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What people consider flaws are actually talents

they have yet to find a proper use for.



Abstract

Blue Straggler Stars (BSSs) are one of the keys to understand in a better way how stars
evolve and interact with each other in different star clusters. They appear to be hotter and
brighter than the Main Sequence Turn Off Point (MSTO) and, therefore, they should have
evolved off the Main-Sequence branch. We properly select, for Open Clusters (OCs) and
Globular Clusters (GCs), star cluster members based on proper motions and parallaxes
provided by Gaia DR3. Using isochrones models and selection criteria from previous
studies, we select and classify stars as BSS, Yellow Straggler Stars and Red Stragglers Stars
(evolved BSSs). We identify BSSs to be present in all our GCs and in 42/129 (~ 33%) of
OCs. We counted a total of 4399 BSSs; 434 (~ 10%) located in OCs and 3965 (90%) located
in GCs. We obtain astrophysical parameters from 3 different methods (color-temperature
relations, isochrone—fitting models and parameters from Gaia DR3 spectra) such as the
effective temperature Tog, star mass M, and surface gravity log(g). We find values for BSS
Tegr to be ~ (6800 £+ 585) K in GCs and ~ (7570 + 1400) K in OCs; and an average mass
of (Mpgg) = (1.75 £ 0.45) Mg in OCs and (Mpgg) = (1.02 £0.1) Mg in GCs. Based on
previous studies, we compute the value M, —the difference of the BSS mass and the MSTO
mass, normalized by the MSTO mass— for every BSS. This parameter is classified as low—
M (M. < 0.5, BSS likely formed through mass-transfer) and high-M, (0.5 < M, < 1.0,
BSS likely formed through mergers). For OCs we find a percentage 81.34% high—-M, and
18.66% low—M,. For GCs, we find 94.25% low—M, and 5.25% high-M,. Comparing
M, with BSSs age found from isochrones models we discover a double sequence in GC
BSSs, where we conclude that these sequences correspond to a pre merger/closer-binary

interaction and post merger/closer-binary interaction of BSS formation scenario.



Acknowledgment

A mi mam&, mi papa y Tobito: los mejores; siento que no los merezco.

A mis amigos del Discord (Rinconcito y Froggos): gracias por las risas.



Contents

Abstract 1
1 Introduction 5
1.1  What are Blue Stragglers? . . . . . . .. . ... .. o 5
1.2 Discovery . . . . . . e e 5
1.2.1 Globular Clusters. . . . . . . . . .. .. 5

1.2.2 Open Clusters . . . . . . . . . i 6

1.2.3  Other structures . . . . . . . . . . ... 6

1.3 Formation Mechanisms . . . . . . . . . . . ... 6
1.3.1 Mass-Transfer . . . . . . . .. ... 6

1.3.2 Collisions . . . . . . . . . e 8

1.3.3 Hierarchical Triple Systems . . . . . . . .. .. ... ... .. .... 8

2 State of Art 9
2.1 Catalogues . . . . . . .. 9
2.1.1 Globular Clusters . . . . . . . . . .. ... .. . . 9

2.1.2 Open Clusters . . . . . . . . 9

2.2 Double Sequence of Blue Stragglers . . . . . . .. ... ... ... ... .. 10
2.3 Importance and Utility of Blue Stragglers . . . . . .. .. ... ... .... 11
2.4 Blue Stragglers at Different Wavelengths . . . . . . . . ... ... ... 12

3 Gaia Data and Blue Stragglers Stars selection 18
3.1 Gaia Data Release 3 Cluster Membership . . . . .. ... ... .. ..... 18



CONTENTS

3.2 Blue Straggler Stars selection . . . . . . ... ... oL 26
3.2.1 Globular Cluster BSSs selection . . . . . .. ... ... ... ..... 28

3.2.2 Open Clusters BSSs selection . . . . . ... .. ... ... ...... 31

3.3 Blue Straggler Stars Astrophysical Parameters . . . . ... ... ... ... 34
3.3.1 Color-Temperature Relations . . . . ... ... ... ... .. .... 34

3.3.2 Isochrome Fitting-Models . . . . .. ... ... ... ... ...... 35

3.3.3 Spectroscopy from Gaia DR3 . . . . . ... ... ... ... ... .. 36

4 Results 38
4.1 Number of Blue Straggler Stars . . . . . . . ... ... ... ... ...... 38
4.2 Astrophysical Parameters of BSSs . . . . . . ... oL 38
4.2.1 Effective Temperature of Blue Straggler Stars . . . . . . ... .. .. 40

4.2.2  Surface gravity of Blue Straggler Stars . . . . . . . .. .. ... ... 43

4.2.3 Masses of Blue Straggler Stars . . . . . .. .. ... 0. 44

4.3 Analysis and Discussion . . . . . . ... Lo oo 45

5 Conclusions 57
A Blue Straggler Stars identified with Gaia DR3 i
A1 Globular Clusters . . . . . . . . . . . i
A2 Open Clusters . . . . . . . . o o ix

B Astrophysical Parameters of Yellow Straggler Stars and Red Straggler

Stars xvii
B.1 Effective Temperatures . . . . . . . . . . . . . e xvii
B.2 Surface gravity . . . . . ... xxi
C Open Source Software/Scripts xXXiv



Chapter 1

Introduction

1.1 What are Blue Stragglers?

Blue Stragglers Stars (BSSs) are stars that appear to be younger and more massive
than the bulk of other stars of their host stellar population. They are characterized by their
location on the Hertzsprung-Russell diagram (HR diagram) or Color-Magnitude Diagram
(CMD), where they appear as hotter and bluer stars than their Main-Sequence (MS)

neighbors.

1.2 Discovery

1.2.1 Globular Clusters

BSSs were first identified by Sandage (1953) through his observations of the Globular
Cluster (GC) Messier 3 (M3). They were initially observed to be bluer and more luminous
than other MS stars in the cluster, which led to their designation as “stragglers”. M3
remained as the only GC in which BSSs were identified until 1971, when BSSs made their
appearance again, but this time in the GC M71 (Arp and Hartwick, 1971). As time passed
by, photometry improved, leading to the discovery of nearly 400 BSSs in the early 1990s
for around 20 GCs (Fusi Pecci et al., 1993; Sarajedini, 1993).
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1.2.2 Open Clusters

GCs were not the only places in our galaxy where BSSs were found in the 1950s. Their
first official discovery in an Open Cluster (OC) was made by Burbidge and Sandage (1958),
even when a couple of years earlier Johnson and Sandage (1955) also discovered some BSSs;
however, the authors thought these new unknown blue stars could be anomalous MS stars
or they could be confusing them with Blue Horizontal Branch (BHB) stars.

An interesting case is the OC NGC6791, which is one of the oldest OCs known with
age ~ 7.22 Gyr and [Fe/H] ~ 0.4 (Dias et al., 2021; Cordoni et al., 2023), where not only
BSSs were identified, but the sequence is more yellow than blue; which started giving some
hints about BSSs evolution.

In a similar way that more and more BSSs were being identified for GCs, the same
happened for OCs. For example, Ahumada and Lapasset (1995) provided a catalogue of
BSSs for almost ~ 960 objects for 390 OCs; with an updated version in 2007 with almost
~ 1900 BSSs for 427 OCs (Ahumada and Lapasset, 2007).

1.2.3 Other structures

Additionally, BSSs started being identified in another places/structures such like the
field (Bond and MacConnell, 1971; Preston et al., 1994), OB Associations (Schild, 1985;
Mathys, 1987), and even dwarf galaxies (Da Costa, 1984; Momany et al., 2007; Mapelli
et al., 2009).

1.3 Formation Mechanisms

1.3.1 Mass-Transfer

The appearance of BSSs in different places/structures puts above the table that there
might be a common process happening that creates these stars. One of the first expla-
nations in the early 1960s was that BSSs could be Algol-type Eclipsing Binaries (Hoyle,
1955) proposed by Eggen and Sandage in 1962 (published later as Eggen and Sandage,

1964). These types of stars are eclipsing binaries with a short period where the brighter
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Figure 1.1: First discoveries of Blue Stragglers Stars in Galactic Clusters. Top: CMD for Globular
Cluster M3 by Sandage (1953). Bottom: CMD for Open Cluster NGC7789 by Burbidge and
Sandage (1958). BSSs are enclosed in a red cirle.

star is located near the Zero-Age Main-Sequence (ZAMS) and the fainter companion looks
apparently more evolved, i.e., older.

However, it was not until the work of McCrea (1964) that a theory of mass-transfer
(MT) was formally introduced. In this theory, the primary star transfers material /mass to
the secondary one via the inner Lagrangian point when its Roche lobe is filled. Assuming
this scenario, the secondary star becomes a more massive MS star, which extends its life

by a factor of ~ 2 if we compare it with a common star with a similar mass.
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When the material is transferred from one star to another, we may also expect chemical
anomalies in the secondary star; the one receiving the material. This is due to the fact
that the accreted material is expected to lie on the secondary star surface, which comes
from the inner region of the donor star and, therefore, we may expect material/elements

that should not be present in the secondary star (Sarna and De Greve, 1996).

1.3.2 Collisions

On the other hand, it has been proposed that BSSs could be also formed through
collisions (Hills and Day, 1976). Contrary to the chemical anomalies expected in the
MT scenario, we do not expect chemical anomalies for BSSs formed through this scenario
(Lombardi et al., 1995). In this scenario, we expect BSSs that are formed through collisions
(COL) predominantly in a high-density environment, where collisions between stars are

most probable to occur (Mapelli et al., 2004, 2006).

1.3.3 Hierarchical Triple Systems

Hurley et al. (2005) through N-Body simulations suggested that most of the MT-BSSs
should be formed in the inner regions of the clusters. But this was in contradiction with
the observations which showed that MT-BSSs do exist much further in the cluster outskirts
than they should be (Geller et al., 2008). Tokovinin et al. (2006), based on 2-MASS data,
have shown that most of binary systems with a period P < 3 days, around 96%, had distant
tertiary components. Based on the discrepancy between the models and the observations
for MT-BSSs (binaries) and this observational evidence of binary periods and the presence
of third companions, Perets and Fabrycky (2009) proposed a new formation channel for
BSSs: triple hierarchical systems. This would explain why some MT-BSSs are where they
“should not be” (based on the models mentioned previously) and, would also contribute

to explain their unique period—eccentricity distribution for observations.
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State of Art

2.1 Catalogues

2.1.1 Globular Clusters

For GCs, Simunovic and Puzia (2016) have provided a BSSs Catalogue for 38 GCs.
Using proper motions derived from HST data using “The ACS Survey of Galactic Globular
Clusters” (Sarajedini et al., 2007) and “The HST Legacy Survey of Galactic Globular
Clusters: Shedding UV Light on Their Populations and Formation” (Piotto et al., 2015).
However, it is important to note that this is an optical-filter driven catalogue, which may
lead to biases and systematics when identifying BSSs using other filter combinations such

as UV filters (see section 2.4 for more details).

2.1.2 Open Clusters

As mentioned in section 1.2.2, one of the first catalogues for BSSs in OCs was provided
by Ahumada and Lapasset (1995), updated in Ahumada and Lapasset (2007) for 390
clusters based on the Open Cluster Database WEBDA (Mermilliod and Paunzen, 2003).

In the last decade, the Gaia mission (Gaia Collaboration et al., 2016) has provided
proper motions and parallaxes for more than 1.3 billion stars in its second data release
(Gaia Collaboration et al., 2018). Using Gaia Data Release 2 photometry and new machine-

learning based catalogues (Cantat-Gaudin et al., 2018, 2020) a new “Gaia-based” catalogue
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for 408 Galactic OCs was generated by Rain et al. (2021), who successfully identified 897
BSSs in 111 of the analyzed clusters. In addition to providing identified BSSs, they found
that OCs younger than ~ 500 Myr do not host any BSSs.

More recently, Li et al. (2023) made a new “Gaia-based” catalogue, but this time using
Gaia Data Release 3 also for OCs. In addition to selecting clusters of previous Gaia DR2
based studies (Rain et al., 2021; Jadhav and Subramaniam, 2021), they identify new OCs
not added/identified in previous OC BSSs catalogues (e.g. Cantat-Gaudin and Anders,
2020; Cantat-Gaudin et al., 2020). They have studied 101 new OCs and, within this new

sample, they found 138 new BSSs in 50 OCs that have not been previously reported.

2.2 Double Sequence of Blue Stragglers

Ferraro et al. (2009) presented for the very first time the discovery of two sequences of
BSSs in the GC M30. A red sequence of BSSs and a blue sequence of BSSs. They suggest
that red-BSSs are formed through the MT scenario whereas blue-BSSs are formed through
collisions.

Some years later, Dalessandro et al. (2013) discovered a Double Sequence of BSSs in the
GC NGC362 as well. They found that blue-BSSs are well reproduced by collision isochrone
models from Sills et al. (2009), with a 200 Myr collisional isochrone; whereas red-BSSs lie
in the region expected for MT-BSSs based on a model from Tian et al. (2006). Therefore,
they suggest that blue-BSSs are formed through collisions whereas red-BSSs are formed
via MT.

Simunovic et al. (2014) have also found a double sequence of BSSs in the GC NGC1261.
In short, they fit an isochrone collision model for these two sequence of BSSs. Unlike the
two previous studies mentioned, they find that both sequences are well reproduced by
collisional isochrones. The bluer sequence fits well with a 200 Myr collision model whereas
the red sequence of BSSs is in agreement with a collisional isochrone model of a 2 Gyr old
population. This indicates the presence of a post-core-collapse event in this cluster that
triggers a sudden formation of BSSs and, therefore, they observe two sequences of BSSs

indicating that two different formation events have occurred in the past.

10
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These results have also been discovered in the GC M15 by Beccari et al. (2019), reaf-
firming the idea that BSSs can be a great indicator that a core-collapse event have occurred
in the cluster’s dynamical evolution history.

More recently, Rao et al. (2023a) have also shown a double sequence of BSSs, but
this time they have found this double sequence in an OC, an environment less dense
than a GC. Therefore, collisional BSSs are not expected to be present in such low-stellar
density environments; or at least not in such a large fraction. They could not provide an

explanation for this.

2.3 Importance and Utility of Blue Stragglers

Based on the works of Lanzoni et al. (2007) and Contreras Ramos et al. (2012), Ferraro
et al. (2012) have analyzed the radial distribution of BSSs and classified the dynamical
evolution of the cluster based on this parameter. Using the minimum distance from the
cluster center for this radial distribution iy, Ferraro et al. (2012) have used this parameter
as a chronometer to measure the dynamical ages of GCs. In some way rpi, is an indicator
of the mass segregation of the cluster. In general, small values for 7y, are found in
dynamically young clusters, whereas large values are found in dynamically old clusters. For
non-extreme values of ryi,, Ferraro et al. (2012) expect a dynamically middle-age cluster.
In order to quantify this “BSSs mass segregation” indicator parameter, Alessandrini et al.

(2016) defined the parameter A™ and refined by Lanzoni et al. (2016) as:

@) = [ ass(a) - duata (2.)

where x = log(r/rnm) is the decimal logarithm of the distance from the cluster center
normalized by 7, the half-mass radius. T, is the minimum value sampled. ¢gsg is the
cumulative radial distribution for BSSs, while ¢t is the cumulative radial distribution for
a reference population (which could be MS, Sub-Giant Branch [SGB], RGB and/or HB
stars). To measure the mass segregation parameter A1 in equal conditions Lanzoni et al.

(2016) slightly refined the definition from Alessandrini et al. (2016) and only consider stars

within the half~-mass radius.

11
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Using this parameter, Ferraro et al. (2018) have shown the correlation between A;;
and the logarithm of Nyeax = tac/tre —the dynamical age of the system quantified by the
number of current central relaxation times (t,.) that have occurred since the epoch of cluster
formation (tqc)—. Additionally, they have shown how A;; relates to some parameters that
are expected to change with the cluster age: the core radius and central luminosity density.
In particular, it was found that A:El shows an anti-correlation with the cluster core-radius
and a correlation with the central luminosity density.

Using Gaia DR2 data, Rao et al. (2021) measured the Af, for 11 OCs and more
recently Rao et al. (2023b) —using Gaia Early Data Release 3 (Gaia Collaboration et al.,
2021, EDR3)- have measured this parameter for 12 more OCs (23 in total) where they have
found a similar relation for Ajh against other cluster parameters which are in agreement
with the Ferraro et al. (2018, 2023) GC results.

These conclusions indicate how strongly related BSSs are to their parent cluster’s dy-

namical evolution, their stellar dynamics parameters and their mass segregation.

2.4 Blue Stragglers at Different Wavelengths

Planck’s function describes the spectral energy density radiated by a blackbody (an
idealized object that absorbs and emits all incident radiation), which is described as a

function of temperature and frequency as:

2 1
10,7) = =5~ (i —) (2.2)

where T is the blackbody temperature in K, v the frequency in Hz, h ~ 6.626 x 10734J -5
is the Planck’s constant, k, ~ 1.38 x 10723 J . K~! is the Boltzmann constant, and ¢ ~

2.997 x 108 m - s~ ! is the speed of light. Or as a function of temperature and wavelength

(N):

2hc? 1
IAT) = 5 <ehc/>\ka _ 1) (2.3)

Now, in a simplified binary star system, consider a star A with an effective temperature

12
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T4 and a star B with an effective temperature Tz, where Tp > T4; meaning Planck’s
function for star B will have its peak/maximum at higher frequencies (or lower wavelengths)

compared with star A based on Wien’s displacement law:

Amax X T =2.8978 x 1073 m - K (2.4)

where T is the black body’s effective temperature, m is meters and K represents Kelvin.
Assuming a non-eclipsing binary system, and also that we cannot resolve it, we expect
to observe the spectral energy distribution of both stars as a composite spectrum. In our

simplified model we expect the spectral energy distribution for the binary system to be:
I()‘7TA>TB)binary = IA(AaTA) +IB(>‘7TB) (25)

or using equation (2.3) in (2.5):

2hc? ( 1 1 )

]()‘7TA7TB)binary = N5\ ghe/MeTa _ | + che/ ey Ty — |

(2.6)

We additionally assume that our system irradiates isotropically!, so we assume that
the relation between the flux and the specific intensity is F' = wl. Now, for illustration
purposes, we normalize the flux by its maximum for each spectrum. Finally, we combine
(or add) these spectra based on equation (2.5). The results for the Spectral Energy Distri-
butions (SEDs), assuming Rp < Ra— are shown in the bottom panel of Figure 2.1. Upper
panel shows transmission curves extracted from the Spanish Virtual Observatory (SVO)
(Rodrigo et al., 2012; Rodrigo and Solano, 2020) for Gaia DR3 filters, which are the ones
that will be used in this work (see Section 3 for more details).

As can be observed at the bottom panel, we obtain a “double peak” curve, each peak
corresponding to the single-star SED that contribute to the composite spectrum. However,
in this specific problem where we have a very hot star (with T, g = 15 500 K) and a more
“common” star (Teg,a = 5 000 K) represents a problem for Gaia for two reasons. First

of all, based on our model, the coverage range of Gaia filters, including them all, is from

'Radiation emission is emitted with the same intensity in all directions. In other words, the radiation
is distributed uniformly in a spherical pattern around the source.

13
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Figure 2.1: Simple binary SED model in Gaia DR3 filters. Top: Transmission curves extracted
from SVO (Rodrigo et al., 2012; Rodrigo and Solano, 2020) for Gaia DR3 filters as a function of
decimal logarithm of wavelength (in A). G, Ggp, Grp and Ggrys (Gaia’s spectroscopic instrument,
the Radial-Velocity Spectrometer) are plotted in dashed gray, solid blue, dot-dashed red and orange
dotted lines, respectively. Bottom: Normalized and combined spectra, as a function of the decimal
logarithm of wavelength (in A), for a non-eclipsing binary system model for a pair of stars with
effective temperature Tog g = 15 500 K and Teg o = 5 000 K ~with Rp < Ra— plotted in dashed
black line and dot-dashed blue line, respectively. Combined spectrum is plotted as a solid green
line. Areas shaded, with their respective colors, represent the wavelength coverage range for every
Gaia DRS3 filter from top panel.

log(A/A) ~ 3.5 (or 3 160 A) to log(A/A) ~ 4.05 (or 11 200 A). For a very hot star,
with an effective temperature around T, = 15 500 K, it will have its Planck’s law peak

around A ~ 1 932A, based on equation (2.4), which is clearly outside Gaia’s wavelength

14
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range coverage. This is one of the main reasons why studying our binary model using
Far-Ultraviolet (FUV) filters is almost mandatory, if we want to extract parameters from
the hotter companion for our binary system; unless the temperature for the binary stars in
the system is more or less the same, with an effective temperature Teg g = 5 000 K, which
is a reasonable assumption if we consider that both stars were born from the same cloud
and do have similar ages and their spectra peak within the Gaia wavelength coverage.

Remember that F' oc ¢T*. Thus, the hotter component will always dominate the flux of
the binary composite spectrum, even if we observe it at the Rayleigh-Jeans tail of its SED.
The second problem is that if we attempt to fit, for example, atmospheric parameters such
as the surface gravity (log[g]), metallicity ([M/H]) or the effective temperature (Teg) using
different models to a spectrum obtained within the Gaia wavelength coverage we might
only get the parameters for the hotter star in the binary system since the spectrum of the
cooler companion will contribute less to the composite spectrum. However, if we assume
that one of the stars is much smaller (Rp < R4) by a big fraction, the luminosity of the
hotter companion will also decrease since L = 47TR20'T64H. Because of this we must consider
that our model parameter approximate a binary and, therefore, we might be overestimating
some parameters —such as absolute luminosity— due to the fact that we cannot resolve the
system. Finally, we also have to keep in mind that in the specific case of BSSs we are
talking about “weird” stars, so traditional spectrum models could slightly diverge from
our real data spectrum.

In the last decades, it was proposed that the best way to study BSSs is through the
so called “UV-Route” (Ferraro et al., 1997, 2001, 2018). In GCs/old stellar systems,
most of the cluster brightness will be dominated by a population of red and bright stars
with luminosities around ~ 10?Lg, and effective temperatures between 3500 and 5000 K.
Therefore identifying BSSs becomes a difficult task for the most-crowded regions in these
clusters. However, when we plot CMDs using filter combinations that include the UV,
BSSs are clearly separated from other stellar evolutionary phases within the same cluster.
Particularly, Raso et al. (2017) have shown that selecting BSSs using optical and UV filters
leads to “intruders” stars that lie in the region where BSSs are usually identified; i.e., a

BSS could be/not be a BSS depending on which filter/wavelength range we are observing

15
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them with/in. These “intruders” are more recently known as “blue lurkers” (Subramaniam
et al., 2020)2. As a brief summary, Raso et al. (2017) compare BSSs selected using the
UV-Route method and optical filters. They use data obtained from “HST UV Globular
Cluster Survey” (“HUGS”) (Piotto et al., 2015; Nardiello et al., 2018) —using F275W vs
F275W—F336W combination filters for CMD- and compared them with those BSSs obtained
from HST optical filters from Simunovic and Puzia (2016) —using F814W vs F606W—F814W
combination filters for CMD—-. They found that ~ 20% — 60% of BSSs obtained through
the UV Route are missing in the optical sample for BSS from Simunovic and Puzia (2016)
for diferent GCs. Additionally, some of the BSSs selected with the optical filter sample lie
on the MS and less bright Red Giant Branch (RGB) stars when they are observed with
UV filters.

Last, but not least, when we observe and analyze BSSs spectra using UV filters, we
might find some interesting phenomena occurring as demonstrated by Gosnell et al. (2015).
Using FUV HST photometry they analyzed the excess of color/brightness in this wave-
length regime for all their identified BSSs; where they have found that some models for
BSS+White Dwarfs (WDs) matched with the observations for their blue stars; stars that
where much bluer than they should be in the FUV regime. Therefore, concluding that some
BSSs in their study do host a WD companion. In more recent examples using spectroscopy,
based on ASTROSAT /Ultra Violet Imaging Telescope (UVIT) data, Subramaniam et al.
(2016) discovered a post AGB /horizontal branch (HB) star as a companion of a BSS. More
recently, also using UVIT data, Sindhu et al. (2019) reported and confirmed an observed
WD companion of a BSS in the GC NGC2682 (M67) analyzing the SED of the binary sys-
tem. In the last months, as of the date of writing of this thesis, Dattatrey et al. (2023) have
analyzed the SEDs of multiple BSSs in the GC NGC362. They found that more massive
(and also bluer) BSSs do not show any evidence of hot companions, whereas BSSs that do
show the evidence of a companion are located on a “redder” BSSs sequence. Therefore,
they suggest that most massive (bluer) BSSs could be formed through a collisional pro-

cess whereas less massive (redder) BSSs that do show the evidence of a WD companion are

2Stars that, when observed with visual filters, belong to the MS branch in optical CMDs. However,
when observed with UV filters they lie in the BSS region. This may indicate the presence of a MS star
with a WD companion.

16
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formed through a mass-transfer process; which is in agreement with the theory/explanation
presented by Ferraro et al. (2009) for GC M30 and Dalessandro et al. (2013), trying to
explain the presence of a Double Sequence of BSS in the GC NGC362 as well.

Since GC BSS have been poorly studied with Gaia, since this mission does not work very
well for overcrowded regions such as GC centres, our goal is to provide and identify BSSs
using Gaia to complement HST-based studies for BSSs in the form of a master catalog.
Additionally, and based on Gaia data, we want to provide astrophysical parameters for

these stars, in OCs and GCs, that could be useful for their future study.

17



Chapter 3

Gaia Data and Blue Stragglers

Stars selection

3.1 Gaia Data Release 3 Cluster Membership

To properly select member stars for each cluster in this study we start our clusters
sample selection based on previous Gaia studies.

For GCs we focus our attention on clusters studied by Vasiliev and Baumgardt (2021).
However, instead of using their identified star sample we only select GCs with Nyembers =
1000 from their catalogue, since we expect them to keep a similar number of cluster mem-
bers after applying our selection criteria, which will be explained later in this section.

For OCs we use the catalogue provided by Dias et al. (2021) and we focus our attention
on those clusters with cluster star member samples Npembers = 350. Additionally, we are
only capable to extract data from OCs with an apparent size smaller than ~90 arcmin in
diameter. We prefer Dias et al. (2021) over Cantat-Gaudin et al. (2018) due to the fact
that the provided number of OCs is slightly higher than in the older catalogue.

Once we have a initial list of targets we obtain their apparent size using SIMBAD
Astronomical Database - CDS (Strasbourg)!. We then apply the following procedure for

every cluster candidate in our list:

"https://simbad.cds.unistra.fr/simbad/
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1. Select Gaia Data Release 3 (Gaia Collaboration et al., 2023, GDR3) data centered
on the coordinates provided by the respective catalogue -Vasiliev and Baumgardt
(2021) for GCs or Dias et al. (2021) for OCs- in a cone search around their center
using TOPCAT? (Taylor, 2005).

2. Discard all data that does not meet the following conditions:

e Its error in proper motion (Right Ascension or Declination component) is higher

than 0.35 mas - yr—!

e [ts magnitude in the G band is higher than 19.5mag. This is to avoid faint
stars whose proper motion could be less reliable. However, and as there will be
explained and justified later, for a few GCs we decided to extend this cut down

to 21.5mag in the G band (Fabricius et al., 2021).

e Its magnitude in the G band is lower than ~ 10.5 mag to avoid bright/saturated
stars (Fabricius et al., 2021).

e Data whose ruwe® > 1.4.

3. In the data Vector Point Diagram (VPD; Proper Motion RA vs. Proper Motion
DEC) we draw an ellipse centered on, as a first guess, the coordinates provided by

Vasiliev and Baumgardt (2021) for GCs or Dias et al. (2021) for OCs.

4. In a MonteCarlo (MC) process, we change the minor axis, mayor axis and inclination
(with respect to y-axis) of this VPD ellipse. We keep the values that maximizes the

number of stars within the ellipse.

5. From now, we work based on the algorithm provided by Cordoni et al. (2018) to
extract cluster members with data within the VPD ellipse. For the data set Cordoni

et al. (2018) define a new parameter called up as:

pR = \/(ua €086 — (ta cos8))* + (5 — (u5))” (3.1)

*https://www.star.bris.ac.uk/~mbt/topcat/

3ruwe is the “Renormalised Unit Weight Error” which is a kind of x? between Gaia models and astro-
metric observations. This parameter indicates how well/bad the astrometric observation fits a single-model
star. A value above 1.0 could mean it is a non-binary and/or problematic for astrometric solutions.
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10.

where i, cosé is the proper motion along RA component, ug is the proper motion
along DEC component, (pq cosd) is the median of the proper motion along RA
component for the data within the ellipse and (us) is the median of the proper
motion along DEC component of the data within the ellipse. Note that equation
(3.1) is the equation of the distance between two points on a Cartesian plane. So,

basically, ug is the distance between a point in the VPD and the ellipse center.

We plot G vs. ur and divide the data into Npjus = 20 bins of ~0.45 mag bin width,
from 10.5 mag to 19.5 mag in the G band. Let us call the current bin “N”. If we do
not obtain at least 2 stars per bin, we reduce Npi,s by 1 until we get at least 2 stars

for every bin.

Now that we have our data divided into bins, we compute parameters for every bin.
Only considering data within the “N-th” bin, we compute the median Gy mag, the
median pr N and the standard deviation o, . We then define a point for the “N-th”

bin with the coordinates as:

Point Biny ,, = [Median(Gy), Median(ur,N) + 3 X 045, N (3.2)

L.e., we compute the median magnitude for the “N-th” bin to get the Y-axis coordi-
nate. To get the X-axis coordinate of this point for this bin we compute the median

value for g and then add 3 times the standard deviation of this parameter.
We repeat the last step for all the bins, so every bin has an associated reference point.

Once we have defined all the points for all the bins we interpolate them. If the
data has lower values in ur than this reference interpolation then the data is kept.

Otherwise it is discarded.

We repeat step 7, but this time we use as a parameter the parallax (w) instead of

UR, creating reference points similar to (3.2):

Point Biny o = [Median(Gy), Median(wy) £ 3 X 0, N] (3.3)
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Note that now we have used the symbol “+” to create an upper and a lower boundary
instead of only an upper boundary like was done for (3.2). Similar to the previous
points, we interpolate them and we keep all the data that is between our upper and

lower boundaries for all the bins.

11. We then re-compute the ellipse center and repeat the process from step 5 until we

reach 3 iterations.

In summary, for a cluster we select Gaia DR3 data between a range of magnitudes
where it is not saturated or it is not too faint, so we can avoid significant systematic errors
(Fabricius et al., 2021). Based on the Cordoni et al. (2018) algorithm, we then select
data inside an ellipse in the VPD and we keep its median values for both axes (po cosd
and pg5). Next, divide this data into bins/section along G magnitude and, for every bin,
we compute their median values for G magnitude, ug parameter and parallax (w). We
then interpolate the median values for G mag vs. ur and then for G mag vs. w (parallax)
for all the bins and keep the data below this interpolation/threshold. With the filtered
data we re-compute the VPD ellipse center and repeat the process until we reach three
(3) iterations. A flowchart for our cleaning procedure method/selecting cluster members
algorithm can be seen in Figure 3.4.

We apply and repeat this process/algorithm for all our target clusters. As a special
mention, clusters larger than ~ 90 arcmin in diameter were especially difficult to observe
due to their large area coverage in the sky. If the cluster is too big we might not be able to
extract all the necessary data to properly obtain the “initial” cluster guess/extraction in
the VPD and, therefore, the following steps for the classification algorithm fail. This is the
reason why we only kept OCs with an apparent size smaller than ~ 90 arcmin in diameter.
We point out that Cordoni et al. (2018) do apply differential reddening corrections as a final
step for their identified cluster sample, following the procedure of Milone et al. (2012a).
However, we decided to skip this step and apply a uniform extinction to each cluster in
our sample in the following analyzes (see Sections 3.2.1 and 3.2.2 for more details).

Applying this algorithm to our raw sample data (cluster members mixed with field /non-

member stars) leads to a cleaned sample of bona-fide cluster member stars.
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Figure 3.1: Ellipse selection for Gaia DR3 in VPD for NGC 104. Data without being filtered are
shown cyan dots. Computed selection ellipse and data are displayed in green. Red dot indicates
the ellipse center computed by Vasiliev and Baumgardt (2021).
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Figure 3.2: Criteria selection for G mag vs. pug. The data has been divided into 20 bins along G
magnitude. Values in dark-green are outside the interpolation/selection criteria and are discarded.
Data in red is kept for the next iteration.
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Figure 3.3: Same as Figure 3.2, but for parallax —which in this individual case is denoted as 7.

A closer look at our procedure combined with the Cordoni et al. (2018) algorithm can
be observed at Figures 3.1, 3.2 and 3.3. It can be appreciated how we applied a single
border as a delimiter for G vs. pur (upper limit) and two borders have been applied to
data in G vs. parallax (lower and upper limits).

We must mention that there are some exception in the upper-cut limit in magnitudes
for GCs since we are not able to identify the MSTO despite the photometric data reaching
down to G ~ 19.5mag. These exceptional GCs are: NGC1261, NGC5024, NGC5466,
NGC5897, NGC6093, NGC6101 and NGC6144. For this exceptional clusters we have
applied an upper limit at G =~ 20 mag. We also increased the tolerance in proper-motion

1 as the error in proper motion grows with

errors, in both components, up to 0.5 mas - yr—
the magnitude (Riello et al., 2021). Implications of these assumptions are discussed in
Section 4.3.

All these figures and selections have been generated using astrogaia; an open source

software developed by the author of this thesis (see Appendix C for details).
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Figure 3.4: Flowchart for algorithm used to extract and filter objects from Gaia DR3. Suggestion
in orange -work with a Renormalised Unit Weight Error ('ruwe’) lower than 1.4- was taken from
Fabricius et al. (2021) and cells in green are steps based on Cordoni et al. (2018).
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As result, we successfully were able to extract and identify cluster members for 170
targets. 41 of the total were GCs (~ 24%) and 129 of the total were OCs (~ 76%). The
distribution of numbers of clusters based on their confirmed cluster members can be seen

in Figure 3.5.
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Figure 3.5: Histogram of our final sample of clusters analyzed for this work. We have analyzed
a total of 41 GCs and 129 OCs; this yields to a total of 170 clusters analyzed. All clusters/total
sample is shown as a solid green line, OCs are shown as a blue dotted line and GCs are shown as
a dashed-dotted red line. The vertical red line denotes the minimum member stars identified for
GCs (~ 800) while the blue vertical line shows the limit for the maximum member stars identified
for OCs (~ 3100).
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3.2 Blue Straggler Stars selection

To properly identify and select BSSs for every cluster we must first identify the key
reference point in the corresponding CMD: the Main-Sequence Turn-Off Point (MSTO).
Since we assume that BSSs are stars that are slightly bluer and equally/slightly brighter
than the MSTO, we first must properly identify it. For this reason we have decided to use

isochrone stellar models for several reasons:
e They will allow us to easily identify the MSTO for established GC/OC parameters.

e Since isochrones are iso-age curves constructed from stellar evolutionary tracks for
stars of a given mass from stellar evolution models, we can use this as an advantage

and extract the astrophysical parameters for the MSTO.

e We can self-consistently use the isochrones to set limits for the BSSs selection region
as has been previously done in Gaia-based studies (e.g. Rain et al., 2021; Jadhav and

Subramaniam, 2021).

For these reasons we have decided to use PARSEC isochrone models (Bressan et al.,
2012)* as they cover broad stellar population parameters with sufficiently fine parameter

sampling. We follow the next procedure to select BSSs for every of our sample cluster:

1. First we must obtain the empirical ridge-line for the cluster. We manually select a
the best-fitting MS, Sub-Giant Branch (SGB) and Red Giant Branch (RGB) using
TOPCAT for each cluster with their confirmed members in the CMD using Gpp vs.
Ggp — Grp. We use Ggp along the magnitude axis in the CMD for the reason

presented in Section 2.4 since Ggp is the most UV-like available filter for Gaia.

2. Divide this data into bins (from 10 to 20) along the Ggp axis (Y-axis in the CMD)

and keep their median for color and magnitude.
3. For each bin we apply a o-clipping, with 3 x ¢ for the color.

4. Tterate and repeat this process (step 3) a total of three (3) times.

“https://stev.oapd.inaf.it/cmd/
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5. Once we have obtained the ridge-line for every cluster we are able to request PARSEC
isochrones with parameters based on previous studies. As reference parameters we
obtain the distance from Baumgardt and Vasiliev (2021), the metallicites and ages
from Baumgardt et al. (2023)°, and color excess from Harris (2010) for GCs. For

OCs we use values from Dias et al. (2021) for metallicity, distance and extinction.

6. We then request a series of PARSEC isochrones based on our reference parameters
with values from +0.01 in log(Age)® in steps of 0.001 in log(Age). For metallicity
we vary our parameters from our reference value 0.3 dex in steps of 0.05 dex. For
example, if our cluster is solar-like and 12 Gyr old then our reference value for age
is log(Age) = 10.079 and metallicity [M/H] = 0.0. Therefore we request PARSEC
isochrones in the range of 10.079 £ 0.01 for log(Age) and 0.0 £ 0.3 for metallicity.

To fit the data between PARSEC isochrone models —that are in absolute magni-
tudes and derredened colors— and observational Gaia DR3 data we assume a color-
extinction relation given by Cardelli et al. (1989):

Ay

Ry=——"

VT EB-V)
with Rv =3.1.

To convert from the extinction Ay to the Gaia extinction coefficients we assume the

relations (Marigo et al., 2008; Evans et al., 2018):

Ag/Av = 0.85926 (3.5)
App /Ay = 1.06794 (3.6)
Arp /Ay = 0.65199 (3.7)

7. From all our isochrone model candidates we do a least-square fit against the ridge-

®They do not explicitly provide the metallicity [M/H] (abundance of elements heavier than Helium),
instead they provide [Fe/H] (iron abundance) and extinction is taken from Harris (2010). We use these
values as an “initial guess”.

SHereafter every time we refer to log(Age) we mean log(Age/yr), the decimal logarithm of the age in
year units.
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line obtained previously and keep the isochrone that minimizes the distance between

the points of the isochrone and the ridge-line.

8. Using the metallicity found for the best fit, we request isochrones from log(Age) = 6.0
to log(Age) = 10.13 in steps of 0.1 for log(Age). We then use these isochrones to
create a Zero-Age Main Sequence (ZAMS) track. Based on the ideas from Rain et al.
(2021); Jadhav and Subramaniam (2021), we will use the ZAMS to select the BSSs
region as will be shown later, but it will be used slightly differently compared to the

previously mentioned studies.

3.2.1 Globular Cluster BSSs selection

Once we have properly obtained isochrone models we use them to set a region where

BSSs are expected.

1. We plot the confirmed cluster members in a CMD and select MS stars. Divide the
selected MS stars into 10 to 20 bins along the Ggp magnitude (Y-axis of the CMD).

2. Centering our attention on the bin that contains most MS stars and compute its dis-

persion/standard deviation along the color axis. We refer to this parameter opin color-

3. Similar to step 1, we select SGB stars and divide the data along the Ggp — Grp axis
(X-axis in CMD) in ~ 5 bins.

4. We focus again on the bin that contains most SGB stars, compute its dispersion along
the magnitude axis and use this value to shift the isochrone along the Gpp—axis. We

call this parameter opin mag-

5. Shift the best-fitting isochrone in a quantity 3 X opin color along the Ggp —Grp axis to
bluer colors and in a quantity 4 X opin mag along the Ggp axis to brighter magnitudes.
This will create the lower—right boundary for our BSS selection region. Typical values

for 3 X opin,color are in the range of ~ [0.1,0.2] mags and opinmag ~ [0.2,0.3] mags.

6. Shift the ZAMS along along the Ggp — Grp axis by ~ 6 X 0Opin,color to bluer colors.

This will create our lower—left boundary of the BSS selection region.
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7. Set an upper—limit to the magnitude that consists of the MSTO Gpp magnitude
subtracted by ~ 2 magnitudes. This upper magnitude limit is based on previous

selections by Leigh et al. (2011).
8. Set a lower—limit which is equal to the MSTO magnitude.

9. To avoid selecting BHB and more evolved stars from our sample we set a left (blue)
limit in color that is ([Gep — GRP]MSTO — Tlower) Mmagnitudes. With typical values of

Tiower Of 0.5 mag < Tjgwer < 0.6 mag.

10. We then connect all the defined lines and set a region to select BSSs. All stars that

lie inside this area are considered Straggler Stars candidates.

11. To distinguish between BSSs, Yellow Straggler Stars (YSSs) —which could be evolved
BSSs— and Red Straggler Stars (RSSs) —evolved YSSs— we apply the following simple
criteria to stars inside our selection area: if the star is bluer (hotter) than the MSTO
color it is selected as a BSS. If the star is colder (redder) than the MSTO color and it
is in the bottom half of the selection area (i.e. fainter stars) it is selected as a YSSs.
If the star is colder than the MSTO color and is in the upper half of the selection

area then it is selected as a RSSs.

Selection criteria described here and applied to GC NGC104 (47 Tuc) are illustrated in
Figure 3.6.
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Figure 3.6: Selection process to select BSSs, YSSs and RSSs for GCs in CMD. a) Isochrone fitting
process for NGC104 (47 Tuc). Cluster members stars are denoted as black points. The orange solid
line denotes the best isochrone fitting line for our sample, while the red dashed line shows the same
isochrone shifted along temperature and magnitude (see text for details) to create the lower-right
boundary for the Straggler Stars selection region. The yellow solid line marks the ZAMS with
the metallicity of the best isochrone fitting line. Dashed yellow lines denote the ZAMS shifted
(see text for details) to create the lower-right boundary for the selection region. Identified MSTO
of the isochrone is marked as a magenta cross symbol. Vertical and horizontal dashed gray lines
demarcate the left and upper boundaries for the selection region, respectively. b) Contour points
for the selection area. Points are marked as light-blue dots. ¢) Confirmed cluster member stars
that lie inside the area are classified as “Straggler Stars”; marked as blue points. d) Stars classified
as BSS are marked as blue points, YSS as yellow points and RSS as red points depending on their
position with respect to the MSTO (see text for details).
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3.2.2 Open Clusters BSSs selection

The criteria to select BSSs in OCs is similar to the one explained in the previous section,

but with a few differences:

e We additionally set a right-boundary limit to the selection criteria. This right (red)
boundary is defined as the ([Gep — GRP|MSTO + Obin,color) Mmagnitudes. Since OCs
are younger than GCs, if we follow the selection criteria applied to GCs we might be
selecting stars close to the RGB-Bump. To avoid selecting these stars we add this

extra limit for the selection region to OCs.

o We do not apply a vertical left-edge cut in color since we do not expect stars in their

last stellar phases. Only shifted-ZAMS delimits the left contour side.

e We set the upper magnitude limit to ~ 3 mag brighter than the MSTO magnitude.
Since OCs are much younger than GCs we do not expect them to have BHB stars
that could contaminate our BSSs sample and, therefore, we find it is acceptable to
extend this upper limit. Additionally, Rain et al. (2021) and Jadhav and Subra-
maniam (2021) have not set an upper limit to their selection criteria. Jadhav and
Subramaniam (2021) estimates that only about ~ 1.4% of their sample might be
BHB contaminating it. Even though we expect not many BHB stars, we apply this
additional criterion to avoid BHBs in our sample (see Section 3.2). We point out
that also this criterion is limited by the cut in brightness we have applied in the
cluster membership selection process, since all stars with magnitudes brighter than

G =~ 10 mag were discarded.

In Figures 3.7 and 3.8 we show the final results of our selection criteria for cluster
membership and BSSs we show the results for GC NGC6205 and OC NGC188, respectively.
Similar figures for all the clusters analyzed in this work, with their respective member stars

and identified BSSs, are presented in Appendix A.
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Figure 3.7: Selection of BSSs for GC NGC 6205. Discarded stars are shown as gray dots, whereas
confirmed cluster members are shown as black dots. The best-fitting isochrone is shown as a
magenta solid curve. The MSTO is marked by an orange plus (4+) symbol. The area containing
BSSs, YSSs, and RSSs is denoted as a transparent blue area with dashed line borders. BSSs, YSSs,
and RSSs are marked as blue, yellow, and red points, respectively. In the right-hand side panels,
the VPDs are displayed for stars of the corresponding magnitude bins with respect to the CMD.
The green cross shows the median of the ellipse for p, cosd and us found for cluster members (see

Section 3.1 for details).
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Figure 3.8: Similar as Figure 3.7, but for OC NGC188. Note that now we have added a right-

border to the Straggler Stars selection area to avoid selecting RGB stars.
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3.3 Blue Straggler Stars Astrophysical Parameters

For a deeper analysis of the selected BSSs, we measure their properties using three dif-
ferent approximations: color-temperature relations, isochrone-fit models and, if available,

spectroscopic data from GDRS3.

3.3.1 Color-Temperature Relations

As a first approximation to estimate BSSs effective temperatures (Teg) we use color—
temperature relations provided by Mucciarelli et al. (2021) for Gaia EDR3. Using the
infrared flux method (IRFM) by Gonzilez Hernandez and Bonifacio (2009) for effective
temperatures, Mucciarelli et al. (2021) computed the best-fitting polynomial relating color

and temperature leading to the equation:
0 = by + b1C + byC? + b3[Fe/H] + by[Fe/H]? + bs[Fe/H|C (3.8)

where 6 = 5040 K /T, C is the dereddened color and [Fe/H] is the metallicity. b; coef-
ficients, with 1 < ¢ < 5 are shown in Table 3.1 for dwarf stars (first row) and giant stars
(second row). We use metallicity [Fe/H] values from Carretta et al. (2009) for GCs and
Dias et al. (2021) for OCs.

It is important to note that our sample of selected BSSs, YSSs and RSSs might lie

outside the range of magnitudes described on Table 3.1. For these stars we extrapolate

their Tig.
Color range o1, N bg b1 bo bg by bs
(mag)  (K)

[0.39-1.5] 61 436 0.4929 0.5092 -0.0353 0.0192 -0.0020 -0.0395
[0.33-1.81] 83 209 0.5323 0.4775 -0.0344 -0.0110 -0.0020 —0.0009

Table 3.1: Color-temperature relations derived by Mucciarelli et al. (2021) for dereddened color
(Ggp — GRrp)o- First row are the values obtained using dwarf stars; whereas the second row denotes
the values obtained using giant stars. Columns are as follows: 1) color range of the stars used to
derive the relation, 2) Tes dispersion of the fit residuals, 3) numbers of stars used to obtain the
relation, 4-9) coefficients for equation (3.8).
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Figure 3.9: Color-temperature relations found for the GC NGC 104 (47 Tuc) CMD using the
relations from Mucciarelli et al. (2021). BSSs, YSSs and RSSs are enclosed in blue, yellow and red
colors, respectively.

3.3.2 Isochrone Fitting-Models

As a second method to obtain astrophysical parameters for BSS we will make use of
isochrone models, similar to what has been done in previously mentioned studies (Jadhav
and Subramaniam, 2021; Dattatrey et al., 2023). For this we use again PARSEC isochrones
(Bressan et al., 2012). For GCs we use isochrones from 150 Myr up to the best-fitting

isochrone age identified for the respective cluster in steps of 50 Myr. For OCs we repeat
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the process, but the minimum age requested is now 100 Myr in steps of 25 Myr. We
keep the metallicity found for the best-fitting isochrone for all the clusters -GCs and OCs—
assuming a simple stellar population (SSP). It is important to note that metallicity can lead
to degeneracies in the models and to keep it simple we have chosen to consider the cluster
metallicity as homogeneous even when it has been found more recently that, especially
GCs, are good approximations of but not exactly SSPs; they are rather Multiple Stellar
Populations (Milone et al., 2012b, 2015, MSP).

We then sample the isochrone models along the CMD for every cluster and we choose
the 3 closest isochrone—model points to each selected star. The astrophysical parameters
are then computed as the average of these 3 points; and their standard deviation as their

error for the respective parameter.

3.3.3 Spectroscopy from Gaia DR3

Gaia DR3 has provided spectroscopy for over 220 billion stars (Gaia Collaboration
et al., 2023). They provide atmospheric parameters parameters such as effective tempera-
ture and log(g); measuring radial velocities; and interstellar parameters such as extinction.
The spectra provided by Gaia are low-resolution spectra -BP/RP spectra (hereafter called
"XP’ spectra)—, with resolution values between R ~ 50 — 160 in the range of 640 up to
1050 nm (De Angeli et al., 2023; Montegriffo et al., 2023). Andrae et al. (2023) used dif-
ferent methods, such as isochrone fitting, A and OB stars and extinction laws to fit the
spectra with observational measurements. However, these techniques are highly sensitive
to calibration inaccuracies and systematics. For this reason Zhang et al. (2023) decided to
train a machine-learning model that, based on high-resolution spectra, “downgrades” those
spectra to XP spectra resolution. Since high-resolution spectra allow one to measure astro-
physical parameters with higher accuracy, training a machine-learning model that learns
from reliable measurements and then learns how the spectra change when the spectral
resolution changes to that of XP spectra permits somewhat higher accuracy measurements
and helps to find systematic errors in XP spectra, which have been already reported in De
Angeli et al. (2023). These authors use data from LAMOST DR& (Wang et al., 2022; Xiang

et al., 2022) which is at higher resolution and then convert them to XP spectra resolution.
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Additionally, infrared photometry data from 2MASS (Skrutskie et al., 2006) and WISE
(Schlafly et al., 2019) is analyzed to break the degeneracy between T.g and extinction.
The authors also provide a custom parameter called quality_flag. This parameter is an
integer between 0 and 9. The closer this value is to 0, the more reliable the result is. For
all these reasons we have decided to work with XP spectra Parameters (hereafter XPP)
from Zhang et al. (2023) instead of those provided directly by Andrae et al. (2023) with
General Stellar Parameterizer from Photometry (GSP-Phot). It is important to mention
that most of the parameters are obtained for stars with G < 19 mag. For GCs that are
too faint we expect that most of the cluster members do not have parameters measured
from XPP. However, since BSSs are equally or slightly brighter than the MSTO and due
to the high numbers of BSSs present in GCs we expect that a substantial percentage of
our BSSs, YSSs and RSSs sample does have spectroscopic parameters measured.

To achieve this goal we request XPP data via TOPCAT selecting the same region requested
as described in Section 3.1. We already have selected cluster members, so we match the
data using their Gaia Source ID’. Additionally, we only select data whose quality_flag

parameter is < 4 to continue the subsequent analysis with only the most reliable values.

7A unique identifier for every object in GDR3.
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Results

4.1 Number of Blue Straggler Stars

Only 42/129 (~ 33%) of OCs show the presence of BSSs. On the other side, all GCs
(41) show the presence of BSSs. This leads to a total of 83 clusters whose BSSs members
could be identified. The total number of BSSs is shown in Figure 4.1 compared against
other Gaia—based works (Rain et al., 2021; Jadhav and Subramaniam, 2021; Cordoni et al.,
2023; Li et al., 2023). It is clear that the number of BSSs increases with the age of the
cluster, modestly inverted when considering GCs only. We have found a total of 4399
BSSs. In our BSSs sample, 434 (~ 10%) are linked to OCs. In the case of GCs we were
able to identify 3965 BSSs (~ 90%).

4.2 Astrophysical Parameters of BSSs

We now present the results obtained with our 3 different methods explained in Section
3.3. Hereafter, the “IRFM” label is related to results obtained with color-temperature re-
lations, “isochrone” label is related to results obtained with best-fitting isochrone methods
and “XPP” is related to matched spectroscopic data from (Zhang et al., 2023).

From color-temperature relations we are only able to extract Tog for our sample stars.
For PARSEC isochrone models, we can extract many more parameters such as the stellar

mass, luminosity, age and surface gravity, among other parameters, that are considered
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Figure 4.1: Total number of identified BSSs for different Gaia-based studies vs. cluster age.
We note that, similar to the previous studies, BSSs start to appear for an age of ~ 500 Myr.
Apparently, there is a correlation between the number of BSSs and the cluster age. The smaller
inset plot shows the number of BSSs in GCs, where the trend shown for OCs agrees in the mean,
but appears to be modestly inverted when considering GCs only. Errors in the numbers of BSS
are Poisson uncertainties. For OCs age errors are based on those provided by Dias et al. (2021),
whereas for GCs age errors are the difference between the cluster age found for our best-fitting
method and those provided by Baumgardt et al. (2023).

beyond the scope of this work. XPP comes with 2 useful parameters for us: T, and surface
gravity log(g). To test whether the parameters extracted with our different methods are
consistent with each other, we compare each pair of them. We have T.g measured for all our
methods; log(g) is available for isochrone and XPP methods. In the following sub-sections

we provide their comparisons and relations.
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4.2.1 Effective Temperature of Blue Straggler Stars

Figure 4.2 shows the comparison between Ty found for isochrones against the other
two methods for all stars with an error below 300 K. It is clear that when T, obtained
through the color-temperature relations and T obtained from XPP are compared against
this same parameter measured with best-fit isochrone models, results in a linear relation,
close to 1 : 1. Therefore, we can say that results obtained from different methods are
consistent with each other.

For BSSs, we applied a least square method —including errors in both components—
to derive the relations between T, obtained with color-temperature relations (Teg, 1RFM)
against T,g obtained with isochrones (Teg, isochrone); and Teg obtained from XPP (Teg, xpp)

against Tog from isochrones are given, respectively, in units of K, by:

Terr, IRFM = 1.074 X Tef, isochrone — 989 (4.1)
Teff, xpp = 0.842 X Tig isochrone + 1092 (4.2)
Cluster type Method (Teg) Median Teg o1, Max. Teg  Min. Teg
(K) (K) (K) (K) (K)
OC + GC  Color-Temperature 6853 6671 795 11 889 5221
OoC + GC Isochrone—fitting 6900 6782 687 12 217 5298
GC Color-Temperature 6772 6648 630 9849 5221
GC Isochrone—fitting 6829 6762 529 9467 5298
ocC Color—Temperature 7598 7199 1476 11 889 5558
oC Isochrone—fitting 7549 7208 1331 12 217 5636

Table 4.1: Values found for BSS T.g. Columns are as follow: 1) Cluster type for the corresponding
data sample, 2) Method applied to obtain the values. 3) average BSS Teg, 4) median mass Tog of
BSSs, 5) dispersion in Teg for BSSs, 6) maximum Teg found for BSSs in data sample, 7) minimum
Tegr found for BSSs in data sample.
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Figure 4.2: Comparison of T,g obtained using different methods. Top: comparison between Tog
obtained from the color-temperature (IRFM) relation vs. Teg found for isochrone-based models.
The figure shows all the results for BSSs with an error below 300 K in both methods compared.
Dashed gray lines show 1 : 1 relations. Dotted-dashed green lines show the best fit —considering
errors— using the least-squares method for all the data (OCs + GCs). BSSs for GCs and OCs are
denoted as red stars and blue squares, respectively. Bottom: Same as top figure, but comparing
Teg found using XPP vs. isochrone-based models.

Equations (4.1) and (4.2) are the best-fit for the top and bottom of Figure 4.2, respec-
tively.

We also compare the Tog obtained with color—temperature relations against those found
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in XPP. We repeat the same method we applied to obtain equations (4.1) and (4.2) and

we derive the relations for BSSs —shown in Figure 4.3—, in units of K, as:

Teﬂ?7 Xpp — 0.735 x Teff, IRFM + 1870 (43)

The corresponding comparison relations for YSSs and RSSs —for T.g using the different

methods like (4.1), (4.2) and (4.3)— can be found in Appendix B.1.
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Figure 4.3: Same as Figure 4.2, but for T.g obtained from color-temperature relations against
those found in XPP for BSSs.
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4.2.2 Surface gravity of Blue Straggler Stars

As was mentioned earlier, from isochrone parameters and XPP we do have a second
common parameter that we can compare: surface gravity, log(g). Following the same
procedure as before, we now test the consistency between the surface gravity values found
with isochrones and those found from XPP. The results for all the data with an error under
0.2 for log(g) in both components are shown in Figure 4.4. From this figure we derive the

2

relation for log(g) obtained with isochrones and XPP for BSSs —with g in units of cm-s™*—

as:
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Figure 4.4: Comparison of log(g) obtained using different methods: log(g) obtained from XPP
vs. log(g) obtained with isochrones. The figure shows all the results for BSSs with an error below
0.2 in both methods compared. Dashed gray lines show 1 : 1 relations. Dotted-dashed green lines
show the best fit —considering errors— using least-squares method for all the data (OCs + GCs).
BSSs for GCs and OCs are shown as red stars and blue squares, respectively.
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10g(g)xpp = 0.865 x 10g(9)isochrone + 0-49. (4.4)

We can appreciate that we still have an acceptable concordance for log(g) for values
obtained from isochrones and from XPP. However, we note that on average, log(g) obtained

with isochrone models are slightly inferior than those obtained from spectra/XPP.

4.2.3 Masses of Blue Straggler Stars

Last, but not least, we extract the mass of BSSs only based on isochrone models, since
it is the only method that directly provides this parameter. However, we must keep in
mind that BSSs could be binary or even multiplet systems. Therefore, and due to Gaia
filter limitations that do not allow us to characterize robustly cool companions for the
stars, as shown in Figure 2.1, we could be overestimating the mass of the star since we are
considering the mass of the binary system as the total mass. Some statistics found for our
identified BSS mass sample is shown in Table 4.2. We find that, within our entire sample,
the average mass of the blue stragglers is (Mpggan) = (1.09 £0.28) M. As expected
OCs/younger clusters show a higher average-mass with (Mpssoc) = (1.75 £ 0.45) Mg
and GCs show a lower average-mass with (Mgss gc) = (1.0240.1) M. We also note that
the dispersion is much smaller in GCs compared to that found for OCs. A deeper analysis

of these results can be found at Section 4.3.

Cluster type (Mass) Median Mass  oyass Max. Mass  Min. Mass

(Mo) (Mo) (Mo) (Mo) (Mo)
0C + GC  1.09 1.01 0.28 3.38 0.84
ocC 1.75 1.65 0.45 3.38 1.18
GC 1.02 1.0 0.1 1.5 0.84

Table 4.2: Statistics of masses derived to BSSs from isochrone models. The first, second and third
row show the data for all clusters (OCs + GCs), OCs and GCs, respectively. Columns are as follow:
1) Cluster type for the corresponding data sample, 2) average of mass of BSSs, 3) median mass of
BSSs, 4) dispersion in the mass for BSSs, 5) maximum mass found for BSSs in data sample, 6)
minimum mass found for BSSs in data sample.
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4.3 Analysis and Discussion

To observe how T,g changes with the cluster age, we display these results into Figure 4.5.
Similar to what has been done to the mass parameter, we see if there are any correlations
between the difference of BSS Teg and MSTO T.g, hereafter AT,g, and the cluster age. At
the top of this figure we can appreciate that, in average, AT.g decreases with the cluster
age. This trend can be appreciated in OCs and GCs. This means that as time passes
BSSs cooldown in a faster way than the MSTO does. This is not a surprising result since
BSSs are more massive stars compared to those around the MSTO. Since BSSs are more
massive they evolve faster, reaching post MS phases such as SGB and RGB sooner where
they slowly start to cooldown in contrast with less massive stars that take more time to
reach those stages. Therefore, we can expect this difference in temperature to “shrink”
with the cluster age. This correlation is even more clear when we normalize (ATeg) with
respect to the MSTO eff. We also show the dispersion in Tig of the BSSs against the
cluster age. We put our attention on OCs, since their dispersion clearly decreases with the
cluster age; this means that, even if new BSSs are being formed, they tend to be closer to
the MSTO. Nevertheless, this clear trend in the dispersion in OCs cannot be appreciated
in GCs. We must remember that in our BSS selection criteria for GCs we selected stars
with ~ [0.5—0.6] mags bluer than the MSTO to avoid selecting stars in later stellar phases
compared to the MS. We then expect an “upper” cut value in T.g dispersion for BSSs.
However, this means that, for GCs, as the cluster gets older BSSs are more-less equally
disperse in Tog. Sindhu et al. (2019) found g for the old OC M67 in ranges around 7500
8700 K. These results are in agreement with our average value found for T.g obtained
from different methods in OCs; (Teg) = (7598 4+ 1476) K derived from color—temperature
relations and (T.g) = (7549 + 1331) K from isochrone fittings. Dattatrey et al. (2023)
have classified BSSs in GC NGC 362 depending if they find a hotter companion based
on their SED. They report Teg of 7500-9250 K for BSSs that did not show evidence of a
hotter companion and 6200-8250 K for BSSs that did. The authors show and demonstrate
that BSSs without companions live in a “bluer” BSS sequence —probably formed through

collisions— and stars with a WD companion lie in a “redder” BSS sequence. Our results
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for GCs show a better agreement with those temperatures found for BSSs with a WD
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Figure 4.5: Tog vs. cluster age. Top: (ATes) —the average of the difference between BSS Teg
and MSTO Tug for stars within the same cluster— vs. cluster age. Blue triangles and red dots
represent Tog obtained from color—temperature relations for OCs and GCs, respectively. Green
plus symbol (+) and orange squares represent Tog derived from isochrone models for OCs and GCs,
respectively. At the top right corner we show the results only for GCs without error bars for a
better appreciation, keeping the same axes from the major plot. Error bars show the dispersion of
BSSs Tog. Middle: (Teg) normalized by the MSTO temperature —found with the same method-.
Horizontal gray line indicates BSS Tog = 1.5 x MSTO Teg. Bottom: Dispersion of BSS Teg vs.
cluster age.

46



CHAPTER 4. RESULTS

For the GC average-mass of our BSSs sample, we find this value ~(Mpss o) = (1.02+
0.1) Mg- to differ from those found by Shara et al. (1997); Baldwin et al. (2016); who re-
ported a BSS Mass of Mpsg = (1.7£0.4) My and (Mpss) = (1.22+£0.12) M), respectively.
We could explain this difference based on two factors: i) Where are the BSSs located with
respect to the cluster core center and, ii) Data limitations by Gaia. Contreras Ramos et al.
(2012) and Ferraro et al. (2012) have shown that BSSs tend to sink to the inner parts of the
cluster. However, Gaia Mission itself is capped in overcrowded regions such as GC centre;
whereas the two previously mentioned studies are based on HST observations. This implies
that our data sample is based on regions outside ~ ry, the half-light radius, which would
explain our average value is different from HST-based studies. Nevertheless, our results are
agreement with those measured by Simunovic (2017) ((Mpss) ~ 1 M), Fiorentino et al.
(2014) ((Mpss) = 1.06 £ 0.09) and Stepien and Kiraga (2015) ((Mpgs ~ (1 — 1.1) Mg).
Values compared with Simunovic (2017) are the most significant ones, since he extracted
the parameters from 38 GCs using isochrone fittings as well; which makes this study statis-
tically more comparable to our GC sample. Compared with OCs, our average-mass value
obtained for BSSs —(Mpss,oc) = (1.75£0.45) My is lower to those found by Jadhav and
Subramaniam (2021). They report an average-mass value of (Mpgs) = (2.67 4+ 1.2) M, if
we consider they confirmed BSSs and (Mpss) = (2.49 £1.13) Mg, if we consider their con-
firmed and candidate/probable BSSs. Nevertheless, we focus that our average-mass value
is within their range considering the errors in both cases. Our dispersion in data is also
smaller than those provided by Jadhav and Subramaniam (2021). However, and as was
explained previously, this gap between our results is expected since we might have added a
cut at the moment to select Gaia G magnitude range, discarding all stars with magnitudes
below Gpp ~ 10 as they could be saturated and, therefore, their Gaia parameters could
contain systematic errors. This would not only explain the difference between our results,
but also why our dispersion for OCs is smaller.

Even so, these values are also in agreement with simulations for old open clusters from

Tian et al. (2006), who simulated a binary system with a mass (1.4 4 0.9) M.
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BSSs are expected to gain mass in their MS lifetime. This means that the “excess”
between their current mass and the mass of the MSTO could give a hint about their
formation pathways. Recall that, based on previous observations (Dalessandro et al.,
2013; Dattatrey et al., 2023), more massive (bluer) BSSs are likely to be formed through
collisions whereas less massive (redder) BSSs are likely to be formed by MT. Even though
this is not a strict statement, it could be considered a first indication for the formation
channel for the particular BSS. Trying to provide a quantity that could give a hint about
which pathway could predominate Jadhav and Subramaniam (2021) defined a parameter

called the “Fractional Mass Excess”, or M. This quantity is defined as:

Mgss — Mysto
M. =
MysTo

(4.5)

where Mpgs is the mass of the BSS and MysTo is the mass at the MSTO, which in our
case are obtained from isochrone models. In simple words, this M, factor is the excess of
mass between the BSS mass and MSTO mass, normalized by the MSTO mass. Note that
M = 0.5 can be intepreted as Mpgs = 1.5 X MysT0, and M, = 1.0 represents Mpgs =
2 X Myisto. By definition, this “fractional mass excess” is roughly equivalent to the MT
efficiency if we assume that both participants of the system, the donor and the secondary
star, are MS stars (Shao and Li, 2016). Based on M, value, Jadhav and Subramaniam
(2021) decided to divide it into 3 different regimes: low—M, (M, < 0.5), high-M, (0.5 <
M, < 1.0) and extreme-M, (M, > 1.0) where, as a first approximation, formation
pathways that predominate are MT, collisions and multiple-mergers/MT, respectively.

We test this parameter against the cluster age, which is displayed in Figure 4.6. First
of all we note that, as expected, the younger clusters show BSSs with a higher mass;
mass that decreases with cluster age. This means that younger clusters will tend to have
BSSs with higher masses compared to their older counterparts. However, this is expected
for stellar evolution for the lifetime of a star, 7, since 7 % = ﬁ I.e., more massive
stars have decreased T by ~ 3 orders of magnitude compared to less massive stars, which

correspondingly translates to the absolute BSS mass as a function of cluster age.
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Figure 4.6: Mass parameters vs. log(cluster age). Top: Mass of BSSs vs. cluster age. Semi-
transparent red dots show the mass of BSSs from GC and semi-transparent blue dots show the
mass of BSSs from OCs. Green dashed lines show the best fit for all the clusters, dashed-dotted
light-blue lines show the best fit for OCs and dotted orange lines show the best fit for GCs. Middle:
Difference between Mpgs and Mysto vs. cluster age. Bottom: M, vs. cluster age. The dashed-
dotted gray line shows the limit where Mpss = 2.0 x Mysto and dashed gray line shows the limit
for MBSS =1.5x MMSTO~
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Figure 4.6 also shows that the difference between the mass of BSSs and the mass that
corresponds to the MSTO decreases with cluster age. As explained before, this is expected
since more massive stars will end their life earlier and MSTO mass decreases slower with
increasing age. We expect that Mpgs — Mymsto shrinks as time advances. We find no
significant trend of M, with cluster age. However, we observe that the fraction of high-
M, BSSs is higher in GCs than in OCs, which may indicate that the collisional formation
channel is more pronounced in old star cluster. This is turn might be related to sufficiently
old dynamical ages of star cluster, which can in principle have undergone one or more core
collapse, boosting the stellar encounter rates and thus the formation of collision-induced
BSS formation. We find to be ~ 81.34% and ~ 18.66% the percentages for low and high—
M., respectively, for OCs. In GCs, we find these proportions to be ~ 94.25% and ~ 5.75%
for low and high—M,, respectively. Considering all clusters, the percentage of low—M, is
~ 93% and for high-M, we obtain ~ 7%. We do not find BSSs for clusters younger than
~ 300 Myr; supporting the results found by Rain et al. (2021); Jadhav and Subramaniam
(2021); Cordoni et al. (2023). More specifically, within our sample, BSSs start to appear
at ages ~ 500 Myr.

Apart from our direct comparison of OCs and GCs, the difference between our results
and those provided by Jadhav and Subramaniam (2021) is that we were not able to find any
stars with M, > 1.0 and, therefore, be located in the extreme—M, regime. An explanation
is our Gaia DR3 selection criteria. As was specified in section 3.1, we applied a cut along
G magnitudes between 10.5 mag < G < 20.5 mag. We skipped too bright /saturated stars
(to avoid systematic errors) which may have been classified as more massive by our models.
Nevertheless, our cut could have also added a bias in the selection where we do not consider
extremely massive stars, especially for OCs.

Additionally, we test the BSSs mass parameters vs. log(BSSs age), i.e. the individ-
ual ages of our sample BSSs. Results are displayed in Figure 4.7. The relations for
Mpss and AM —the difference between the mass corresponding to the MSTO and the
BSS mass— against BSSs age are broadly similar to those found against the cluster age,
i.e. both of these parameters decrease as a function of age. In addition, we see various

sequences appearing in the two upper panels. The main difference, however, is in M,
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against log(BSSs age): as BSSs become older and older, M, also starts to decrease.
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Figure 4.7: Same as Figure 4.6, but age is computed from isochrone models.
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We can have two main scenarios for MT-efficiency: one conservative scenario where
efficiency > 0.5 for close binaries that could end in a merger; or a non-conservative scenario
where efficiency < 0.5 binary interactions can leave a remnant of the donor (Shao and Li,
2016). As was stated by Jadhav and Subramaniam (2021), we could assume M, to be
roughly similar to MT-efficiency. We can interpret this as the older the BSS is, the more
likely it is to be formed via MT; or as BSSs gets older, MT is more inefficient —likely leaving
remnants of the donor—.

We find this relation between M, and log(Agepgg) for all clusters, GCs and OCs to

be, respectively:

Mean = (89.65 £ 11.19) x exp(—[0.606 + 0.013] x log[Agenss/yr]) (4.6)
Mece = (171.15 + 23.46) x exp(—[0.672 £ 0.014] x log[Agepss/y1]) (4.7)
Meoc = (71.07 £ 41.83) x exp(—[0.591 £ 0.065] x log[Agerss/yr]) (4.8)

Figure 4.8 shows the percentage of low—M, and high—-M, against log(Age) of BSSs.
For OCs, it is clear that high—M, fraction decreases between the ages of BSSs of ~ 1 Gyr—
2 Gyr, whereas the low—M, fraction dominates, with a percentage > 90%, for BSSs older
than 2.5 Gyr. On other hand, we observe that high— M, is relatively stable for ages between
~ 600 Myr-1.5 Gyr, with values ~ 10%. But this value increases up to ~ 30% between
for BSSs ages between ~ 1.5-2.5 Gyr. Simunovic et al. (2014) fitted collisional isochrones
(Sills et al., 2009) to Blue-Sequence BSSs (as presented in Section 2.1.1) finding that their
age is ~ 2 Gyr, which is within the range of ages found for BSSs where high—M, fraction
increases/low—M, fraction decreases. For GCs older than ~ 3.5 Gyr the high-M, fraction
rapidly decreases to values under 10% similar to those that can be appreciated for OCs.
Overall, it can be observed for all BSSs in our sample low/high—M, fraction is dominated
by OCs for younger BSSs ages (~ 250 — 600 Myr) and by GCs for older BSSs ages (~ 1.5

10 Gyr) as expected by their population number (Section 4.1).
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Figure 4.8: Low/High-M, percentage vs. log(Agepss). Green dots, red squares and red triangles
represent all clusters, GCs and OCs, respectively. Dotted line indicates low—M, and dashed line
indicates high—- M, values.

Me—type Cluster type (Gppabs) M (GBpabs) 0Gpp.,.  ((GBp — Grr)o) M [(Gep — Grpr)o]  omP-RP),
(mag) (mag) (mag) (mag) (mag) (mag)
high— M, GC 2.57 2.52 0.46 0.29 0.26 0.16
low—M, GC 3.5 3.5 0.49 0.51 0.51 0.12
high—-M, oC 1.11 1.43 0.93 0.16 0.11 0.22
low—M, ocC 2.23 2.33 1.04 0.41 0.45 0.22

Table 4.3: Statistics of BSSs, with their respective M, classified as high/low, in CMD. Columns
are as follow: 1) M, classification, 2) Cluster type, 3) average of the absolute Ggp magnitude, 4)
median of the absolute Ggp magnitude, 5) dispersion of the absolute Ggp magnitude, 6) Average
derredened color. 7) Median of derredened color. 8) Dispersion of derredened color.
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BSSs classified as Low—M, and high-M, statistics in CMD-space are displayed in
Table 4.3 and shown in Figure 4.9. We find the same trend shown in Figure 6 from
Jadhav and Subramaniam (2021): BSSs with M, classified as high-M, do not show a
difference in color ~however, high— M, BSSs are slightly bluer than low—M, by ~ 0.2mag—
. The difference is in the absolute magnitude where they show ~ 1.0, i.e., high-M, are,
approximately, 10 times brighter than low—M, BSSs. This difference is appreciable for
both type of clusters, GCs and OCs. This separation between different BSSs and their M,

classification is clear in Figure 4.9.
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Figure 4.9: CMD for all our analyzed BSSs; Ggp absolute magnitude vs. derredened color. BSSs
marked as light-blue plus (+) symbol, blue triangle, orange dot and red square denote low—M,
BSSs in OCs, high—M, BSSs in OCs, low—M, BSSs in GCs and high— M., respectively.

We finally focus attention on the bottom of Figure 4.7: we can see something similar
to a double-sequence!. To keep it simple, we set a linear function that separates these two

sequences as “upper” and “lower” sequence. This linear function is defined as:

Do not confuse it with double sequences of BSSs since we are not in the CMD-space.
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M = —0.539 x log(Agepgs/yr) + 5.475 (4.9)

Values above equation (4.9) are classified as “upper”—sequence and for values lower
than the mentioned equation we classify them as “lower”—sequence. After classifying BSSs
with this new label, we then display them in a CMD. Selection criteria and CMD can be
observed at Figure 4.10.
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Figure 4.10: Top: Same as Figure 4.7, but classifying stars depending if they lie above or under
the grey dashed separation represented by equation (4.9). Blue triangles, green plus (+) symbol,
orange squares and red point represent OC BSSs located above the separation, OC BSSs located
under the separation, GC BSSs located above the separation and GC BSSs located under the
separation, respectively. Bottom: BSSs classified by the criteria shown in upper figure displayed
along the CMD.
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We explain these final results as follows: from a binary perspective, the higher M,, the
more efficient the MT process is. Since the MT is more efficient this yields to more accreted
mass and hence more fuel for the star receiving the material, extending its life (McCrea,
1964). Assuming the scenario of a common-envelope evolution, the separation between
the stars of the binary system eventually decreases. This could end in two scenarios: they
could end in a merge or one of the binaries could be ejected from the system; with the first
scenario being the more probable to occur (Hurley et al., 2002). As a result of this merger
scenario, the secondary star now is more massive. Considering that 7 oc M 3, this triggers
the evolution to be faster and, thus, be located at older ages in M, vs. log(Agepgs/yr) with
isochrone evolutionary tracks. Ergo, we interpret these two sequences as post-merger/close-
binary interaction sequence (“upper” sequence) and pre-merger/close-binary interaction
sequence (“lower” sequence).

It is important to mention, and as Jadhav and Subramaniam (2021) have warned, that
the “fractional mass excess” M, is not a strict/rigid parameter that states exactly how
BSSs were formed. This parameter suggests how a BSS could likely be formed. For deeper
analysis, which escapes from Gaia limitations, we do need FUV observations (Sindhu et al.,
2019; Dattatrey et al., 2023, for example) to be able to distinguish the presence or absence

of a companion.
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Conclusions

We summarize the progress and results of this thesis as follows:

1. Using Gaia DR3 and Cordoni et al. (2018) algorithm we have successfully identified
cluster members for 41 GCs and 129 OCs. In the case of GCs we are only able to

extract data outside ~ ry due to Gaia problems with overcrowded regions.

2. We used PARSEC isochrones (Bressan et al., 2012) with the identified cluster mem-
bers to properly determine the cluster MSTO point. Based on this point as a reference
and dispersion of the cluster along color and magnitude, we shifted the best-fitting
isochrone, ZAMS and BSSs area limitations from previous studies (Leigh et al., 2011)
to set a region and extract BSSs for GCs and OCs to select and classify stars as BSS,
YSS or RSS. We were able to recognize BSSs in all GCs and 42/129 (~ 33%) OCs
in our sample. We counted a total of 4399 BSSs; 434 (~ 10%) located in OCs and
3965 (90%) located in GCs.

3. The number of BSSs increases with the cluster age in OCs; this trend is not clear in
GCs —remembering that we are sampling outer regions of the cluster for GCs—. We do
not see the presence of BSSs in clusters younger than ~ 300 Myr, in agreement with
previous Gaia-based studies for BSSs (Rain et al., 2021; Jadhav and Subramaniam,
2021; Cordoni et al., 2023). We note that BSSs start to appear at cluster with ages

~ 500 Myr in our sample.
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4. Using color-temperature relations, isochrone—fittings and parameters from Zhang
et al. (2023, called “XPP”) —which is based on spectra provided by Gaia DR3-
we were able to determine astrophysical parameters for all our BSSs sample. We
obtain T,g from color-temperature relations; Tug, mass, luminosity and log(g) from
isochrone—fittings; and Tog and log(g) from XPP. We find a good agreement between
measurements obtained through different methods. We provide these parameters for

YSSs and RSSs as well.

5. Focusing on Tog we find effective temperatures for BSSs (Tgs) = (6853 £ 795) K
from color-temperature relations and (Tggs) = (6900+£687) K from isochrone—fitting
for all our BSS sample. Teg found in OC BSSs are (Tpsg) = (7598 £+ 1476) K and
(Tpss) = (7549 £+ 1331) K from color-temperature and isochrone—fitting methods,
respectively. BSSs in GCs present (Tpgs) = (6772 4+ 630) K derived from color—
temperature relations and (Tggs) = (6829 + 529) K. Overall, the difference in Teg
found from isochrone-fittings are ~ 50 K hotter than those obtained from color—
temperature relations. These values are in agreement with previous studies (Sindhu

et al., 2019; Dattatrey et al., 2023).

6. Based on the isochrone—fitting method, we find the mass of all our BSSs to be,
approximately, (Mpss) = (1.09 £0.28) Mg. In OCs, we find the mass of BSSs to be
(Mpss) = (1.75+0.45) Mg . For GCs we obtain a BSS mass around (Mpgs) = (1.02+
0.1) Mg. Results for OCs are inferior to those found by Jadhav and Subramaniam
(2021), but our results still their error range.Even so, masses in OCs are in agreement
with binary simulations (Tian et al., 2006). GC BSS mass is slightly inferior to some
HST-based studies such as Shara et al. (1997); Baldwin et al. (2016), but are in

agreement with BSS mass measured to multiple GCs as well (Simunovic, 2017).

7. We observe that AT,g, the difference between the BSS Tog and T,g corresponding
to the MSTO (measured with the same method), decreases with the cluster age. We
find these results for T,g obtained with color—temperature relations and isochrone—
fitting models. This means that the difference in temperature between the BSSs and

the MSTO do change with the time; which is expected since BSSs are supposed to
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10.

be more massive MS stars than the MSTO and, therefore, they evolve to post-MS
phases faster than those stars located around the MSTO —which are less massive
compared to BSSs—. We find this trend for OCs and GCs. We also observe that the
dispersion of BSSs of AT.g tends to decrease with the cluster age. We do not find
this trend in GCs, where we had to applied a cut along the color axis (and hence, in

the temperature) to avoid selecting much more evolved stars.

We follow the definition provided by Jadhav and Subramaniam (2021) for the “frac-
tional mass excess”, or M,. This parameter is the difference between the BSS mass
and the mass that corresponds to the MSTO —this last based on isochrone-fittings—,
normalized by the MSTO mass. This parameter is roughly equal/proportional to the
MT efficiency in a binary system. These authors classify M, in three (3) regimes;
each regime giving hints about which could be the formation pathway for the BSS: i)
low—M, (M, < 0.5, likely to be formed via MT), high-M, (0.5 < M, < 1.0, likely
to be formed from mergers/collisions) and extreme-M, (1.0 < M, < 1.5, likely to
be multiple-MT systems.). In our sample, we do not find any (0%) extreme—M,,
where we explain this could be due to a bias error applied to our data since we
skipped stars brighter than Ggp ~ 10 —to avoid Gaia systematic errors— that could
have been more massive. In all our sample, ~ 7% is classified as high- M, and 93%
as low—M,. For OCs this proportion is ~ 81.34% and ~ 18.66% for high—M, and
low—M,, respectively. For BSSs in GCs, we find these percentages to be ~ 94.25%
for low—M, and ~ 5.25% for high-M,. This suggest that, in summary, MT is the
preferred formation method for BSSs; but OCs do present a higher fraction of BSSs
that could have likely been formed through mergers compared to GC BSSs.

We do not find a clear trend for M, against the cluster age. These results are similar

to those provided by Jadhav and Subramaniam (2021) for OCs.

For OCs we see that high-M, fraction decreases with the BSS age (obtained with
isochrone—fittings). This means that, in OCs, older BSSs are more likely to be formed
through MT. GCs showed a similar trend to that mentioned before, with the great

exception that we find a “boost” in high—-M, fraction around ~ 2 Gyr. This age is in
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11.

agreement with ages found from collisional isochrones that explain blue sequences of
BSSs in clusters with a double sequence of BSSs (Simunovic et al., 2014; Dattatrey
et al., 2023).

Finally, we observe a double sequence in M, vs. log(Agepss) in GCs: one cor-
responding to an “upper” sequence, with higher M, along the BSS age; and an-
other “lower” sequence, linked to smaller M, along the BSS age. We plot BSSs
labeled by their associated sequence, identified for OCs and GCs, along a CMD and
we find a clear division between these branches; especially for GCs. BSSs located
at the “upper” sequence are brighter than those located at the “lower” sequence.
From binary-evolution perspective, the distance between the binaries could eventu-
ally decrease, the star receiving the material will gain mass but shorten its life and,
hence, will appear as an “older” star in the isochrone tracks. Finally, we consider
these “upper” and “lower” sequences as post-merger/closer-binary interaction and

pre merger /closer-binary sequences.
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Figure A.5: Same as Figure 3.7, but for the rest of the GC sample.
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Figure A.6: Same as Figure 3.7, but for the rest of the GC sample.
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Figure A.11: Same as Figure 3.8, but for the rest of the OC sample.
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Figure A.12: Same as Figure 3.8, but for the rest of the OC sample.
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Figure A.13: Same as Figure 3.8, but for the rest of the OC sample.
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Figure A.15: Same as Figure 3.8, but for the rest of the OC sample.
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Figure A.16: Same as Figure 3.8, but for the rest of the OC sample.
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Figure A.17: Same as Figure 3.8, but for the rest of the OC sample.
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Appendix B

Astrophysical Parameters of
Yellow Straggler Stars and Red
Straggler Stars

B.1 Effective Temperatures

Similar to equations (4.1) and (4.2), we derive the relations of Teg obtained through
color—temperature relations and XPP against Tyg found with isochrones for YSSs —with

errors below 300 K in both components—, in units of K, as:

Terr, REM = 0.952 X Tegr isochrone — 204 (B.1)

Ter, xpp = 1.017 X Tift, isochrone — 161 (B.2)
And for RSSs:

Terr, REM = 0.897 X Ter, isochrone — 929 (B.3)

Teft, xpp = 1.334 X Teft | isochrone — 1963 (B.4)

Equations (B.1) and (B.2) are the best-fit for the top and bottom of Figure B.1, re-
spectively. Equations (B.3) and (B.4) are the best-fit for the top and bottom of Figure
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APPENDIX B. ASTROPHYSICAL PARAMETERS OF YELLOW STRAGGLER
STARS AND RED STRAGGLER STARS

B.2, respectively.
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Figure B.1: Similar to Figure 4.2, but for YSSs.

Similar to equation (4.3), we derive the relations of Teg found using color—temperature

relations and those provided by XPP for YSSs, in K units, as:

Test, xpp = 1.066 X Tegr, trREM — 371 (B.5)
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APPENDIX B. ASTROPHYSICAL PARAMETERS OF YELLOW STRAGGLER
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Figure B.2: Similar to Figure 4.2, but for YSSs.
And, finally, for RSSs:
Tes, xpp = 1.485 X Tog 1REM — 2735 (B.6)
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Figure B.3: Similar to Figure 4.3, but for YSSs.
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APPENDIX B. ASTROPHYSICAL PARAMETERS OF YELLOW STRAGGLER
STARS AND RED STRAGGLER STARS
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Figure B.4: Similar to Figure 4.3, but for RSSs.
B.2 Surface gravity

Surface gravity, log(g), for YSSs and RSSs were obtained from isochrone models and
XPP. Similar as equation (4.4) for Figure 4.4, we derive relations for YSSs:
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APPENDIX B. ASTROPHYSICAL PARAMETERS OF YELLOW STRAGGLER
STARS AND RED STRAGGLER STARS
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Figure B.5: Similar as Figure 4.4, but for YSSs.
log(g)xpp = 1.347 % 1og(9)isochrone — 1.39 (B.7)
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and RSSs:
log(g)xpp = 1.207 x 10g(9)isochrone — 0-80 (B.8)
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Figure B.6: Similar as Figure 4.4, but for RSSs.
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Appendix C

Open Source Software/Scripts

Trying to make working with Gaia data more comfortable and accessible to people, is
that we created some public/open source scripts to work with. Both codes apply Cordoni
et al. (2018) algorithm presented in this work (Section 3.1), both written on Python3

Programming Language.
e The first one is a Jupyter Notebook, which is the option if the user prefers to read
what is happening with the data instead of working with a “black box”.
Github repository link: https://github.com/gunzf0x/astrogaia-jupyter
e The second is a Command-Line Interface (CLI) script —designed for Debian based
Operations Systems such as Ubuntu—, which is similar to its Jupyter version, but

designed to work with Gaia data in a faster way. This will be soon available through

pip command with: pip3 install astrogaia

Github repository link: https://github.com/gunzfOx/astrogaia-python

Note that these links to the repositories may not work into the future. If you want to

contact the author try sending an email to ffcarrasco@uc.cl or fcarrasco@astro.puc.cl
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