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1 LIST OF ACRONYMS

1 List of Acronyms

Acronym Meaning

AGB Asymptotic giant branch
BS Blue straggler

HRD Hertzsprung—Russell diagram
HG Hertzsprung gap

IMF Initial mass function
MS Main sequence

PBE Primordial binary evolution
RGB Red giant branch

RLOF Roche lobe overflow
TO Turnoff

WD White dwarf




2 POPULAR SCIENCE DESCRIPTION

2 Popular science description

2.1 Blue stragglers from mass transfer in binary star systems

Something that can significantly affect a person is its environment, and interactions with
other people may change a person’s trajectory of life permanently. The same is true for
stars. The sun, for example, exists in a place within our galaxy where it is relatively
calm. Stars in our neighborhood are far apart from each other and interactions between
stars here are rare. The situation is however quite different in globular stellar clusters:
spherical collections of stars that are tightly bound by gravity and are present both in
the outer and central parts of our galaxy (Camargo and Minniti, 2019). Here, the den-
sity of stars is higher and interactions between them are much more likely. These inter-
actions may affect the evolution of the stars.

One way to study the effects of these interactions is by looking at blue stragglers. In
short, a blue straggler is a star that appears younger than the rest of the stars in the
stellar cluster within which they reside. Stars in stellar clusters are believed to have been
form out of the same gas cloud, which results in them being born at approximately the
same time, hence making the blue stragglers stick out from the rest. Blue stragglers can
form by two routes: through stellar collisions or by mass transfer between stars in binary
systems: systems with two stars that are gravitationally bound and orbit each other. If
the stellar density is high, it becomes more probable that a third star interacts with the
binary system which might break it up, thus reducing the possibly for a blue straggler

to form. On the other hand, in these environment stellar collisions are more common,
which might enhance the blue straggler production.

The aim of my project is to study blue stragglers formed by mass transfer in binary sys-
tems in isolation, i.e. where the system is not affected by its environment. I will measure
how commonly they form and how long they live. The results can then be compared

to the M67 stellar cluster, where a total of 28 blue stragglers have been observed (Hur-
ley et all 2005), to see whether the derived number of blue stragglers is in agreement
with observations, or if it is necessary to include the effects of the cluster environment to
match observations. Answering these questions would enable a better understanding of
how cluster environments and mass transfer can alter stellar evolution.



3 ABSTRACT

3 Abstract

Blue stragglers were first discovered as hotter and more luminous than the turnoff in the
globular cluster M3. Their presence is typically explained by the interplay between stel-
lar collisions and mass transfer in binary systems. In this thesis, I study blue stragglers
produced from primordial binary evolution. This is done by both reproducing individ-
ual blue stragglers, to examine the different formation channels in great detail, but also
by reproducing blue straggler populations, using a binary population synthesis, to in-
vestigate whether the age and/or metallicity of the population have an impact on their
relative frequency. Furthermore, the derived relative frequency is compared with obser-
vations of the blue stragglers in the open cluster M67. The results show that primordial
binary evolution form blue stragglers at any time during its evolution, but at different
rates. Their relative frequency peaks at around 3-5 Gyr and is generally higher at lower
metallicities. Furthermore, I show that the initial semi major axis and eccentricity of the
binary determine the formation channel of the blue straggler. Also, that the most mas-
sive and luminous blue stragglers originate from the coalescence of contact binaries or
large-scale mass transfer in close binary systems. The derived relative frequency of blue
stragglers from primordial binary evolution was however too low to agree with observa-
tions of M67, indicating that the cluster environment likely was partly responsible for
shaping the blue straggler population.
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4 Introduction

A blue straggler (BS) is a main sequence (MS) star that, based on its magnitude (lu-
minosity) and colour (temperature), appears younger than the rest of the stars in the
cluster it inhabits. Stars in stellar clusters are assumed to be born at approximately the
same time, formed from a single molecular cloud. The clusters should therefore, at any
time, have a well defined turnoff (TO) mass because of the inverse proportionality be-
tween stellar mass and MS lifetime. However, Sandage (1953) found a group of stars
bluer (hotter) and more luminous than the TO mass in the globular cluster M3. This
could be seen in a Hertzsprung-Russell diagram (HRD), in which all MS stars follow

a roughly linear effective temperature-luminosity relationship on a logarithmic scale,
with a “turn” at the top, corresponding to the TO point. The existence of these stars
was surprising and not expected from the theory established about stellar evolution,
since they should already have left the MS. Nevertheless, these stars, later named blue
stragglers, are present in globular clusters, open clusters, the field (Boffin et al. 2015), in
dwarf spheroidal galaxies (Mateo et al. 1991) (Zhao et al., 2012), and in the Milky Way
bulge (Clarkson et al., 2011)).
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Figure 1: An illustration of where the blue stragglers and the turnoff point can be found
in a Hertzsprung-Russell diagram.

BSs are believed to form by two different routes; by stellar collisions in dense environ-
ments such as in the cores of stellar clusters, and from mass transfer in binary star sys-
tems. In both cases, the star is rejuvenated by gaining hydrogen rich material, increasing
the amount of fuel available for fusion, thus extending its lifetime.

While direct collisions between stars may be rare, even in dense clusters, close encoun-
ters can be enough to boost the BS formation rate. For example, nearby stars can in-
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crease the eccentricity of a binary system, which may cause the two stars to merge and
form a BS when they meet at periastron Hurley et al. (2005). Furthermore, interactions
between a binary and a third star may harden the binary by transferring energy to the
third star, which might increase the possibility of mass transfer [Mateo et al.| (1990). On
the other hand, kinetic energy can also be transferred to the binary from the third star,
potentially breaking up the binary system and thus preventing the BS formation. For
these reasons, the presence of BSs in stellar clusters can be used to study dynamical ef-
fects arising from the environment of the cluster. Some work has been done, taking into
account cluster dynamics, e.g. Hurley et al.| (2005)), Hurley et al. (2001)), who showed
that the cluster environment plays a significant role in shaping the BS population in the
open cluster M67. However, complete N-body models for rich stellar clusters are numer-
ically challenging and complicated. It would therefore be convenient to have a reference
model of how often BSs form from the evolution of primordial binaries in isolation, un-
affected by cluster dynamics, which is the primary question this paper will attempt to
answer.

BSs found in the field are believed to form predominately by mass transfer in binary sys-
tems Preston and Sneden| (2000)). Observations of field BSs is therefore the most appro-
priate way to study the effect of mass transfer from PBE, that is unaffected by its envi-
ronment. However, the lack of a well defined TO mass in these regions makes them dif-
ficult to identify. Luckily, it is possible to detect field BSs using other techniques. |Jofré
et al. (2016) studied the a—rich stars located in the Galactic thick disc with masses ex-
ceeding 1.4 M. These stars were previously suggested to be young by e.g. Martig et al.
(2015)) and therefore typically called the “young a—rich stars”. However, |Jofré et al.
(2016)) provided evidence showing that these stars may be a result of mass transfer in
binary systems, potentially being evolved blue stragglers, thus not necessarily younger
than the rest of the a—rich population. For instance, they found that more of the “young’
stars with masses above 1.4 M were in binary systems compared to the “old” stars with
masses below 1.2 M. Additionally, the “young” stars appeared to not follow the rela-
tionship between the [C/H] ratio and mass suggested by Lagarde et al.| (2012)) for single
stars in isolation. By including mass transfer in binary evolution however, they were able
to replicate the apparent [C/H] versus mass relationship for the “young” stars. Better
understanding of the formation of blue stragglers and how to detect them can therefore
provide more accurate estimations of the age of stellar populations, which further can be
useful when studying the evolution of the Milky Way.

)

In this project, BSs formed from primordial binary evolution (PBE) have been studied
in great detail. This has been done with the help of the rapid binary evolution synthesis
code BSE by [Hurley et al.| (2002). In section 5, I first present some background theory
on how the luminosity and metallicity affect MS lifetime, tidal interactions and mass
transfer in binary systems and the different routes to form BSs from PBE. In section

6 the binary star evolution (BSE) synthesis code, used throughout the project, is de-
scribed. The project was divided into two parts; I first reproduce individual BSs from
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PBE to examine how the choice of initial binary parameters, such as initial semi major
axis and masses of the two components determines the formation pathway of the BSs
and their properties, e.g. the BS lifetime, mass and the ratio of BS mass to TO mass.
The latter is of particular importance when doing real observations, in terms of their de-
tectability. The reproduction of individual BSs from PBE is described in section 7. The
second part, presented in section 8, involved the reproduction of BS populations from
PBE and to study whether the age or metallicity of the evolved binaries affect their rel-
ative frequency. Here, the initial binary parameters were generated by probability dis-
tributions which are described in section 8.1. Similar initial binary parameters were as-
sumed for all different metallicities, thus ignoring the anticorrelation between metallicity
and close binaries fraction, suggested by e.g. Moe et al|(2019)) and Wyse et al.| (2020)).
In the end, I compare the derived frequency of BSs from PBE to the number of BSs ob-
served in M67, to examine whether PBE alone is capable to explain all the BSs, or if
cluster dynamics is needed to be included. Finally, in section 9, I summarize the project
including the most important results and conclusions.

5 Theory

5.1 Luminosity and lifetime of main sequence stars

From the theory of stellar evolution Eldridge and Tout| (2019)) showed that the luminos-
ity for zero-age solar-like stars on the MS with homologous structure is proportional to

its mass by
L M71/13 ~ M5.5 (1)

From this equation it is clear that a small increase in mass leads to a large increase in lu-
minosity, due to the power-law relationship. In other words, a massive star is much more
luminous than a smaller one. Furthermore, there is a relationship between the MS life-
time (7prs) of a star and its luminosity. The MS lifetime of a star depends on how fast it
burns its nuclear fuel. The amount of fuel available for fusion is proportional to the stel-
lar mass while the luminosity determines how fast the fuel is consumed. For homologous
solar-like stars, [Eldridge and Tout| (2019) state that the relation is given by

M
Tms O M—4P (2)

Hence, massive stars live much shorter lives than less massive stars.

One consequence of the relation given in equation [2|is that if a population of stars have
the same age and composition, there exists, at any given time, a so-called turnoff mass
(Mro), for which all stars with mass M < Mryo are still on the MS and all stars with
M > Mro have already evolved to subsequent stellar phases. The value of the Mo is a
decreasing function of time, as illustrated in figure 1 in section 7.2.
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5.2 Metallicity and lifetime of main sequence stars
In radiative regions inside stars, the luminosity can be expressed as

dr
L(r) oc k1T — 3
@ = 3)
by rearranging the equation for the temperature gradient for radiative transfer Mowlavi
et al. (1998). Here, T is the temperature and & is the opacity. Hence, an increase in
opacity leads to a decrease in luminosity. Decreasing the surface luminosity, (for a fixed

mass), increases the MS lifetime, as shown in equation [2|

For solar-like stars, the main source of opacity in the surface regions is H~ bound-bound
and H~ bound-free transitions, and the amount of H ™ -ions increases with metallicity,
since the electrons from the ionized metals are needed to form H~ Gray| (2008). Metal-
rich solar-like stars therefore tend to stay on the MS longer than metal-poor ones.

5.3 Tidal interactions, Roche lobe and mass transfer

Before discussing how BSs can be formed by mass transfer between stars in binary sys-
tems, it is necessary to introduce the concept of Roche lobe and Roche lobe overflow
(RLOF). If the stars in a binary system are close, so that their radii are of the same
order of magnitude as their orbital separation, then tidal forces becomes strong. Tidal
interaction might distort the shape of the stars and therefore, the gravitational poten-
tial will no longer simply be proportional to 1/r. Consequently, quantities like the spe-
cific angular momentum h = r x 1 and the Laplace-Runge-Lenz vector e, which has
magnitude e equal to the orbital eccentricity, are no longer conserved. More, stable tidal
equilibrium can be defined as the minimum in energy of the system for a given angular
momentum. Eldridge and Tout| (2019)) showed that this is achieved when the orbit is cir-
cular and synchronized. The latter is obtained when the spin of the star is synchronized
with the orbital angular velocity.

If the binary system has achieved circularisation and synchronization and the potential
(®) is given by the sum of the gravitational potential and rotational kinetic energy & =
o¢ + ¢u, then one can show, using the Euler momentum equation

1
-VP+V® =0 (4)
p
where p and P are the density and pressure, respectively. Taking the curl of equation
gives

VP xVp=0 (5)

The relation given by equation [4] implies that the gradients of P and ® are parallel, mean-
ing that a surface where the pressure is constant is also a surface where the potential
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is constant. This will also be a surface where the density is constant, because of equa-
tion [l Additionally, if the chemical composition is uniform, also the temperature will be
constant on a surface of constant ®. One can approximate this potential by the gravita-
tional potential of two point masses at the positions of the centre of the two stars

-G M, —G M, 1GM

2
a 2
— + - v — + 6
Vit +22 J(z—a2+y2+22 2 ad < 1+Q> y] ©)

with star 1 at origin with mass M; and star 2 at (a,0,0) with mass M,. ¢ is the mass
ratio ¢ = M;/Ms, G is the gravitational constant, M is the total mass and a is the semi
major axis Eldridge and Tout/ (2019).

P

Potential surfaces which obey the relations described above are often referred as equipo-
tentials. Material in stars fill up to an equipotential and will therefore take its shape.

If the two stars are small compared to their separation, the equipotentials are spheres
around the positions of the two stars. Far away from the binary system, the equipoten-
tials are also spheres, but now around the whole system. The surface of interest when
discussing mass transfer between stars in binary systems is the equipotential that sur-
rounds both stars and intersect in a point between them. This point corresponds to the
first (Ly) of the total five Lagrangian points that every two-body-system contain. La-
grangian points are stationary points where the gradient of the potential is zero. The
equipotential surface that passes through L; represents the largest either of the stars can
grow before material will become more gravitationally attracted to the other star. This
surface is known as the Roche lobe.

When the size of one of the stars in the system exceeds its Roche lobe, material will
start to flow towards the other star. This phenomenon is known as Roche lobe over-
flow (RLOF). If non of the stars fill their Roche lobe the system is categorized as a de-
tached. If one of the stars fill it, the system is semi-detached. Finally, if both stars fill
their Roche lobe at the same time, the two stars are touching at the L; point and the
system is a contact binary.

The Roche lobe radius Ry, is defined as the radius of the sphere enclosing the same vol-
ume as the Roche lobe and was fitted by |[Eggleton| (1983)) for star 1

R, 0.49¢%/3
a  0.6¢%3 + log, (1+¢'73)

(7)

with an accuracy of better than 1% for 0 < ¢ < oo. For analytic solutions, |[Paczynski
(1971)) provided a formula with accuracy better than 3% for 0 < ¢ < 0.8

Ry M\ ?
L4602 22
‘ O6<M) (s)
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The rate of which mass is transferred from star 1 to star 2 mainly depends on how much
star 1 overfill its Roche lobe, but also on the density at L;. For the sun, Eldridge and
Tout| (2019) state that the mass transfer rate can be approximated by

M ~ 6 x 10710 Myr— AR/ B (9)
where AR = Ry — Ry. For a red giant however, the mass transfer rate is well approxi-
mated by

. My (yr AR\? 1
My~-10— (= || —=— | M, 10
-3t (5 (5F) Mo (10)

where P is the orbital period.

A final word on this topic is that tides typically are strong enough (at least for binaries
that are close enough to allow for mass transfer) that circularisation and synchronization
both are achieved before RLOF occurs [Eldridge and Tout| (2019).

5.4 Stability of mass transfer

When a star loses mass, both hydrostatic and thermal equilibrium is perturbed. The star
will then try to adjust its size accordingly, to obtain a new equilibrium radius. In order
to determine whether the mass transfer is stable or not, one often considers three deriva-
tives of radii with respect to the mass of the mass-losing star, and compare them. To ex-
amine the stability I follow the approach of Eldridge and Tout| (2019). From now, I will
denote the evolved star (the initially more massive of the two) as the donor with mass
M, while the initially less massive star is the accretor with mass M,.

The first derivative describes the response of the Roche lobe radius of the donor upon
mass loss, when the total mass and angular momentum of the system is conserved

B OlogRy,
G = (8logMd>M7J (11)

which was approximated by [Tout et al. (1997) as

(L~ 2.13¢ — 1.67. (12)

From equation [11] and [12] we see that the Roche lobe of the donor shrinks as a conse-
quence of mass loss from the donor to the accretor if ¢ = % > 0.78. If ¢ < 0.78 the
Roche lobe expands.

The first response of the donor is to regain hydrostatic equilibrium, which occurs on a
dynamical timescale. Since the dynamical timescale is much shorter than the thermal
timescale E], this process can be approximated to be adiabatic. In this context, adiabatic

IThe approximate time required for a star to radiate all its thermal energy if nuclear fusion in its
core suddenly stopped.

10
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means that the entropy in each layer of the star remains constant, i.e. the timescale is
too short for adjacent layers to interchange energy Ivanoval (2015). The second derivative
therefore describes the response of the radius of the donor upon mass loss, at constant

OlogRy
1
= Giont.) (13)

entropy s and composition X

The sign of (,q turns out to depend on the propertles of the envelope of the donor. If the
envelope is radiative, i.e. if radiation is the main energy transport process, then (,q4 > 0.
The stellar radius then shrinks as a response of mass loss. On the contrary, if the en-
velope is convective, so that the energy transport occurs mainly by convection, then

Caa < 0 and the star expands upon mass loss.

The response of the radius on a thermal timescale, when the star has regained both hy-
drostatic and thermal equilibrium, is described by the third derivative

[ OlogRy
Cea = (0logMd>X (14)

again with constant composition X. According to [Eldridge and Tout| (2019), (., > 0 for
MS stars and (., < 0 for red giants and stars in the Hertzsprung gap (HG) E]

The timescale of the mass transfer can be estimated by comparing the three derivatives.
If (t > Cua > 0, i.e. the Roche lobe radius shrinks faster than the stellar radius, then the
value of AR increases with time. Since the rate of the mass transfer is strongly depen-
dent on AR, (see equation |§] and this will lead to a runaway process and the mass
transfer proceeds on a dynamical timescale 74, ~ 10 — 100 years. A similar situation
will occur if the stellar radius expands faster than the Roche lobe radius. An example of
a situation where the mass transfer is dynamically unstable is when a red giant fills its
Roche lobe. If the accretor star is less massive, so that ¢ = Md > 1, then the Roche lobe
shrinks upon mass loss. Red giants have convective envelopes SO they expand as a re-
sponse of mass loss. Thus, AR and therefore M increase over time and the mass transfer
is unstable. Usually, the accretor can not accrete mass at such high rate and the trans-
ferred mass ends up in a common envelope around the two stars.

If ¢ < ¢ < (Caq, then the donor star will at first shrink faster than the Roche lobe,
thus being dynamically stable. However, the star expands on a thermal timescale and
the mass transfer also proceeds on a thermal timescale 7, ~ 10° — 10° years. This is
typically the case when RLOF occurs for a star in the HG with radiative envelope.

Finally, if (7, is less than both (., and (44, then the donor will shrink faster than its Roche
lobe on both a dynamical and thermal timescale and RLOF will not happen again un-

2Stars in the HG have terminated core hydrogen burning but have not yet entered the red giant
branch.

11
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less triggered by its own nuclear evolution, or if the system loses orbital angular momen-
tum, causing the orbit to decay. The mass transfer will thus proceed either on a nuclear
timescale Ty, ~ 107 — 10? years, or on the timescale orbital angular momentum is taken
away from the system.

From now on, mass transfer that occurs on a dynamical timescale will be considered un-
stable while mass transfer on thermal and nuclear timescales is stable.

5.5 Blue stragglers from primordial binary evolution

From previous subsections we have discussed what a BS is, how mass transfer occurs and
how to examine its stability. We are now ready to explore the different routes to form
BSs from PBE. I will first consider BSs formed as a consequence of mass transfer trough
RLOF and then proceed with BSs formed by stellar wind accretion.

Mass transfer as a result of RLOF is usually divided into three different cases; A, B and
C, each described separately below.

5.5.1 Case A: MS mass transfer

Case A is when RLOF and thus mass transfer occurs when the donor star is on the MS.
This can happen for close binaries with separations on the order of a few solar radii. If
the two stars are close enough, both stars might fill their Roche lobes, thus being in di-
rect contact. RLOF can occur as a result of either evolution (the radius of MS stars in-
creases with time) or because of loss of orbital angular momentum which would cause
the orbital separation and thus the Roche lobe to decrease (see equation[§). The contact
binary will eventually merge and if the resulting single star has a mass above the TO it
will be a BS. If only the donor star fills its Roche lobe, the accretor might become a BS
before the merger.

5.5.2 Case B: RGB mass transfer and common envelope evolution

Case B mass transfer is when the donor is on the red giant branch (RGB). During the
giant phases, the stellar radius expands rapidly and can reach a size of up to about 200R
for stars with initial masses below approximately 1.3 — 1.5M,. For stars with initial
masses between 2 — 3M however, the radius only increases to about 30 — 100, Bot-

fin| (2015).

As previously described, RLOF on the RGB is typically unstable, since the giant ex-
pands as a result of mass loss while its Roche lobe shrinks if ¢ > 0.78. Dynamically
unstable mass transfer leads to common envelope evolution, where the degenerate core
of the giant and the accretor star are in orbit inside the low-density envelope of the orig-
inal giant. What follows from here is not well established, but some frictional process is

12
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believed to cause the orbit of degenerate core and secondary star to decay [Eldridge and
Tout| (2019). The amount of orbital energy lost as a result of the orbital decay is instead
transferred to the envelope resulting in loss of material in winds. If the total orbital en-
ergy is larger than the binding energy of the envelope, the whole envelope can be lost
while the core and accretor still are quite wide. On the contrary, if the orbital energy is
less than the binding energy of the envelope, the core and secondary star will coalesce to
a single star.

I should add that case B mass transfer can be stable providing that the conditions are
right. It turns out to exist a critical value of the mass fraction q..; = My/M,, for which
binaries with ¢ < ¢..;; have stable mass transfer while binaries with ¢ > ¢..;; have un-
stable mass transfer. The value of q..; is debatable and depends on a lot of factors, e.g.
if the mass transfer is conservative or not, the structure of the envelope of the giant and
the core mass. One consequence of this is that if the donor star manages to lose enough
mass by e.g. stellar winds before RLOF occurs, it can avoid common envelope evolution.

5.5.3 Case C: AGB mass transfer

If the donor star is on the asymptotic giant branch (AGB) the mass transfer is clas-
sified as case C. If the binary is wide enough it is possible that RLOF on the RGB is
avoided and instead occurs on the AGB. During the AGB phase, the star undergoes a
phenomenon normally called thermal pulses, a cyclic repeating process where a helium-
burning shell ignites in a semi-explosive way, resulting in large amount of released en-
ergy, causing the star to expand and cool Beccari and Carraro (2015). During this phase,
stars with initial masses above 3M, can reach a size of 800R, Boffin (2015).

A star loses mass through stellar winds during all phases of its evolution, but at different
rates. When the star is on the AGB, in particular when undergoing thermal pulses, the
mass loss through winds is of great importance, since the envelope during this phase is
as expanded and cool as ever, and thus can easily be "ripped of” Beccari and Carraro
(2015)). It is therefore possible for a binary system, which has an initial mass ratio of

q > 1 to reach a value of ¢ < g.; before RLOF occurs (providing that the system is wide
enough), and hence have stable mass transfer.

5.5.4 Mass transfer from stellar winds

As discussed above, a star loses mass not only by RLOF but also via stellar winds. Some
material lost from one star in a binary could be accreted by the second star, potentially
pushing the accretors mass above the TO, thus making it a BS. RLOF is therefore not a
requirement in the formation of BSs from PBE.

Here, I will consider mass transfer from stellar winds for detached binaries, i.e. when non
of the two stars fill their Roche lobes. To get a sense of the rate at which a star loses

13
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mass through winds I first present some values of the mass loss rate at different stages of
evolution. The sun loses 1071 M, yr~! through winds, for red giants with luminosities
between 50 — 200L, the value is about 107! — 1078M, yr~! while for AGB star the
rate can reach a value of up to 107* M, yr~! Boffin (2015). The BS formation from wind
accretion is hence of greatest importance for binary systems where the donor is on the
AGB.

The mean accretion rate from the donor to the accretor, <Ma>, is typically estimated

using the Bondi and Hoyle| (1944)) accretion rate,

2
. . -1 GMd (097,74 1 :
<Ma> TVl e2 ( v, ) 2a2 (1 +U2)3/2Md (15)

G(My+M,

2 .
where v? = % and v2, = ), My, vory, Vs, € are the rate at which the donor star

& orb T a
loses mass, the orbital velocity, the wind velocity and eccentricity, respectively. « is an

efficiency parameter of the order of ~ 1.

6 Binary Star Evolution (BSE)

For this project, the BSE (binary star evolution) code by Hurley et al.| (2002) was used.
As the name reveals, this is a binary evolution algorithm, written in FORTRAN. It in-
corporates the single star evolution (SSE) model by Hurley et al. (2000) but it addi-
tionally includes necessary features of interacting stars in binary systems, such as mass
transfer/accretion by both RLOF and stellar winds, common envelope evolution, merger,
angular momentum loss mechanisms, as well as circularization and synchronization.

The inputs of BSE are the initial masses of the two zero-aged MS stars, their initial pe-
riods, eccentricity, metallicity and the maximum time to evolve the binary. The output
includes data points in time for which the timestep-size can be specified in the input.
At each timestep, BSE prints parameters such as the luminosities of the two stars, their
radii, masses and the types of the two stars, which are the most important parameters
when studying blue stragglers. The stellar types, (MS, RGB, AGB, white dwarf etc),
corresponds to stellar evolutionary stages assigned by the SSE algorithm. More details
about BSE can be found in the paper by Hurley et al.| (2002).

7 Reproducing individual blue stragglers from bi-
nary evolution

As mentioned in the introduction, my project consist of two parts. In the first part,
which I present here, I reproduce individual BSs and analyze how the choice of initial
binary parameters affects the outcome for the BSs. In particular, I examined how the
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choice of initial semi major axis and initial masses determined the formation pathway for
the BSs, the stability of mass transfer, the BS lifetime, the maximum BS mass and the
maximum ratio between the BS mass and TO mass.

Understanding what initial binary parameters are important when considering the BS
formation could potentially be necessary when interpreting the frequencies of BSs, found
from either observations or simulations in different regions such as globular or open clus-
ters, with different properties, such as age or metallicities. The ratio between the BS

mass and TO mass (%55) is of particular importance when doing real observations, since

BSs with MJ?—V&IUGS close to one will be hard to detect. This is because they would
have almost the same luminosity as a MS star with mass equal to the TO, thus not be
so prominent in a HRD and could therefore easily be missed.

7.1 Method

Here, I present the method used to obtain the results presented in the next subsection.
All analysis was performed using BSE along with self written code in Python.

In order to identify BSs I first need a function which calculates the TO mass at any
metallicity and at any given time during the binary evolution. This was done by running
BSE for 100 single stars with masses between (0.8-10)M. The reason why doing this for
single stars was to avoid any binary complexity. The lower limit was chosen since stars
with lower masses, even if they were born at the very beginning of the Universe, will still
be on the MS today. Stars with masses above 10M, have lifetimes too short to be of any
importance for BSs. The MS lifetimes for the 100 stars were extracted from BSE. The
function which calculates the TO mass at any given time and metallicity, Mro(t, Z), was
obtained using Scipy’s module interpld which uses interpolation to fit a function to data
points.

I began by analyzing how the choice of initial semi major axis, ag, and initial mass of the
donor affect the time at which a BS is formed and its lifetime. This was done for three
binaries, where the initial mass of the accretor was kept constant at M, = 1M while
the initial donor mass was changed between My = (1.5,2.0,2.5)My. The initial eccen-
tricity ep and the metallicity Z were set to 0.5 and 0.02, respectively. For the three bina-
ries, the time at which a BS was formed, t5%,, as Well as when it ends to be a BS, t8% ),
were plotted versus ag, as shown in figure I 3| and [7 I B2~ was defined to be the time, ¢,

in BSE for when either of the two stars, providing it was still a MS star, had a mass of
M > 1.01M7o(t). A small tolerance was chosen to avoid any uncertainties in the in-
terpolation. Furthermore, t5%,, was defined as the time when the BS left the MS and
began the subgiant-phase in the HG. Additionally, the BS lifetime, i.e. t23, — t53, was
plotted for the three binaries, versus ag, and is presented in figure l 4 and [§] For further
analysis, also the maximum BS mass versus ag, was plotted for the three binaries in fig-
ure 5l and [9] To examine the detectability of the BSs, as in how prominent they would
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be in a HRD, the maximum value of the ratio Mpg/Mro was plotted versus ag. These
results are shown in figure [6] and [I0]

7.2 Results

Both close (ag ~ 10'Ry) and wide (ag ~ 10>Rg) binaries formed BSs. The process which
resulted in the formation of the BS depended on the value of ag. Furthermore, it turned
out to exist a region of values of ay where only unstable mass transfer occurred, where

q > qerit thus leading to common envelope evolution, preventing any BS formation. The
results and analysis were therefore divided into two parts, corresponding to two regions
where stable mass transfer occurred. The result are first presented for close binaries with
ag ~ (10° — 10') R, followed by wide binaries with ag ~ 10>R. Note that in figure
the data points are the results that should be considered. The lines between data points
were added to obtain a clearer view.

In figure [2| the TO mass versus time is plotted for Z = 0.02 as well as the interpolated
function, corresponding to Mro(t, Z = 0.02).

101 7-0.02 i interpolation
: e data from BSE
84 N Age of the Universe |
1
© 1
= i
~ 6 !
= i
S i
= 4 |
1
1
2 i
1
1
T T T : T T T
0 5 10 15 20 25

t /Gyr

Figure 2: The turnoff mass versus time from BSE (red dots) and Mro(t,Z = 0.02)
(black line). The red dashed line represents the age of the Universe.

7.2.1 Close binaries (ag ~ (10° — 10")Ry)

Figure |3 shows the time at which the system forms a BS, t5%, and the time when it
ends to be a BS, t83,, as a function of initial semi major axis. The corresponding BS
lifetimes are plotted in figure [4] whereas figure [5| shows the maximum BS mass. Finally,
in figure [6] the maximum value of the ratio between the BS mass and the TO mass dur-
ing its lifetime is plotted as a function of aqg.
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Figure 6: The maximum ratio between BS
mass and TO mass versus initial semi ma-
jor axis ag for close binaries.

Figure 5: The maximum BS mass versus
initial semi major axis ag for close binaries.

7.2.2 Wide binaries (ay ~ 10°R)
Figure show the corresponding four plots for the wider binaries.
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Figure 10: The maximum ratio between
BS mass and TO mass versus initial semi
major axis ag for wide binaries.

Figure 9: The maximum BS mass versus
initial semi major axis ag for wide binaries.

7.3 Analysis

Similarly in this subsection, I begin discussing the results for the close binaries, followed
by the wider ones.

7.3.1 Close binaries (ay ~ (10° — 10")Ry)

In figure |3 there are three different processes leading to the formation of a BS. This
could be read from the output of BSE which prints the type of the two stars (i.e. MS,
HG, RGB etc.) when RLOF occurs and when a BS is formed. For the closest binaries,
both stars fill their Roche lobes, thus being in direct contact. Eventually they merge

and the resulting single star becomes a BS once its mass is above the TO. For a slightly
larger initial semi major axis, the donor fills its Roche lobe on the MS and a BS is formed
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when the donor is on the end of the MS or in the HG. The third process in figure
RLOF occurs when the donor star is already in the HG.

Still considering figure , there is an initial increase in ¢33, as a function of ag. This can
be understood from equation [7} the Roche lobe radius increases as a increases. Conse-
quently, the stars must evolve more for larger aq in order for RLOF to occur. Above
some value of ag however, there is a decrease in t5%,, as a function of ag, (ap ~ TR

for My = 1.5Mg, ag = 8Rg for My = 2M and ag ~ 10R; for My = 2.5M). Since
increasing ap will make RLOF occur later, the donor will spend more time with its initial
mass conserved. Therefore, increasing ag will lead to the donor leaving the MS earlier,
thus the accretor will become a BS faster. The reason why we do not see this effect for
closer binaries is because they form BSs before the donor leaves the MS.

For the third process, as already mentioned, RLOF occurs when the donor is in the HG.
This corresponds to the region in figure |3 where t5%,, and 2%, is roughly constant as
a function of ag, (ap ~ (13.5 — 22)R;, for My = 2.5M). This might be explained by
the fact that stars stay in the HG for very short periods comparing to their MS lifetime,

THe <K TMS-

Now comparing the three different binary systems, we see that as the donor mass in-
creases we get BSs for larger ag. This is simply because the donor star gets larger thus
all processes are shifted to larger values of aqy. Since the donor star is the one driving the
mass transfer, 153, decreases as its mass increases since more massive stars evolve faster.

The reason why we do not get any BSs for smaller separations is because they merge too
fast for the resulting single MS star to ever have a mass above the TO mass during its
lifetime. The merger will therefore just produce a more massive MS star which leaves the
MS before the TO has fallen below the stellar mass. For wider systems however, RLOF
will start when the donor star is on the RGB and will thus have dynamically unstable
mass transfer since ¢ > ¢+ This results in a common envelope evolution which typi-
cally prevents the BS formation. This explains the lack of BSs after some critical value
of ag, which is dependent on the two stellar masses.

In figure [4| the BS lifetime is plotted as a function of initial semi major axis. First, the
lifetime increases as a function of ag. This is because the merger occurs later for larger
agp so the accretor will spend more time with its initial mass, thus increasing its lifetime.
Here, the resulting single star does not become a BS directly after the merger but once
its mass is above the TO. Then, the lifetime stays roughly constant (ag ~ (5 — 6)R,, for
My = 1.5Mg, ap ~ (6 — 8)Ry for My = 2M, and ag ~ (6.5 — 9) R, for My = 2.5M,).
These are also merging systems but in contrast to the closer systems, the BS is formed
immediately after the merger and since the BS mass is constant in this region (see fig-
ure [5)), also the BS lifetime is constant. The BS lifetime for the second process, where
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the donor star fills its Roche lobe on the MS and a BS is formed before the merger of the
two stars, is complex and can not be explained only using the BS mass. Looking at the
blue straggler lifetime for M, = 1M, and My = 1.5M;, (red dots in figure [4)) there is a
transition at around ag = 7Rs. There is a similar behaviour for the other binaries as well
but for larger ag. The odd behaviour of the lifetime in this region is because the merger
occurs once the donor has left the main sequence and BSE assumes this will proceed like
a common envelope evolution. Also, for some cases in this region, the mass ends up in
the evolved star and the BS phase is therefore terminated since the donor is no longer a
MS star. The peak of each curve corresponds to the smallest value of ag for which con-
tact occurs after the BS phase is terminated. The BS lifetime is therefore not perturbed
by common envelope evolution. The lifetime then again decreases, since more mass is
transferred (see figure [5)) and finally stays roughly constant as the BS mass is constant.
The BS lifetime decreases as M increases. This can also be understood using the results
in figure 5] More massive donor stars produce more massive BSs thus reducing their life-
times.

The minimum of the BS mass in figure [5| corresponds to the smallest value of ay for which
contact occurs after the donor has left the MS. Since BSE assumes that this proceeds

like common envelope evolution (so that the BS phase is terminated) the maximum BS
mass is the mass it has right before contact. The maximum BS mass then increases with
ap because a larger fraction of the mass transfer occurs when the donor is in the HG
where the stellar radius increases more rapidly, compared to when it is on the MS. The
donor will therefore fill its Roche lobe by a larger amount and the rate of the mass trans-
fer is therefore higher, producing more massive BSs.

In figure [f] the maximum of the ratio between the BS mass and the TO mass at that
time is plotted as a function of ag for the three binary systems. The higher this ratio,
the easier it will be to detect the BS since it will deviate more from the TO point in a
HRD. The results show a similar behaviour when increasing M, but shifted to the right
for higher M -masses. However, for systems where RLOF occurs in the HG | (which is

in the region where max%—TBg is constant as a function of ag), there is a clear decrease for

more massive donor stars. Increasing My decreases 57, so there will be less effect on
the overall evolution compared to making a massive star at ¢ = 0. Another way to think
about it is that Mo is rapidly decreasing as a function of time, at least in the begin-
ning of the evolution, since there is an inverse power law relationship between TO mass
and time (as illustrated in figure . If t5% happens sightly earlier in one case than an-
other, the turnoff mass at that time will be much higher. This results in a lower value of

max %fg, even though Mpg gets larger for larger M.
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7.3.2 Wide binaries (ap ~ 10°R,,)

The following will consider wide binaries forming BSs. Wide binaries produces BSs by
two different processes: RLOF when the donor is on the AGB and by wind accretion.
Mass transfer between the stars is stable once the donor star has lost enough mass so

M,
q= ﬁj < {erit-

The results in figure [7] show that increasing M, while keeping M, constant produces BSs
only at larger separations. For larger donor masses and smaller ag, RLOF will happen
before ¢ < ¢..it, thus being unstable. Less massive donor stars will not have to lose as
much mass to achieve ¢ < ¢.+ and can thus have stable mass transfer for smaller values
of ag.

Also, increasing M, decreases the range of semi major axes where BSs are formed. This

is because increasing M, decreases t5%,,, so the TO mass at the time when the binary

with My = 2.5M form a BS will be much higher compared to at the time when a binary

with My = 1.5M,, form one, for a fixed value of M, and ag. This means that more mass

is required to be transferred to the accretor star to push it beyond the turnoff mass if

the mass transfer happen early in the evolution compared to later. This is justified by
Mps

the results in figure 10, as My increases, max(3/£2) decreases to 1 for smaller values of

ao, even if the BS mass is higher, as shown in figure [9

Finally, comparing the results for close and wide binaries we can conclude that close bi-
naries form more massive BSs. The quantity Mpgs/Mro is much larger for close bina-
ries, which makes them easier to detect. On the contrary, the lifetime 755 is roughly the
same for close and wide binaries. An explanation for this is that 5%, is lower for close
binaries and that Myo(t) decreases faster early in the evolution. The reason why 5%,
is lower for close binaries is simply because they form BSs when the donor is either a
MS star or in the HG while wide binaries form BSs when the donor is on the AGB, thus
more evolved.

8 Blue straggler populations from binary evolution

The second part of the project involved estimating how often BSs are formed from PBE
and whether the age and/or metallicity matters for their frequency. I also examine the
initial conditions, such as the initial accretor mass and period, of the binaries making
BSs. Finally, I compare the derived frequency of BSs from PBE to observations of BSs
in the well studied open cluster M67. I also provide an example of a HRD, including 28
blue stragglers, corresponding to the number observed in M67 (Hurley et al., [2005)).
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8.1 Initial binary parameters

In section 7, only individual BSs were reproduced, with fixed initial binary parameters.
To estimate their frequency and study BS populations however, the initial binary pa-
rameters need to be generated from a more realistic model, which is described in this
subsection.

The probability distribution of donor masses were obtained according to the initial mass
function (IMF), suggested by Kroupa| (2001)), for donor stars with masses between (0.5 —
100) M. The probability distribution of mass ratio x = %Z was assumed to be constant
with z € [0 : 1] (Moe and Di Stefano, [2017). Similarly, all initial eccentricities were
assumed to be equally probable (Raghavan et al., 2010). A Gaussian probability distri-
bution was used to generate the initial periods, peaking at logP = 5.03 with standard

deviation of 0j,,p = 2.28 where P is in days (Raghavan et al., [2010).

8.2 Method

To determine the frequency of BSs and its dependence on age and metallicity, 200 000 bi-
naries were evolved using BSE, with initial binary parameters according to the ones de-
scribed in subsection [8.1] for t = (1,3,5,8,12) Gyr and metallicities Z = (0.02,0.01, 0.001).
As in section 7, a BS was formed once either of the two stars had a mass of M > 1.01Mro(t, Z)
while still being a MS star. The fraction of total number of BSs, as well as the fraction

of BSs originating from close/wide binaries to the total number of evolved binaries, were
plotted for the three different metallicites, versus time. Here, close/wide binaries were
defined using the initial distance at periastron (given by ag(1 — eg)), instead of agy as in
section 7. The BSs formed by binaries with inital periastron distance ag(1 — eg) < 40R;,
were defined as close, otherwise wide. For the BSs at ¢ = (1,5,12) Gyr and Z = 0.02,
also ag(1 — ey) was plotted versus the initial mass of the accretor.

For Z = 0.02 at t = 4 Gyr, 28 BSs as well as 800 single stars were plotted in a HRD, i.e.
their luminosity versus effective temperature T¢ss. The luminosities were generated by
BSE while the effective temperatures were calculated using the Stefan-Boltzmann law:

T L 4
= _ 1
eff (47TRZUSB> ( 6)

where ogp is the Stefan-Boltzmann constant and R is the stellar radius, also generated
by BSE. As for the binaries, also the masses of the 800 single stars were generated using
the IMF.

Furthermore, for the 28 blue stragglers plotted in the HRD, the ratio of Mpg/M7o was
plotted versus initial periastron distance.
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8.2.1 Comparison with M67

Finally, the last part of the project involved comparison with observations of the open
cluster M67 where a total of 28 blue stragglers have been observed. Hurley et al.| (2005)
performed a direct N-body model of M67, including cluster dynamics, containing 20 blue
stragglers at 4 Gyr, which is the believed age of M67. My aim is to estimate how often
BSs are formed from PBE;, i.e. in isolation where dynamical interactions with other sys-
tems/stars are completely excluded. The expected number of BSs from PBE in M67 was
estimated by

NBS = N*,tot X fbin X fBS/bin (17)

where N, ;¢ is the initial number of stars in M67, fy;, is the fraction of stars in binary
systems and fpg/pin is the fraction of binaries making BSs.

IBS/bin Was estimated by evolving 200 000 binaries in BSE, again using the initial binary
parameters described in subsection 8.1 M67 is believed to have solar metallicity so Z =
0.02 was chosen Tautvaisiene et al.| (2000). IBS/bin 1s then simply the total number of
BSs at t = 4 Gyr divided by 200 000. fy;, was set to 0.44 according to the multiplicity of
solar-type stars studied by (Raghavan et al., |2010) who found that 56% of the stars were
single while the rest were in binary or higher multiplicity systems.

Estimating NV, ;o: however needed some more thinking. (Cantat-Gaudin et al. (2018]) ob-
tained a list of 1229 clusters including their member-stars, M67 being one of them, us-
ing Gaia Data Release 2. 848 members of M67 were recorded, all with apparent Gaia
G-band magnitude mg < 18. The star with lowest mass from this sample is therefore the
mass corresponding to a star with apparent Gaia G-band magnitude of 18. This mass
will from now be denoted as Mig. Mg was calculated by fitting a function to the rela-
tion between apparent magnitude and mass for an isochrone (population of stars with
same age but different mass), again using Scipy’s cubic interpolation. The isochrone used
to calculate Mg, from Bressan et al.| (2012), had an age of 1 Gyr but we proceed assum-
ing that low mass stars do not evolve significantly. For each star, the absolute Gaia G-
band magnitude (M) was given and the corresponding apparent G-band magnitude
was calculated using

d
mgag = 510910 (m) + MG (18)

where d is the distance in pc. For M67, the distance has been estimated to d = 857.6 pc
(Cantat-Gaudin et al., [2018). The apparent magnitude was then plotted versus mass
(see figure and Mg was estimated to be Mg = 0.58 M. The 848 members of
M67 then corresponds to the total number of stars today with masses between Mg and
Mro(t = 4 Gyr), NJ(M > Mg, t = 4 Gyr), which can be written in terms of an integral
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of the IMF

m~23dm

(19)
where (' is a constant that depends on e.g. the total mass of the cluster. N,y is then
the number of stars in M67 at t = 0 with mass M > M;g which will be denoted N, (M >
Mg, t = 0) and can also be written in terms of the IMF

Mro(t=4Gyr) g N /MTo(t4 Gyr)

N*(M > Mlg,t =4 G’y’l“) = 848 = Cl/ —dm = Cl

Mg dm M;s

100M¢
N (M > Mg, t =0) = C, / m~**dm (20)

Misg

where the upper limit of integration was chosen for consistency with the IMF used when
evolving the binaries. If we assume C; = Cy = C, we can calculate N, (M > Mg, t = 0)
by taking the ratio of N, (M > Mg, t = 4 Gyr) to N,(M > Mg, t = 0), since we know
that N,(M > Mg, t = 4 Gyr)=848

848 CNJM > Myg t =4Gyr)  C [y T O m 23,
N.(M > My, t =0)  N.(M > Mg, t = 0) O [ 25 d
g Mro(t=4Gyr)
=
a0
5
= Nyt = No(M > My, t =0) = %

To correct for the fact that we only consider M > Mg I removed all binaries with ini-
tial donor mass My < Mg from the BS population used to calculate fpg/pin. Also,
the number of input binaries needs to be corrected. The number of input binaries with
My > Mg was calculated by

oon o 157100Mg
Iy ©m=23dm 13 |y
Nyin(My > Mys) = 200000 x —2s — 200000 x Mig_
© m=23dm _m-13 ©
0.5M¢ ol
. ©

= 200000 x S
The number of expected BSs from PBE in M67 is thus, rewriting equation

848 NBS(Md > Mlg) 848 286
Nps = o2 % 0.44 _ 0dd x — 20 0980~ 1
Bs = T T TT00000 - 3 0.660 200000 - 0.825
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Figure 11: The apparent Gaia G-band magnitude versus stellar mass for an isochrone at
t=1 Gyr (Bressan et al., 2012).

8.3 Results

In this subsection I present the results of section 8. In figure the number of BSs formed
per binary versus time is plotted, for the three different metallicities. The error-bars cor-
responds to \/Npsu) where Npg(t) is the number of BSs at time ¢. Figure [13{and

show the fraction of BSs formed by close and wide binaries, respectively.
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Figure 12: The number of blue stragglers formed per binary versus time at t=1,3,5,8 and
12 Gyr. Note that the data points for Z = 0.02 (red) and Z = 0.001 (blue) are shifted
slightly in the plot to make the results clearer.
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Figure 13: The number of blue stragglers Figure 14: The number of blue stragglers
originating from close binaries per binary,  originating from wide binaries per binary,
versus time. versus time.

In figure [15/ the BS populations obtained when evolving 200 000 binaries up to ¢t = 1,5
and 12 Gyr for Z = 0.02 are presented. In particular, the plot shows the initial perias-
tron distance of their parent binary versus the initial mass of the accretor. The vertical
lines from left to right represents Mro(t, Z = 0.02) at t = 1,5 and 12 Gyr, respectively.

0.0 0.5 1.0 1.5 2.0
1 Gyr
e 5Gyr
) Vv 12 Gyr
10% F10°
& ot
~ o
=
°|> 1024 7=0.02 F 102
—
5
10" 5 10!
b A= %t e,
cqed oo
1004 .' ; . ; 100
0.0 0.5 1.0 1.5 2.0
M{I,/MO

Figure 15: BS populations from evolving 200 000 binaries up to 1 (magenta), 5 (blue)
and 12 (yellow) Gyr. Y-values are the initial periastron distance of the parent binary
while the x-values are the initial mass of the accretor. The vertical lines in magenta, blue
and yellow represents Mro(t = 12 Gyr), Mro(t = 5 Gyr ) and Mpro(t = 1 Gyr), respec-
tively.

Figure 16| is a HRD including 800 single stars evolved up to 4 Gyr at Z=0.02. The plot
also includes 28 BSs, corresponding to the number observed in M67. Further, the ratio of

Mps/Mro(t = 4 Gyr) versus ag(1 — eg) of the 28 BSs in figure (16| is plotted in figure
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Figure 16: HRD of 800 single stars and 28

BSs. Figure 17: The ratio of BS mass to TO

mass at 4 Gyr versus initial periastron dis-

tance of the BSs in figure [16]

8.4 Analysis

The reason why considering the distance at periastron (when defining close and wide bi-
naries) for this part instead of the semi major axis as in section 7 was because it turned
out that highly eccentric binaries, with ey close to one, formed BSs through similar pro-
cesses as circular binaries with small ag. Although the initial semi major axis of the
highly eccentric binary was large, ag(1 — ¢g) could be small enough for tidal forces to
completely circularize the orbit when the two stars met at periastron. For some cases the
two stars merged at periastron while for other cases the circularization caused the semi
major axis to decrease greatly. We can therefore conclude that it is the initial distance
at periastron that will determine the formation pathway of BSs, rather than just ay.

BSs are formed at any time between 1-12 Gyr, but at different rates. The number of BSs
per evolved binary peaks at around 3-5 Gyr, for all three metallicities. The dominant
process resulting in the formation of a BS also depends on time. From figure (13| and
we see that at 1,3 and 5 Gyr, the BS population is dominated by BSs formed by close
binaries. As time increases, the fraction of BSs formed by wide binaries increases, and
dominates the population at 12 Gyr. This is probably because 5%, is lower for close
binaries, since they become BSs directly upon coalescence or large-scale mass transfer.
The number of wide binaries making BSs first increases between 1 and 3 Gyr, then stays
roughly constant at 5,8 and 12 Gyr.

Furthermore, there is a significant difference between different metallicities, in terms of
number of BSs per binary. As seen in figure [[2] BSs are formed more frequently at lower
metallicities, especially early in the evolution. This is a consequence of the metallicity
dependence on the number of BSs from close binaries, as seen in figure [13| This could
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potentially be explained by the relation between the metallicity and MS lifetime . In-
creasing the metallicity typically increases the opacity in the surface regions, at least for
solar like stars for which the dominant source of opacity is H~ bound-bound and bound-
free transitions. As described in section 4, the luminosity is inversely proportional to the
opacity and the MS lifetime is inversely proportional to the luminosity. Thus, metal-poor
solar-like stars have shorter lifetime than metal-rich ones. t5% is therefore lower for
metal-poor binaries, for a fixed accretor and donor mass. Another explanation for BSs
to form more frequently at lower Z might be that mass transfer for close binaries is sta-
ble for a larger range of ag, as can be seen in figure [I8 and compared with figure [3 In
particular, the range of ay for RLOF when the donor is crossing the HG is larger, which
again is the region where t5%,, and ¢85 is roughly constant in figure This is be-
cause the maximum stellar radius in the HG is larger for stars with Z=0.001 than stars
with Z=0.02, since metal-poor stars are more luminous but enters the RGB at a simi-
lar 7. ¢ as metal-rich stars. Hence, according to equation , metal-poor stars need to
grow larger in the HG. RLOF when the donor is in the HG can therefore occur at larger
separation for metal-poor stars.
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Figure 18: tB2 . and t8%,, versus aq for close binaries at Z=0.001.

The frequency of BSs formed by wide binaries however is independent or less depen-
dent on the metallicity. Wind accretion, which is the dominant formation pathway for
BSs formed by wide binaries, is therefore less sensitive to Z. This is because giant struc-
tures and thus winds are similar for metal-poor and metal-rich stars. However, others
have shown that radiation driven stellar wind for massive O-stars are stronger at higher
metallicities, e.g. |[Kudritzki et al|(1989). On the other hand, O-stars are too massive
and short-lived to be of any importance for BSs.

The BSs early in the evolution are typically formed by more massive accretor stars as
seen in figure [L5| which simply is a consequence of the decrease in TO mass with time.
Furthermore, only initial accretor masses below ~ 2M, form blue stragglers after 1 Gy.
For wide binaries, the initial accretor mass is around the TO mass, while for close bi-
naries, the range of initial accretor masses is larger. This is because much less mass is
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transferred in wide binaries, the accretor therefore needs to have an initial mass around
the TO in order to make it a BS. Closer binaries transfer much more mass. The initial
mass of the accretor can thus be much lower than the TO and still produce a BS.

The results in figure (16| and [17] show that the most luminous blue stragglers are pro-
duced by close binaries. This is again a consequence of more mass being transferred in

close binaries. These will thus more easily be detected since they are more prominent in
the HRD.

Finally, for the comparison with the BSs in M67. The number of BSs from PBE in M67
was estimated to be roughly 1, which is much less than the 28 observed (Hurley et al.
2005)). There are many reasons why the number turned out to be lower than expected.
Firstly, lower mass objects are more likely to be ejected from the cluster, meaning that
frin might actually be larger than 0.44. Secondly, there is a large uncertainty of the ini-
tial number of stars in M67. However, as many as 29 times more stars would have been
needed to reproduce 28 BSs from PBE, using the estimated value of fpg/i, and fui, =
0.44. The results therefore indicate that PBE alone can’t explain the total number of
BSs in M67. Lastly, if a larger portion of the binaries were in short period orbits, then
the fraction of fpg/pin would increase significantly. As mentioned in subsection 8.1, I
used a log Gaussian distribution of periods with peak at log(P/days) = 5.03 and stan-
dard deviation oj,,p = 2.28 found by Raghavan et al. (2010). However, others have
suggested, based on observations, a flat distribution of log(ag), e.g. |Abt| (1983). [Hurley
et al.| (2001) studied what choice of initial binary parameters would maximize the BS
formation rate when evolving binary populations, also using the BSE code by [Hurley

et al. (2002). They found, by using a flat log(ag) distribution, that PBE alone could ex-
plain the total number of BSs in M67 (assuming no BSs were ejected over its lifetime),
without the need of cluster dynamics. On the other hand, they also found that their BS
population was very different from observations. For instance, of the total 28 BSs ob-
served in M67, only 25% are in binary systems. They could therefore conclude that clus-
ter dynamics must have an essential role in altering the nature of the population, but
perhaps not to explain the creation of them.

9 Summary

A blue straggler is a main sequence star more luminous and hotter than the turnoff,
which makes it appear younger than the rest of the stars within the population. Blue
stragglers are believed to form by mass transfer in binary systems or by stellar collisions.
Here, I have only considered blue stragglers formed from primordial binary evolution,
excluding any dynamical effects.

To fully understand the nature and properties of blue stragglers from PBE, a substantial
amount of stellar evolution, in particular binary evolution, need to be incorporated. Fur-
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thermore, concepts like Roche lobe, RLOF, circularization and stability of mass transfer
are essential to explain their existence. With the help of the rapid BSE code by (Hurley
et al., [2002)), it is possible study them in great detail both individually and by reproduc-
ing BS populations. During this project, I have shown that the initial distance at perias-
tron determines the formation pathway of the BSs. If we also include the masses of the
two components and their metallicity, it is possible to deduce whether the mass transfer
will be stable or not, and its rate. There exists two regions of ag(1 — €g), corresponding
to different stellar phases of the donor when RLOF occurs, for which the mass transfer is
stable. Close binaries have stable mass transfer when the donor is on the MS and in the
HG while wide binaries have stable mass transfer once ¢ = %Z < Qerit, Which typically is
fulfilled when the donor is on the AGB. For that reason, RLOF and mass transfer on the
RGB is almost exclusively unstable.

I have also shown, in figure [I5] that in stellar population older than 1 Gyr, only stars
with masses below ~ 2 M become BSs. The stars that form BSs by wind accretion or
when the donor is on the AGB have initial masses around the TO, while close binaries
form BSs for a larger range of accretor masses. The most massive and luminous BSs,
compared to the TO, originates from large-scale mass transfer within close binaries, or
from the coalescence of the two components. BSs formed by wind accretion or RLOF on
the AGB are therefore more difficult to detect.

BSs form at any time during the evolution, but their relative frequency peaks at around
3-5 Gyr. For young binary populations, the fraction of BSs formed by close binaries
dominates, but eventually decreases with time. At 12 Gyr, the BSs from wide binaries
dominate the population. Furthermore, the frequency of BSs is higher at lower metallic-
ities. This could be explained by the larger range of initial periastron distances allowing
for stable mass transfer at lower metallicities.

In the end, I compared the derived frequency of BSs from PBE to the open cluster M67,
containing 28 BSs. The estimated frequency was too low to explain the number observed
in M67. This could be a consequence of the uncertainty in e.g. binary fraction, initial
number of stars in the cluster, the initial binary parameters or that cluster dynamics
needs to be included to explain the existence of a large fraction of them.

Improving the understanding of blue stragglers can be useful when studying cluster en-
vironments, binary evolution or when determine the age of stellar populations. To make
more accurate models of stellar populations in globular or open clusters it is necessary to
improve the understanding of their initial conditions, the distribution of orbital parame-
ters within these systems, the IMF and its dynamical evolution, which hopefully can be
achieved by further observations and studies.
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