCs. Their fraction is quantified with respect to a

reference population selected in one magnitude bin of filter F814W in the upper

MS. Their fraction was compared in terms of the structural parameters of the

cluster and the MS binary fraction present within. The dynamical implication of

their radial distribution was explored using the A+ parameter, as prescribed in

Lanzoni et al. (2016).

The BSS fraction in the core was found to range from a minimum of 0.1% in clus-

ters NGC2108 and NGC1872 to a maximum of 4 % in cluster NGC2213. It did

not show any strong correlation with physical parameters of the cluster such as

age, metallicity, mass, or dynamical age of the cluster. However, clusters younger

than ∼ 1Gyr are found unlikely to host BSSs. However, the A+ parameter shows
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evidence of mild correlation with the dynamical age of the clusters. The A+ pa-

rameter is found to be positive for 11 of the 14 analysed clusters denoting the

segregation of BSSs relative to a reference population.

There is no correlation between the fraction of binaries and the fraction of candi-

date BSSs in the analysed MC GCs of young and intermediate age and intermediate

masses. The results are in agreement with homogeneous studies done on young

and less massive Galactic OCs (Cordoni et al., 2023) and are contrary to observa-

tions in the case of old and massive Galactic GCs (Milone et al., 2012).

Potential red clump binaries

A population of stars was identified above the RC region in the analysed clusters.

Their fraction was determined, for the first time, with respect to the RC stars

in the clusters. The fraction is further explored with respect to different cluster

parameters. To shed light on their formation scenarios, non-contact binary systems

with one or more RC stars which may have evolutionary links with MS binaries and

contact systems leading to the production of objects such as BSSs were considered.

Their fraction was found to range from a minimum of 4% in the cluster NGC1846

to a maximum of ∼ 20% in KMHK316, within the half-mass radius of the clusters.

Within the cluster core, the fraction ranges from a minimum of 4% in the cluster

NGC1718 to a maximum of ∼ 30% in KMHK316. The fraction did not show any

strong correlation with either age or metallicity of the cluster. However, the frac-

tion showed evidence of correlation with dynamical age and anti-correlation with

the mass of the cluster.

The fraction did not show any evidence of correlation with MS binary fraction or

with BSS fraction in the clusters. In the absence of any strong correlation, the
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questions regarding their formation scenarios remain unanswered. More studies

are required to better understand the origin and evolution of these systems.

Exploring lower mass-ratio binaries with Chromosome map of

binaries

This thesis introduces a unique method called the ’Chromosome map of binaries’,

which provides a better way to separate binaries with varying mass ratios. This

method is particularly effective in resolving binaries of lower mass ratios from the

single stars in MSFL and in optimising the separation between higher mass-ratio

binaries. The availability of ultraviolet, optical, and infrared data sets from tele-

scopes such as the JWST and HST is quite promising for this strategy. I intend to

employ this method in the future to investigate the complete mass-ratio distribu-

tions in MW and MC clusters. This allows us to approach the complete MS binary

fraction in the cluster.

Future work

Though much has been studied about binaries, much more is left to be explored.

We have explored the areas of MS binaries and the BSS population in this thesis.

However, certain areas require further exploration. Particularly, the thesis draws

research focus into the following areas.

1. The chromosome map put forward in this thesis is one area that is quite

promising for future studies on binaries and stellar populations in star clus-

ters. We require a multi-wavelength exploration to dwell in the regime of

lower mass binaries. Data from JWST and upcoming space telescopes will

be quite advantageous for these studies.
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2. Though we explored the peculiar population spotted over RC of the CMD,

their formation scenarios are yet to be constrained. Extension of the study

on candidate RC binaries into more clusters and comparing them with state-

of-the-art models of binaries with evolved companion stars are essential for

a comprehensive understanding.

3. Binaries with companion stars in different evolutionary stages are another

area that offers a lot of potential for future studies. We have explored the re-

gion of occurrence of binaries formed out of stars from RC, MSTO, RGB, and

MS part of the CMD (refer to Figure 7.2). However, models and simulations

are required to account for the complex interactions between the evolved

companions and verify the predictions based on the observational and nu-

merical approaches. Such approaches will better constrain the position of

such binaries in CMD and facilitate a better understanding of their fraction.

An accurate binary fraction determination holds immense gravity in stellar and

cluster studies. More research on extragalactic clusters will undoubtedly aid fu-

ture efforts in that direction. Studying binaries in lower mass ranges and at differ-

ent phases of evolution would considerably improve our understanding of cluster

evolution. More studies are needed regarding stellar populations associated with

binaries, aside from BSSs. Adopting homogeneous analytic methodologies will as-

sist in efficiently comparing distinct studies. With new and upcoming telescopes

and enhanced data reduction techniques, the scope of the proposed study is cer-

tain to expand. Robust multi-wavelength studies of binaries are sure to emerge,

revealing many secrets about these fascinating objects.
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