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Summary

One possible fate of massive binary systems is to evolve into merging double compact objects
(CO; i.e., black holes, neutron stars or white dwarfs). These systems are important to study as
they are the source of every Gravitational Wave (GW) signal detected by the LIGO-Virgo-Kagra
network after their third observational run. The number of detections will substantially grow in
the next decennium due to the continuous improvement of current GW detectors and due to
future missions (i.e., Laser Interferometer Space Antenna, The Einstein Telescope). However,
large uncertainties still exist in our theoretical framework regarding their formation channels,
making it challenging to obtain rigorous implications from the current observed sample. It
is therefore of extreme importance to have accurate models to complement these detections.
In order to produce COs in a tight orbit, binary evolution offers the possibility of reducing
the orbital separation significantly through mass transfer from a massive star onto an already
formed CO. Recently, it has been shown that non-conservative stable mass transfer is able to
reduce the orbit of the binary while simultaneously letting the system successfully evolve to a
double compact object binary (van den Heuvel et al., 2017). If the merging process happens
within the age of the Universe, then these systems can produce a GW signal.

Studies on the conditions for stable MT to obtain CO mergers have been carried out, which
considered the following configuration: a semi-degenerate binary composed of a CO and an
arbitrarily evolved donor star (Gallegos-Garcia et al., 2021; Marchant et al., 2021; Picco et al.,
2024). This thesis considers the earlier evolution of the CO progenitor. Before the first CO
is formed, a previous interaction phase can occur, but this time from the CO progenitor star
onto its companion. During this process, the stellar companion will now gain an enriched
composition, creating a change in the stellar interior. The stability between the (enriched)
donor star and the CO is dependent on both the masses of the components and on their orbital
separation, but also crucially, on their stellar structure and therefore will have a direct influence
on the final fates of the binary system. Thus, as the title states, in this thesis, we investigate
the role of stellar structure on forming merging double compact objects.

In order to study this, we have developed two different methodologies using the stellar evolution
code Modules for Experiments in Stellar Astrophysics. In Chapter 2, we will not yet include
the evolution before the formation of the first BH, but rather imitate the effect of the previous
interaction. In the following chapter, we do perform full end-to-end binary evolution simulations.
With this, we analyse the change in behaviour of the initial properties of the predicted binary
black hole (BH) mergers.

From the results of Chapter 2, it is confirmed that the stability boundary is dependent
on the interior structure of the donor star. Doing the full end-to-end binary evolution, we



find a limited set of predicted BH mergers, compared to the results of Chapter 2. This shows
that not including the earlier evolution overestimates the stable MT channel. In general, we
see that regardless of the donor star experiencing a perturbed composition, there are still
semi-degenerate binaries spanning a range of mass ratios and orbital periods able to produce
GW signals through stable mass transfer.



Summary for General Audience

Even though we do not see it, many stars in the sky exist in pairs with one or more companions,
which scientists call a binary (or multiple) system. There are many scenarios in which these
systems can spend their lives with one another, but in this thesis, we will consider the following.
Two massive stars with masses higher than eight times the mass of our Sun orbit around each
other, each living off of their fuel provided deep in their cores. The more massive one, which
we will now call star 1, will tend to age more quickly than its companion, star 2, as it burns
through its fuel faster. As star 1 gets older, it will start to expand, and once it is large enough,
it will start to shed its outer layers of material and donate them to star 2. Star 2 now has
material that used to belong to star 1, changing its structure.

As time goes on, star 1's fuel eventually runs out, and there is no more energy left to
sustain its own gravity. Due to its high mass, the gravitational pull is so high that the star
will collapse into itself, creating the most compact remnant known in the Universe: a black
hole. Of course, star 2 will continue to evolve as well, and it is now their turn to expand
and donate its outer layers, but this time to its black hole companion. As mass is being
funnelled to the black hole, the distance between the two objects will reduce. At last, star
2 will run out of fuel too, and the binary system will experience a second black hole forma-
tion. Due to the orbital shrinkage of the second transfer of material, the two black holes
are now circling each other in a very close orbit. In the course of time, these objects will
orbit closer and closer to one another, and as they keep on growing closer, they will finally collide.

According to Einstein's theory of General Relativity, this collision can generate ripples that
are able to propagate through the fabric of the Universe as fast as the speed of light, called
Gravitational Waves. As these waves travel through the cosmos, our detectors are able to hear
their echoes and detect properties tied to the signal and its origin. The objective of this thesis
will be investigating the success of the above-explained scenario on the special events that are
the production of Gravitational Waves. Specifically, we will study the effect of the changed
stellar structure of star 2 on the final fate of the binary.
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Chapter 1

Introduction

It has been well-known that the majority of stars exist gravitationally bound with one or more
companions, presenting systems known as binaries or multiples, respectively (Abt & Levy,
1976). Not only are binary stellar systems common in our Universe, they are responsible
for some of the most intriguing cosmic phenomena in nature, such as X-ray binaries, radio
millisecond pulsars, cataclysmic variables and many more (Tauris & van den Heuvel, 2023). It
was the observation of the binary system PSR B1913+16 that led to the positive indication
towards the existence of gravitational waves (GW; Hulse and Taylor 1975). The precise match
between the decreasing change in the period of this system and its predicted gravitational
decay granted the physicists Russell Hulse and Joseph Taylor the 1993 Nobel Prize. It was only
in 2015 that gravitational waves (GWs) were directly detected through the joint observatories
of LIGO (B. P. Abbott et al., 2016).

Large numbers of gravitational wave observations are expected to take place throughout
this and the following decade. The increase of detections are due to new technological ad-
vancements for already existing ground-based facilities and due to upcoming future missions.
This will provide an abundance of information on gravitational waves physics and the stellar
evolution that preceded their formation. Every GW signal observed by the LIGO-Virgo-Kagra
(LVK) network after the first detection originates from merging double compact objects, giving
a unique method to study their progenitor systems: massive binary stars. Because of this, it is
extremely important to provide detailed theoretical models to complement these detections,
both to understand the diversity in the current GW data as well as for disentangling the
contribution between different evolutionary channels of the GW sources.

This chapter will provide a small introduction to massive star physics - both for single and
binary stars - to introduce key concepts on which this thesis is built. We will start with a
section on the late stages of massive star evolution, after which we will transition to a more
thorough explanation of fundamental properties of (massive) binary systems. This follows up
with a segment on gravitational wave astrophysics, including the possible evolutionary pathways
that bridge the final fates of the massive binary to their potential GW signal. This chapter
finishes with an outline of this thesis.
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1.1 Late stages of massive star evolution

The fate of stars is strongly dependent on their initial mass at birth. A star is classified as
massive once it can experience core collapse at the end of its lifetime. This can occur when
its initial mass is approximately larger than 8 M, (Fryer, 1999). Even though the majority of
the Universe is populated with low- and intermediate-mass stars, the higher end of the stellar
mass regime offers us a wide variety of topics to study. They are sources of several important
astrophysical phenomena, such as their ability to generate radiation-driven winds (Vink, 2022)
and cause strong supernovae once they form a sufficiently massive iron core and collapse.
Due to this, massive stars are very often described as the cosmic engines of the Universe as
they play a critical role in the evolution and chemical enrichment of galaxies (Nomoto et al.,
2013). Throughout their evolution, their characteristic feedback processes supplement their
environment with heavier metals, which in turn drive the birth of the next generation of stars
(Chiosi & Maeder, 1986; Geen et al., 2023).

As this thesis will mainly focus on massive binaries with compact objects (COs), the aim of
this section is not to give a thorough overview of massive single stars, but rather to give an
introduction to the late evolution leading up to the formation of compact objects and the
relevant physics related to this. In this section, we start with a brief part on their pre-supernova
evolution and will continue with their end stages as the most compact remnants originating
from stars. This section is inspired by Chapters 12 and 13 of the lecture notes on stellar
evolution written by Onno Pols and Part VIII on Compact Objects from ‘Stellar Structure and
Evolution’ by Rudolf Kippenhahn, Alfred Weigert and Achim Weiss.

1.1.1 Single star evolution

The birth of a star is defined through the onset of core hydrogen burning into helium, which
initiates the long-lived main sequence (MS) stage, during which stars evolve on a nuclear
timescale. After this process, the star is left with a helium core and it will rapidly readjust as it
loses thermal equilibrium without its main energy source. Between core hydrogen depletion
and core helium ignition, the stellar core contracts and the hydrogen-rich envelope expands,
starting hydrogen shell burning from its inner layers outwards. The star is now a (super) giant.
After core helium burning, the same process remains: once the nuclear fuel is depleted in the
core, the core will contract while shell burning proceeds. During core contraction, the core
temperature increases and once the appropriate temperature is reached, the next burning stage
can take over. This process will eventually create concentric layers of products from different
nuclear processes. The nuclear burning can continue to heavier elements, with each successive
phase more rapid than the one before. For example, for a 15 M mass star, carbon burning
lasts 5 000 years, oxygen burning 1.7 years and the next phase of silicon burning only a few days.

The low- and intermediate-mass counterparts (M < 8 M) will reach a point where the
core does not reach the necessary temperature to continue its subsequent burning stage. These
stars will shed their outer layers through winds, revealing a white dwarf. The point at which
this happens is dependent on their initial mass. For a more detailed review on the final fates of
low- and intermediate-mass stars, we refer to Bressan and Shepherd (2024). Massive stars will
be able to reach sufficiently high core temperatures to perform non-degenerate burning, which
keeps increasing with every consecutive burning cycle. However, once the star generates an
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iron core, the star can no longer produce energy through fusion processes in its core. Without
this nuclear burning, the star has no more energy to stay stable. Consequently, the core will
proceed to collapse and potentially generate an extremely energetic explosion: a type Il or type
Ib/c supernova (SN).

The end of stellar evolution can result in extreme scenarios. As described above, massive
stars can experience a core collapse process into an extremely compact object: a neutron star
(NS) or a black hole (BH). The possibility of generating a supernova explosion and the stellar
remnant left behind is still an uncertain field. The nature and explosion mechanism of the
compact remnant for single stars is dependent on the initial mass of the star and metallicity
(we will follow Heger et al. 2003). Heger et al. (2003) analysed the relation of the masses
of their helium core and hydrogen envelope and the effect of wind mass loss (in function of
metallicity) on the fates of the remnant for single stars.

For lower sub-solar metallicities, the final helium core mass and hydrogen envelope mass
are higher and the star experiences less stellar winds. As the core mass increases, so will the
binding energy of the star. For stars with initial masses of M < 25 M,! (and corresponding
final core mass of ~ 8 M), the final remnant will result into a neutron star. They will have
more success in generating a SN explosion because they have higher kinetic energies at the
point of collapse and a lower binding energy of the outer layers, making it easier to expel them.
For the higher initial masses (< 40 M, with final core mass over 15 M), the gravitational
pull is too high, making the ejected material fall back onto the proto-neutron star, generating
a (fallback) BH. For stars with even higher initial masses, the star will not experience this
fallback and due to the high gravitational pull, will directly collapse into BH without a SN
explosion. For higher solar-like metallicities, the fates will be affected by stellar winds and their
lower core and hydrogen envelope masses, resulting in different scenarios (see Fig. 1 of Heger
et al. 2003).

1.2 Massive binary star evolution

Since the stars are gravitationally bound to one another, their orbital motion can reveal certain
properties that we are not able to constrain from single stars only. There are several comple-
mentary observational techniques to analyse binary systems (for a full review on ‘Observing
Binaries’, see Sana and Vrancken 2025). For relatively long binary separations, it is more
suitable to consider interferometry or even high-contrast imaging techniques, which are able
to resolve the individual binary components. For short period binaries, we use photometry
or spectroscopy. Spectroscopy uses the concept of the Doppler effect to detect shifts in the
spectral lines, from which we can calculate changes in the line-of-sight radial velocities (RV).
With eclipsing binaries (where one star passes in front of the other, depending on the geometry
w.r.t the observer), variations in light flux can be detected. Depending on the science objective,
one observation technique is more beneficial than the other, or an interplay of different methods
could be necessary.

It has long been known that many stars belong in binaries (Abt & Levy, 1976), indicat-
ing that binarity is of great importance to stellar populations. However, it is through the last

!Note that these numbers are still uncertain and that we take values from Fryer (1999).
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decade that it has been well established that binary evolution shapes the lives of massive stars.
Dedicated spectroscopy and additional complementary techniques such as the ones described
above have proven that the majority of massive stars exist in close binaries coupled with careful
consideration of observational biases (Sana et al., 2012). They will experience interaction
between the two components at some point in their evolution. The most prominent source of
interaction in binaries is through mass transfer (MT), which can dramatically alter the evolution
of both binary components, resulting in different end products compared to single star evolution.

An important early mention of mass transfer originates from the Algol paradox. In the
1950s, an interesting eclipsing binary was found with an unevolved more massive component
with a less massive but further evolved subgiant companion. This configuration was thought
unusual considering stellar evolution dictates that more massive stars are expected to evolve
faster than stars with smaller masses. It was Crawford (1955) who suggested that the less
massive subgiant could have been the initially more massive and that the change in mass can
be explained by substantial mass transfer from the subgiant to the less evolved star.

In the following sections, we will cover how mass transfer affects the binary and its orbit
and the role of mass transfer stability. Most of the following content is based on Marchant and
Bodensteiner (2024), Chapters 6 to 8 from the lecture notes of Onno Pols on ‘Binary Stars’
and Chapter 4 of Tauris and van den Heuvel (2023).

1.2.1 Roche lobe overflow

In binary systems, the concept of the Roche potential refers to the effective potential (both
gravitational and centrifugal) in the co-rotating frame of a circular orbit. The local minimum
of this potential between the two stars marks the position of the first Lagrangian point L;.
The critical equipotential surface crossing L; defines the two volumes around each star as
the Roche lobes (see Fig. 1.1). We can make use of the radius equivalent with the radius
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Figure 1.1: Contours of the equipotential surfaces for a binary system with mq = 5.0 M, and
m, = 1.3 My, which indicates the first three Lagrangian points. After Misra et al. (2020).



CHAPTER 1. INTRODUCTION 5

of a sphere with the same volume as the Roche Lobe to measure the size of the star (Rgy,).
As there is no analytical expression for Rgy,, we can instead consider a numerical fit done by
Eggleton (1983). This approximation considers the radius of the primary star Rgy,; with the
mass ratio (¢ = msy/m4) and orbital separation a:

RRL,l . O.49q_2/3
a  0.6¢723+1In(1+q1/3)

(1.1)

We compare the radius of the star to that of the Roche lobe radius to indicate when the
star is large enough to start the mass transfer. In the case where the radius of the star
exceeds the Roche lobe radius, the outer layers of the star can no longer remain in hydrostatic
equilibrium and will transfer mass through the first Lagrangian point L; into the Roche lobe of
its companion. This process is called Roche lobe overflow (RLOF).

In terms of the Roche potential, one can distinguish the three different equilibrium con-
figurations in which the binary can exist (see Fig. 1.2). In a detached binary, the radii of
both stars are smaller than their Roche lobe radius, meaning that their surfaces match an
equipotential surface that is still inside the Roche lobes. If one of the stars fills their Roche
lobe while their companion does not, we classify the binary as semi-detached. The system
experiences RLOF. Lastly, if both stars fill an equipotential surface exceeding the potential of
their Roche lobes at L, we have a contact binary.

In addition to this classification, consider also the classification scheme for interacting bi-
naries as defined by Kippenhahn and Weigert (1967), which flags different evolutionary phases
of the donor star at the onset of RLOF. If the interaction starts during the main sequence, we
have Case A mass transfer. If the mass transfer initiates between the main sequence and core
helium depletion, we classify the episode as Case B mass transfer and lastly, if the interaction
starts after core helium depletion, we have Case C mass transfer (Lauterborn, 1970).

Orbital evolution

When a system experiences RLOF, mass transfer alters both the orbit and the structure of the
stars. The expression for orbital angular momentum J,, in function of the binary separation a
and the component masses m; and ms, assuming a circular orbit (e = 0) is

Ga
Tory = ([ —— 1.2
b e ma -+ mo ( )

Differentiating this expression results in

= Sypom ol T (1.3)

which describes the responding change in angular momentum as the component masses and
binary separation change due to the mass loss of one of the individual components. The above
assumption of a circular orbit is often justified since tidal interactions within a semi-detached
binary can decrease the eccentricity e on timescales significantly shorter the nuclear timescale
(Verbunt & Phinney, 1995). However, it is important to state that there are some cases where
tides are not efficient to circularise the binary (e.g. Rocha et al. 2025). RLOF will further
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Detached Semi-detached Contact

Figure 1.2: A schematic overview of a detached, a semi-detached and a contact binary for
a system with ¢ = 0.5. Lower: The contours of the equipotential surfaces in the xy-plane.
Middle: 3D shapes of the values of potential in the xy-plane reflected in the z-direction in
arbitrary units. Upper: 3D shapes of both stellar components. Adapted from Marchant (2025).

decrease the eccentricity, circularising the pre-RLOF orbit (Sepinsky et al., 2010). The angular
momentum of this described system can be influenced by several physical effects. Consider the
different components that can affect the orbital angular momentum:

jOI‘ J J m J S J m
b _ GW b + It + 1 .
J orb J, orb J orb J orb J orb

(1.4)

The first term on the right-hand side of Eq. 1.4 refers to the orbital effects due to the
emission of gravitational waves (Peters, 1964). The second term describes the change in
orbital momentum from magnetic braking (Schatzman, 1962; Mestel, 1968). This effect is
only applicable to objects with high magnetic activity. This thesis will focus on the evolution
of early-type stars, where magnetic braking is not expected to play a role. Tidal orbit-spin
coupling effects can take place between the angular momentum of the orbit and the spin of the
individual objects (.J;;). However, for the following sections we will only consider the last fourth
term, which encapsulates the changes in angular momentum through mass transfer processes.
Several approximations can describe the orbital changes originating from mass loss or mass
transfer, with each having different corresponding ‘modes’. We will focus on conservative mass
transfer and mass transfer described by isotropic re-emission. For a further detailed explanation
of orbital effects due to mass transfer and/or mass loss in binary systems, we refer to Soberman
et al. (1997), van den Heuvel et al. (2017) and Tauris and van den Heuvel (2023).

Consider the constraints where both the orbital angular momentum (J,;, = 0) and total
mass (m + mgq = 0) of the binary system is conserved. Even though there is no mass escaping
the total binary system, the orbital separation can still change if there is a mass exchange
between the components. We can now rewrite Eq. 1.3, but since we are referring to mass
exchange between the components, we will now change the subscripts of the masses from m;
and msy to mq and m, to refer to the donor and accretor instead of primary and secondary
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component. _ _ _ .
“:2md+2m“=2<md—1>m (1.5)
a mq my s mq
This last relation states that since the donor star is losing mass (1mq < 0), the binary separation
will shrink (a < 0) as long as the donor mass stays larger than the accretor mass (mq > m,).
In the limit of mg/m, — oo, we see from Eq. 1.5 that a/a — oo, indicating that the orbital
contraction becomes more extreme for mass ratios away from unity. Once the mass ratio is
inverted during mass transfer (mq < m,), the orbit will consequently widen (a > 0). We
can rewrite Eq. 1.5 to an explicit relation between the orbital separation and the mass ratio
(¢ = ma/mgq) in terms of the initial separation a; and initial mass ratio ¢; as

2 4
o_ (@) (atl (1.6)
a; q ¢+1 '
or, by using Kepler's third law (P? oc a®/m), we can rewrite this in terms of period (and initial
period P,) instead of orbital separation

a3 ()

Isotropic re-emission and the Eddington limit

Even though multiple post-interaction systems seem to indicate that they experienced (mostly)
conservative mass transfer (Lechien et al., 2025), the idea that angular momentum and total
mass stay conserved does not always hold. Up until this point, we have not yet specified
the components of the binary when discussing the interaction processes. However, for the
remainder of this section, we will consider a binary with a star plus compact object (CO)
configuration and examine the physics of mass transfer from the donor star accreted onto the
compact object. The model of isotropic re-emission describes this situation where a fraction of
the transferred mass () onto the CO will get ejected (see artistic impression in Fig. 1.3). The
ejected material will carry the specific angular momentum from the CO accretor out of the
system.

A CO that is accreting mass from its companion will experience a physical limit on the
accretion luminosity where further accretion will be prevented. This limit is described by the
Eddington luminosity (Lgqq), which provides an upper limit for the accretion luminosity (L)
from a spherically accreting CO. The Eddington luminosity can be derived from equating the
outward force originating from the radiation pressure of the plasma near the surface to the
inward gravitational force (see full derivation in Tauris and van den Heuvel 2023). By doing
this and rewriting some fundamental physical properties, we get the following expression using
the mean opacity k (cm? g=1), M being the mass of the CO, G the gravitational constant

and c the speed of light:
ArGMc N ArGMc

C02(1+X)
In the last step, we have simplified the mean opacity in terms of the hydrogen mass fraction

X. If we consider a hydrogen-rich donor star with X = 0.70 and with a mass of 30 M, the
Eddington luminosity would yield a value of Lgqq = 4.5 x 103 erg s—!. For a described system

LEdd = (18)
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Figure 1.3: An artistic impression of a high-mass X-ray binary showing an example of mass
getting partially accreted and partially ejected. Credits: NASA/CMC/M.Weiss.

where mass gets accreted onto a CO through mass transfer, we can use the above expression
to define the Eddington mass accretion rate. We use L = eM, with € = €grav + Enuc (€18 &71),
where we have defined the gravitational energy released from the accreting matter €4y,, and
the nuclear energy €, from burning processes at the surface edge of the CO:

Mggq = ———. (1.9)

For disk accretion onto a BH, € will correspond to a significant fraction of the rest mass energy
(e/c* ~ 0.06 — 0.42, depending on the spin Bardeen et al. 1972). Because of this, the massive
donors companion of BHs can often exceed the Eddington luminosity by several orders of
magnitude. Consider again the isotropic re-emission model with a fraction 3 of transferred
mass getting ejected rather than accreted. To not exceed the Eddington limit, certain star+CO
binary systems will undergo isotropic re-emission, where the majority of the accreted matter
will be expelled due to the radiation pressure. We can produce a similar expression to Eq. 1.7
for the isotropic re-emission model in the limit where all mass is ejected, or 3 — 1 (see Tauris
and van den Heuvel (2023) for detailed derivations and also King et al. 2001):

. P @\ (a+1\° 3a—a
lim (— ) == ‘ (a-a), 1.1
ﬁlﬂ(ﬂ) <q> <q+1> ‘ (1.10)

This is also referred to as a fully non-conservative limit of isotropic re-emission. As shown in,
e.g., Marchant (2025), fully non-conservative isotropic re-emission can reach notably smaller
orbital separations than the conservative limit for initial mass ratios of ¢; = m,;/ma; < 1.
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1.2.2 Mass transfer stability

The stability and evolutionary outcomes of the mass transfer process depend on the response
of: the radius of the donor star due to mass loss, the orbit (and thus Rg;,) due to mass transfer
and lastly, the accretor. In the following description of mass transfer stability, we will assume
the donor to be transferring mass onto a point mass. This allows us to discuss the reaction of
the donor star and orbit only. With this, we will explore the stability criteria by comparing the
radius of the donor star to the Roche lobe radius as a function of donor mass. We can express
the above-mentioned mass-radius relation with the following exponents. They represent the
adiabatic response of the donor radius and the change of the Roche lobe radius Rg;, as mass
changes (by e. g. transferring mass; Soberman et al. 1997).

dlog Ry dlog Ry,
= oy, = | L08R 1.11
Cad (dlogM)ad ‘R ( dlog M ) (1.11)

When a star loses a fraction of its mass, the layers underneath that of the transferred mass
will lose inward pressure. Therefore, the radius of the star will readjust to retain hydrostatic
equilibrium. We classify mass transfer as dynamically stable if (,q > (gL, since mass transfer
will not lead to ever-increasing mass transfer rates. In this case, the radius of the donor star is
able to adjust to the mass transfer while remaining in hydrostatic equilibrium.

If mass transfer is dynamically stable, one has to consider if the star remains in thermal
equilibrium during the mass transfer process. We can introduce another exponent (., which

can be written as: Tlos R
0g Iig

o = | ——— . 1.12

Gea (dlogM)eq ( )

This describes the change in the thermal equilibrium radius (JR/Rq4)eq that the donor wants to
achieve as it is responding to its new mass My + 6 My (6My < 0). This introduces a stricter
constraint for secularly stable mass transfer where both (,q > Crr, and (oq > (grr, must be
reached. The donor star remains both in hydrostatic and thermal equilibrium during the mass
transfer. We expect the mass transfer to happen on the nuclear timescale. For the intermediate
case where (,q > (R > Ceq, the mass transfer is driven by the thermal re-adjustment of the
donor star and the mass transfer is happening on a thermal timescale. Note that in the above
description, we assume the donor star to be in thermal equilibrium before filling the Roche lobe.

The opposite situation where (g, > (.q can occur in nature as well. In this case, the
adiabatic response is not sufficient for the donor to stay within its Roche lobe, resulting
in an unstable mass transfer process that will lead to escalating mass transfer rates. Both
stable and unstable mass transfer can alter the evolution of both components and their orbit
significantly. In the unstable case, the system experiences a common envelope (CE) evolution
(Paczynski, 1976). Then, the outer material that the donor is transferring will eventually engulf
its companion, creating a common environment for both objects. Two major outcomes can
result from the CE evolution. In the first scenario, the loss of angular momentum leads to the
objects spiralling in within the common envelope, after which the system will produce a stellar
merger. In the second scenario, the system ejects its common envelope from the released
gravitational energy and angular momentum originating from the spiral inwards.
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1.3 Gravitational wave astronomy

In the theory of General Relativity, Gravitational Waves (GWs) are defined as ripples propagating
through the medium of space-time at the speed of light (Einstein, 1915). As these waves
travel through the Universe, they can carry information about their signal and origin. The
first observational evidence of the existence of gravitational radiation was the Hulse-Taylor
pulsar, observed in 1974 (Hulse & Taylor, 1975). This discovery showed a pair consisting of a
neutron star and a pulsar with a decaying change in period that was in agreement with the one
caused by the release of gravitational radiation as general relativity predicted. The first direct
detection of a gravitational wave signal was not found until recently, when the joint detectors
of the advanced Laser Interferometer Gravitational wave Observation (aLIGO), housed at the
outskirts of the United States of America, observed a signal inferred to be the source by the
coalescence of two black holes in 2015 (B. P. Abbott et al., 2016).

In the following sections, we will take a closer look at GW detectors and their develop-
ment, as well as certain information carried by the GW signals from merging COs. In addition
to this, we end this section by going through the evolutionary channels that can produce a GW
source. The following subsections are based on Mandel and Farmer (2022) and Marchant and
Bodensteiner (2024).

1.3.1 Gravitational wave detections

After a successful fourth observational run, we are currently officially at approximately one
hundred observations of gravitational wave signals detected by ground-based observatories.
These observations are compiled into the Gravitational Wave Transient Catalogues (GWTCs)
made possible by the LIGO-Virgo-Kagra (LVK) collaboration (R. Abbott et al., 2023). All
present observations of the first three observational runs are inferred to originate from compact
object coalescences of either NSs or BHs.

The current sample of gravitational wave detections will steadily grow due to the contin-
uous improvement of the current GW detectors, expecting over a thousand detections by the
end of the decade (see Fig. 1.4; Broekgaarden et al. 2024). Furthermore, this number will
grow even more with the next generation of GW observatories. The Einstein Telescope (ET)
will offer a new range of possibilities due to its wider frequency band and its order of magnitude
increase in sensitivity (Maggiore et al., 2020). Another important effort to mention is the Laser
Interferometer Space Antenna (LISA; Amaro-Seoane et al. 2017), which will be capable of
reaching the mHz frequency range of inspiralling white dwarfs. By using spacecrafts, LISA can
tackle the obstacle of seismic noise that the ground-based detectors encounter. Another method
to indirectly detect the effect of gravitational radiation is through millisecond pulsars. The
International Pulsar Timing Array (iPTA; Manchester and IPTA 2013) observes the ultra-low
frequency window (probing supermassive black hole binaries) by detecting and characterising
the time of arrival of the signals of radio millisecond pulsars.

Each detector has its own signature sensitivity band in which it operates, each covering
a specific frequency range. The characteristic (dimensionless) strain h = §L/L is defined as
the deviation in length caused by the GWs across a detector. The strain sensitivity curves of
several GW detectors are shown in Fig. 1.5. Relevant information that can be extracted from
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Figure 1.4: The expected number of future merger detections from BH-+BH systems (black),
BH-+NS systems (teal) and NS+NS systems (orange). Labels on the top of the figure indicates
the existing and future observational runs (01, 02, O3, O4 and O5) from the LVK collaboration.
A# indicates the future best sensitivity of the LIGO/Virgo detectors and CE/ET represents
the era of the Cosmic Explorer (CE; Hall 2022) and the Einstein Telescope (ET). From
Broekgaarden et al. (2024).

the GW catalogue is the chirp mass, the mass ratio and the effective spin:

3/5

mim m m +m

_ (mama) - q:J and Yo = 1X1 2X2‘ (1.13)
(my + mg)¥/ my my + mo

In the above expressions, we use the respective masses m; and my and the respective compo-

nents of the spin aligned with the orbital momentum x; and x» of the two compact objects.

It is important to state that the GW catalogue defines the mass ratio to be lower than zero

(lower mass over higher mass).

1.3.2 Evolutionary channels

All inferred sources of gravitational waves (from the first, second and third observational runs)
originate from merging double compact objects. In order to produce a scenario that would lead
up to a CO merger, we have to consider the following challenges. On one hand, the double
COs will have to exist in a tight orbit to be able to inspiral within the age of the Universe
(13.8 Gyr) to produce a successful CO merger. For a circular binary, the time it takes for the
binary with component masses m; and ms at a certain initial separation ay to evolve to a
merger is expressed as

64 G?’mlmQ(ml + mg)

ag
tmerger(Q0) = @ with = —

- . (1.14)
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Figure 1.5: The characteristic strain of the indicated detectors versus frequency.
This image was made with the virtual Gravitational Wave Sensitivity Curve Plotter:
http://www.sr.bham.ac.uk/cplb/GWplotter/ (Moore et al., 2015)

On the other hand, as stars evolve, they will start to expand as (super)giants. In case of a
very short period binary, they can produce a stellar merger before they have the possibility
of evolving into a BH or NS. Therefore, in order to fit both stars in a binary orbit after the
expansion, the initial separation would have to be large. The objects are then too far apart in
order to be able to merge within the age of the Universe, implying that merging COs formed
through binary evolution must include strong interaction processes. There have been multiple
formation channels? put forward to explain the binary evolution leading up to gravitational
waves. The contribution of each of the formation channels to the observed sample is still
an open question in the field. However, it has been suggested through comparison between
theoretical distribution and observations that we have to consider an interplay of processes
(Zevin et al., 2021). It is important to stress that regardless of the formation channel that the
CO binary® experienced, a CO merger is a rare phenomenon.

From the multiple formation channels, there are several that do not necessarily involve binary
evolution processes. Consider the channel described through dynamical processes in clusters
(Kulkarni et al., 1993; Sigurdsson & Hernquist, 1993; Portegies Zwart & McMillan, 2000;
Rodriguez et al., 2015; Di Carlo et al., 2019; Mapelli, 2021). Inside a dense globular cluster,
black holes (either single or inside a binary) tend to migrate towards the centre of the cluster.
Through many body interactions, stars inside binaries can be exchanged with these black holes

2For a recent overview summarising the different evolutionary pathways, see Mandel and Farmer (2022).
3Note that when we refer to CO binaries, we consider BH+BH, BH+NS or NS+NS binaries, since the
scope of this thesis is limited to massive binary stars.
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and produce BH binaries. Through subsequent scattering events with another third object, this
BH binary can tighten its orbit via energy release to said third object. The close BH binary
can experience a recoil kick from its last scattering event and can merge outside of the cluster
after this ejection.

Another formation channel suggestion considers inspiralling stellar mass BHs embedded in
the gaseous disk of supermassive black holes at the centre of active galactic nuclei (AGNs)
(McKernan et al., 2014; Bartos et al., 2017; Stone et al., 2017). It has also been suggested
that primordial black holes (PBHs) could form binary pairs via gravitational capture in the
early universe that provide detectable merger events in the current epoch (Bird et al., 2016;
Sasaki et al., 2018). Regardless of these channels, we will mainly focus on the evolutionary
pathways to tight CO+CO systems in isolated binaries (free of n-body interactions).

Isolated binaries

In isolated binaries, the formation channels to the formation of a CO+CO binary invoke either
a process that avoids the expansion of the stars or a mechanism that shrinks the orbit. We will
concentrate on the formation of the CO+4CQO binary, where the components would have to
experience MT during their star+CO stage that tightens the orbit. However, we will address
two formation channels proposed without invoking mass transfer as well.

A methodology to let the binary survive until the formation of COs by preventing the stars from
expanding is chemically homogeneous evolution (Mandel & de Mink, 2016; Marchant et al.,
2016). Consider a massive binary system in a tight orbit such that it can potentially experience
a contact phase (see Fig. 1.2). If the separation is sufficiently small, these stars can become
tidally locked and consequently increase their respective spin, generating rapidly rotating stars.
This rapid rotation, in turn, has a direct impact on the internal chemical mixing of the stars,
smoothing out the chemical gradients (Maeder, 1987). Once practically all hydrogen is depleted,
the star will contract rather than expand and thus avoid interaction. It has been shown that
for metal-poor stars, this process is able to generate a tight CO binary without the need for
mass transfer (Marchant et al., 2016). Another channel considers population Il stars. Due
to the lack of metals, the stars are able to have smaller stellar radii and consequently survive
in tighter orbits more easily (Belczynski et al., 2004; Kinugawa et al., 2014; Inayoshi et al., 2017).

Consider the two following orbital tightening mechanisms that can occur in isolated bina-
ries: common envelope (CE) evolution (Paczynski, 1976) and stable mass transfer (MT)
through Roche Lobe overflow (van den Heuvel et al., 2017). Fig. 1.6 shows two possible
pathways of forming merging double COs through either stable MT (path a) or CE evolution
(path b)*. We start the binary evolutions with two stars at ZAMS (stage 1 in Fig. 1.6). In this
example, for simplicity, the first mass transfer episode (stage 2) is indicated as stable mass
transfer. This process strips the most massive star of its hydrogen-rich envelope and at the
same time changes the composition of its companion. After the first MT, the system consists
of a stripped star and a star with an enriched composition (stage 3).

The stripped star evolves further into a compact object (stage 4) and the system can experience
the second mass transfer phase (stage 5). The accretor of the first interaction is now the

“To see the complete set of binary evolutions, see Chen et al. (2024).
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donor, transferring mass onto the compact object, once the radius of the donor star reaches
the Roche Lobe radius. On the one hand, in the stable MT channel (stage 5a) proposed
by van den Heuvel et al. (2017), the system'’s orbit can be reduced considerably and could
make the formation of double compact objects that will inspiral within the age of the Universe
possible. This depends on the mass ratio, period, properties of the (enriched) donor star and
mass transfer efficiency. On the other hand, in the CE channel, the second MT episode is
unstable (stage 5b). If the system survives the common envelope phase (i.e., envelope ejection),
this can result in a star+CO binary that can develop into a merging CO binary (e.g., Belczynski
et al. 2016).

1.4 Context & Thesis outline

It has been proposed that non-conservative stable mass transfer between the Roche lobe
overflowing star and a CO can tighten the orbit of the star+CO system in favour of the
formation of merging double COs (van den Heuvel et al., 2017; Neijssel et al., 2019; Bavera
et al., 2021). Neijssel et al. (2019) and Bavera et al. (2021) have shown that compared to
the observational sample of GW sources (within uncertainties in various single and binary
star processes), the contribution of non-conservative stable MT appears to be larger than
the CE channel. Additionally, large uncertainties are present in binary models regarding the
CE channel. Since population synthesis studies are crucial to understanding the evolutionary
channels of merging binary COs, it is important to state the caveats of their assumptions.
Several population synthesis codes assume a direct link between a specific evolutionary stage at
the onset of CE evolution and CE survival (Belczynski et al., 2010). This research suggests that
interaction after core-helium ignition assures CE survival, while a system that interacts before
the onset of core-helium ignition evolves into a stellar merger during CE evolution. However,
studies like Marchant et al. 2021 and Klencki et al. 2021 using detailed stellar evolution models
report that this method overestimates the CE channel. Considering the above-stated arguments
in favour of non-conservative stable mass transfer for merging CO binaries, it is therefore
important to study and question its potential.

Recent studies show that the stable MT channel can produce merging double compact objects
within the age of the Universe for a broad range of initial parameters (Gallegos-Garcia et al.,
2021; Marchant et al., 2021; Picco et al., 2024). However, these papers consider the initial
configuration of a binary composed of a CO and a donor star at zero-age main sequence. By
implementing this approach, the history of the binary prior to the formation of the first CO is
neglected. Therefore, the influence of the donor star composition being perturbed by previous
interaction is not accounted for (see stage 2 in Fig. 1.6). The main objective of this thesis
is to investigate the effect of an enriched composition of the donor star due to the first MT
episode on the success of the stable MT channel to produce merging binary COs (within the
age of the Universe).

To do so, we create a large grid(s) of models using the open-source stellar evolution code
MESA (Modules for Experiments in Stellar Astrophysics; Paxton et al. 2011). In these grids, we
investigate different initial configurations of the binary system, namely by varying the initial
component masses (and thus, the initial mass ratio) and the initial orbital period. In Chapter
2, we adopt a similar methodology described in Marchant et al. (2021), starting the MESA
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Figure 1.6: Schematic overview of binary star evolutionary pathways that form double compact
objects (not to scale). Numbers next to the binary pictograms represent each individual
evolutionary stage. Inspired by Fig. 1 from Schneider et al. (2023).

simulations with a donor star+-CO configuration (stage 4). Instead of initialising the donor
star at ZAMS, we use a model of a star with a perturbed composition. In these model, we
mimic the initial mass transfer episode by letting the star experience an artificial accretion
process. We consider two accretion models in this chapter, namely one where the accreted
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matter composition is hydrogen-rich and one where this is helium-rich. In Chapter 3, we will
perform a grid of end-to-end models starting with both stars at ZAMS (stage 1). With these
models, we can investigate the robustness of the methodology of Chapter 2 and question the
arbitrary a priori assumptions that were made. In the last chapter, we present a sample of
observed star+CO systems and provide conclusions and a discussion on the content of the
prior two chapters, as well as some future developments that can be done with this research.



Chapter 2

Accretion models

The first method performed in this thesis to investigate the influence of the stellar structure
on the conditions of forming black hole (BH) mergers through stable mass transfer (MT) is
what we will call the accretion models. In this chapter, we will expand on the initial binary
configuration as described in Marchant et al. (2021) and Picco et al. (2024): a semi-degenerate
binary consisting of a zero-age main sequence (ZAMS) donor star and a BH. We want to
account for the mass transfer process before the formation of this BH (stage 2 in Fig. 1.6) since
it will enrich the composition of the donor star in this configuration. Due to this enrichment, the
donor star will achieve a different composition profile compared to a single star with the same
mass. For this reason, we will not initialise this donor star as a ZAMS star, but we will instead
use as a starting point a model of a star with a composition perturbed through an artificial
accretion process. Thus, we start the simulations with the enriched-star+BH configuration
(stage 4). In order to achieve a star with an enriched composition, we will perform a controlled
experiment where we let this star accrete material on top of its surface.

A caveat to state is that to properly report on the effect of a prior mass transfer episode,
one would have to initiate the binary models at the start of binary evolution with two ZAMS
stars (stage 1), which will be done the Chapter 3. However, the approach of the accretion
models does offer us many advantages. By starting the simulations at this evolutionary stage
(after the formation first BH; stage 4), we reduce the computational cost in comparison to the
simulations starting with two ZAMS stars. Aside from this, we can manipulate the physical
accretion process happening to the donor star. This reaps the benefit that we can construct
accretion models of an arbitrary mass and directly study how the stability is affected compared
to the ZAMS+BH models in literature (Marchant et al., 2021). This can not be achieved in
the ZAMS+ZAMS simulations of Chapter 3 since we can not modify the final mass of the star
that experienced the accretion process. In this chapter, we will produce two different accretion
models with a specific mass, accreted mass and accreted material composition and initialise
them in a star+BH binary (stage 4).

We will perform binary evolutions with Modules for Experiments in Stellar Astrophysics (MESA;
Paxton et al. 2011) and analyse the final outcomes of the simulations. We assess whether the
systems will experience stable mass transfer or common envelope (CE) evolution for systems
with different initial conditions. These initial conditions are described by the parameter space
spanned by the orbital period (log;, 1) and mass ratio (¢; = mpmui/maq;). We adopt the MESA
framework as described in Marchant et al. (2021), explained in Sect. 2.1. Afterwards, we will

17
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explain the details regarding the accretion process. We will test the behaviour of the accretion
models first with a simple exercise where we will investigate the effect on the mass ratio for a
fixed period. Later, we will expand on this exercise for a full range of periods to investigate the
influence on the entire parameter space, producing detailed grids.

2.1 MESA set up

We perform binary evolution models using version 24.08.1 of the stellar evolution code MESA.
All input files for the simulations presented in this thesis will be made publicly available on
Zenodo!. The binary evolution models are produced in a subsolar metallicity environment
(Z = Z;/10) with both relative metal mass fractions and a solar metallicity of Z, = 0.0142
from Asplund et al. (2009). We consider the following single star physics description in MESA.
Regarding the equation of state (EOS), MESA consider a combination of the EOS from OPAL
(Rogers & Nayfonov, 2002), SCVH (Saumon et al., 1995), FreeEOS (lrwin, 2004), HELM
(Timmes & Swesty, 2000), PC (Potekhin & Chabrier, 2010) and Skye (Jermyn et al., 2021).
The opacity tables and the low temperature opacity tables used in the simulations originate
from the OPAL project (lglesias & Rogers, 1993; Iglesias & Rogers, 1996) and from Ferguson
et al. (2005), respectively. The nuclear rates stem from NACRE Angulo et al. (1999), JINA
REACLIB Cyburt et al. (2010), and weak reaction rates from Fuller et al. (1985), Oda et al.
(1994) and Langanke and Martinez-Pinedo (2000).

Regarding the stellar winds, we incorporate a combination of mass loss rates as described by
Brott et al. (2011). For stars with a hydrogen mass fraction X > 0.7, we adopt the line-driven
mass loss rates from Vink et al. (2001). When this hydrogen mass fraction is lower than 0.4,
we take the Wolf-Rayet mass loss rates from Hamann et al. (1995). In the latter case, we
account for wind clumping by scaling the mass loss rates with a value of 10 (Yoon et al., 2010).
To generate a smooth transition between the two regimes (0.4 < X < 0.7), we interpolate
between the mass loss rates. When we approach temperatures below the temperature value
corresponding with the bistability jump (Vink et al., 2001), we use the following methodology.
We consider the mass loss rates from Nieuwenhuijzen and de Jager (1990) and scale this with
the factor (Z/Z)%% (see Vink et al. 2001). After scaling, we chose the maximum mass
loss rates between the rescaled values from Nieuwenhuijzen and de Jager (1990) and the
combination from Vink et al. (2001) and Hamann et al. (1995) as described above.

For the treatment of convection in MESA, we use the mixing length theory from Bohm-Vitense
(1958). We follow the methodology as described in Cox and Giuli (1968) with a mixing length
parameter with the value ayr = 2. We consider the convective regions as dictated by the
Ledoux criteria (Ledoux, 1947). A step-overshooting scheme is used for the overshooting of
the convective core during the hydrogen burning. The size of the convective core extends
with a pressure scale height of a,, = 0.335. For this, we follow the calibration described
in Brott et al. (2011). However, after the main sequence, a small quantity of exponential
overshooting (Herwig, 2000) is incorporated for the subsequent convective regions. This
exponential overshooting is described by the length scale of exponential decay of the mixing
coefficient of f = 0.01. Semiconvective mixing (Langer et al., 1983) is considered with a large
efficiency parameter of ay. = 100. Aside from semiconvection, we include thermohaline mixing

'https://doi.org/10.5281/zenodo . 15630075
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(Kippenhahn et al., 1980) with an efficiency parameter equal to 1.

Regarding the binary physics description in MESA, we include the following. MESA calcu-
lates the Roche lobe radii through the numerical fit from Eggleton (1983). For the mass
transfer rates, we follow the methodology described in Marchant et al. (2021). The mass
transfer rates describing RLOF originate from Ritter (1988). The accretion rate onto the black
hole is limited by the Eddington accretion rate as shown in Marchant et al. (2017) (see Sect.
1.2.1). We account for a change in angular momentum as the binary system loses mass by
removing the amount of angular momentum related to the specific orbital angular momentum
from each component. This mass loss can either be by the donor star losing mass through
stellar winds or the ejected material near the BH as the accretion rate exceeds the Eddington
limit (see part on isotropic re-emission and the Eddington limit in Sect. 1.2.1). We consider
angular momentum loss through GW radiation (Peters, 1964). However, this effect is negligible
in comparison to the timescales of the simulated binary evolution. Gravitational radiation
will become the single mechanism that will drive the orbital evolution after the formation of
the BH+BH binary. We estimate the merger time as described in Peters (1964). We do not
include stellar rotation or spin-orbit coupling in the used angular momentum description. We
consider not only the situation where the radius of the donor star can exceed its Roche lobe
radius but also its outer Lagrangian point and will adapt the angular momentum of the system
accordingly following Marchant et al. (2021).

The simulations are terminated once the donor star has reached carbon depletion or when
the mass transfer rate exceeds a certain high threshold Mhigh, indicative of unstable MT and
the onset of the CE evolution. In the former case, we assume that the donor star will direct
collapse into a BH with the same baryonic mass. If the system has experienced interaction,
we flag it as a system that undergoes stable mass transfer. In the latter case, we assume
that the system experiences common envelope evolution. The terminating mass transfer rate
threshold is chosen to be Mhigh =1 M, yr—%, well over of the thermal timescale MT rate for
the considered systems. We terminate the simulation once the mass transfer rate indicates
that the system will experience the CE channel and do not model the outcomes of CE further.

2.2 Hydrogen- and helium-rich accretion models

Without performing the simulation of the first MT phase, there are several methods to mock
the accretion process. We decided to study two cases where a considerable amount of mass
gets accreted, with a significant difference in accreted mass composition between the two. The
objective is to analyse whether the stability is changed in a meaningful way when these extreme
conditions are considered.

In this chapter, we consider binary systems composed of a 30 Mg mass donor star and
a black hole (BH; approximated by a point mass) in a circular orbit in a subsolar metallicity
environment (Z = Z;/10). The mass 30 M, is chosen as we expect it to be the mass of a BH
progenitor, produced via direct collapse. This is chosen to be comparable to the binary evolution
models provided in Marchant et al. (2021). To achieve the desired effect of a donor star with a
perturbed composition due to prior interaction, we introduce the accretion models. To initiate
the process of accretion, we start with a 20 M, mass single star. We let this star evolve until
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it has reached a core hydrogen abundance of 0.35. We accrete mass on top of its surface until
we reach a star with the desired mass of 30 M, after this core hydrogen abundance is reached,
indicating that the onset of this accretion process happens during the main sequence of the
donor star (case A). This translates to an accreted mass fraction of 0.5, which is deliberately
chosen to heighten the mass transfer effect. This accretion happens on a thermal timescale
with a rate of 1073 M, yr~!, which is a faster pace than the evolutionary timescale of the star.
For simplicity, we did not consider a two-staged accretion process, but decided to start the
accretion process with fast case A on a thermal timescale, without accounting for an additional
slow case A MT.

We consider two different accretion models, where we apply the accretion process as de-
scribed above, but alter the composition of the accreted material. In the first model, we accrete
the same surface material (which consists of X = 0.74765, Y = 0.25093 and the remaining
being heavier metals). Since the abundance of hydrogen is higher, we will refer to this as the
hydrogen-rich accretion model. For the other accretion model, the accreted material is made
up of 50% helium (X = 0.49858 and Y = 0.5) and will be called helium-rich. We consider
these specific abundance mass fractions to intensify the effect if the majority of the material
were to be hydrogen or if the star were to accrete a large amount of helium.

After obtaining these enriched single star models, they are used as the donor star in the donor
star with black hole binary starting configuration. We can now investigate the (in)stability when
the donor star has a perturbed composition. We will compare the behaviour of the accretion
models with a binary configuration where the donor star did not experience this accretion
process and is a 30 M mass ZAMS star (provided by Picco et al., in prep.). This will be
referred to as the non-accretion model. Before analysing the (in)stability, it is instructive to
study the stellar evolution of a single star with the above-described enriched composition and
the same mass.

2.2.1 Single star tracks

Fig. 2.1 shows the evolution of a single star that experienced the accretion process as described
above, together with a star of the same mass that did not undergo this accretion process. We
include the evolution of a 30 M non-accretion star modelled from ZAMS, to be used as a
baseline for comparison. The evolution of the single stars is depicted in the Hertzsprung-Russell
diagrams (HRD), where we show luminosity versus decreasing effective temperature of the
stars. On these tracks, we mark different nuclear burning stages happening in the core during
the single star evolution. Given the radius of the donor star Ry and any mass ratio ¢;, we can
compute the orbital period P, that marks the onset of Roche lobe overflow by combining Eq.
1.1 with Kepler's third law. We can translate each nuclear burning stage in the (log,, P, ¢;)
parameter space with their corresponding radius Rq and component masses (mq and mpp):

P — 2w (RRL>
' (G(md + mBH))3/2 a

ViR (2.1)

qi

By comparing the outcomes of the accretion models to those where the donor is initialised
as a ZAMS star, we see several interesting results. In the case where the accreted material
is hydrogen-rich, we see that the evolutionary track before the MT is very similar to that of
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Figure 2.1: Hertzsprung-Russell diagrams of both accretion models compared to a 30 M,
mass star initialised at ZAMS that did not undergo the accretion process indicated in yellow.
Hydrogen-rich accretion model is shown in pink and helium-rich model in blue. Different
markers correspond to different stages reported in the legend. Dashed lines in the background
mark different stellar radii. Dots represent constant intervals of 10° years in stellar age.

a ZAMS star of the same mass, with only a slight increase in effective temperature during
the majority of the evolution. This indicates that the hydrogen-enriched single star quickly
adjusts to its new mass. However, at late evolutionary stages, we see that the hydrogen-rich
star diverges from that of the unperturbed 30 M, evolution, appearing to be less luminous. By
looking at the black dots on top of the evolutionary track of the hydrogen-enriched star, we see
that this star evolves more slowly after core helium ignition. If we consider the helium-enriched
accretion model, the evolutionary tracks differ more significantly. At every evolutionary phase,
the helium-enriched star is hotter than the unperturbed 30 M mass star. The tracks also
show that the helium-rich star has an increased luminosity throughout its evolution and is more
compact. In Chapter 3, we will see that this can affect the occurrence of case A mass transfer
after the formation of the BH (stage 6a).

2.3 Stability boundary at fixed period

Before investigating the (in)stability of an extended parameter space spanned by the orbital
period and mass ratio of the binary systems, we will explain the method used to evaluate the
stability. The stability boundary is defined by the critical mass ratio value g.;; threshold below
which mass transfer is unstable. For all systems with a mass ratio higher than this critical
value ¢, the binary experiences stable mass transfer. In order to find the stability boundary,
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we use a bisection search algorithm, which we will illustrate for a fixed period of P, = 100 days.
We select this value arbitrarily at a period where we know the system will interact.

We start the bisection search with the lower and upper initial mass ratio values of near
zero and unity, respectively. We assume that the lower mass ratio value (g ow) experiences
unstable common envelope evolution and the upper mass ratio value (¢ pp) undergoes stable
mass transfer. To start the search, we investigate the (in)stability of the average of g; o and
Gi,upp, resulting in a mass ratio value of g miq. If the simulation at this value undergoes stable
mass transfer, we update to higher mass ratios ¢; upp by ¢imia and the next simulation will
start with their new average value. In the case where the binary evolution would result in
common envelope evolution, we work analogously but now update ¢;jow by Gimia. We apply
this algorithm on all three discussed models (non-accretion, hydrogen-rich and helium-rich) for
a fixed period of P, = 100 days and repeat this process for eight iterations. We used the limit
of Gijow = 0 and g 1w = 1.

The bisection algorithm divides the interval in two for each iteration and thus, after n iterations,
the distance between each evaluation scales with ~ 1/2™. If we were to use n uniformly spaced
points in the mass ratio interval, the distance between each point would be the same size and
scale as Ag ~ 1/n. We would have to use many more samples to achieve the same precision
that we can reach with the bisection search. Using the bisection algorithm for finding the
stability boundary therefore reduces the computational cost. To investigate the (in)stability,

log(Mpr [Moyr™1)

No accretion Hydrogen-rich Helium-rich
6730 28 26 24 22 20 18 16 14 30 28 26 24 22 20 18 16 14 30 28 26 24 22 20 18
Md[/Mo Md,i/MO Md,l/MO

Figure 2.2: The mass transfer rates versus decreasing donor mass for all eight iterations of
the bisection at a fixed period of P, = 100 days. Red indicates the last two iterations of the
bisection search, marking the edges of the range where the critical mass ratio exists. Left:
Non-accretion model. Middle: Hydrogen-rich accretion model. Right: Helium-rich accretion
model.

we can evaluate the behaviour of the mass transfer rate Myr. This is done by looking at
curves displaying the mass transfer rate versus the mass of the donor star as the donor loses
mass to the accretor during the mass transfer. When the donor star fills its Roche lobe, the
interaction begins and the mass transfer rate starts to increase. Since the unstable common
envelope evolution results in ever-increasing mass transfer rates, this will reflect in those curves
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too. On the one hand, for the systems that undergo common envelope evolution, these curves
will keep increasing with the MT, until they reach the maximum threshold. On the other hand,
in the case of stable mass transfer, these curves will reach a peak and will decrease again as
the donor star contracts in response to its mass loss.

The results of the bisection search at a fixed period for the non-accreted model and both
accretion models are shown in Fig. 2.2. For the non-accretion model, we find after eight
iterations that the critical mass ratio exists in the range g.iy € [0.176;0.179] for the fixed
period. We perform the same bisection search for eight iterations for both accretion models.
In the hydrogen-rich case, the critical mass ratio exists in the g.; € [0.183;0.187] range.
On the other hand, the helium-rich models appear to have a critical mass ratio within the
Jarit € [0.129;0.133] range. Note that these regions can be further reduced by adding more
iterations. Compared to the non-accretion model, we see only a small shift in the critical mass
ratio range of the hydrogen-rich accretion model to higher values. In contrast to this, we see a
significant shift to lower mass ratio values for the helium-rich accretion models. This shows
that for this period (P; = 100 days), the stability boundary shifts for both accretion models,
therefore hinting towards the influence of a perturbed stellar interior on the full parameter
space.

2.4 Detailed grids

By performing the above-described bisection search for the critical mass ratio ¢ for a full
range of periods, we can produce the stability boundary in the (log,, P, ¢;) parameter space
(period is expressed in days). In an analogous method, one can also search for the boundary
of systems that undergo stable MT where t,,e;c = 13.8 Gyr (the age of the Universe). This
boundary separates the binaries that are too wide to merge within the age of the Universe and
those that are close orbit binaries that are tight enough to have a merger time below 13.8 Gyr.
By connecting the stability boundary and the ;¢ = 13.8 Gyr boundary, we can build regions
in the (log,, P, ¢;) parameter space. These regions represent the predicted systems that can
produce a gravitational wave signal through a BH merger that experienced stable mass transfer.

We provide grids of binary evolution for the three models (non-accretion, hydrogen-rich
and helium-rich) with a 30 M mass donor star with a BH companion in a circular orbit. The
masses of the BH accretor are variable since they are computed by the range of initial mass
ratios ¢; = mpn/ma;. We consider the outer edges of the mass ratios range to be between
¢ = 0.005 and ¢; = 1. For each value of the range in periods, we perform the bisection
algorithm for 10 iterations.

It has been shown that the stability boundary significantly shifts to higher mass ratio values at
higher periods when the envelope starts becoming convective (Hjellming & Webbink, 1987).
To evaluate this behaviour, we select a finer (fixed) resolution at the period where the envelope
of the star starts to become convective. The additional resolution in the period is used for the
widest systems that interact after the development of a convective envelope. The ranges and
resolution for the three models of both grid panels above this value (log;, P, hign) and below
(log,o P) this value is shown in Table 2.1.
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The resolution of the lower panel of periods is defined to be the resolution that corresponds to
30 different period values. The higher resolution of the upper panel corresponds to an equal
amount of 30 period values with at least 1 period value (the highest) that serves as an upper
limit where no interaction happens. Therefore, each grid will calculate the critical mass ratio
for the (in)stability and where t,,ere = 13.8 Gyr for 61 period values in total. The simulation

Table 2.1: The ranges and resolution of two panels of the grid that are separated by the period
value, where the donor star experiences a convective envelope (1 % of the total mass of the
star). Period is expressed in days.

Model No accretion Hydrogen-rich accretion Helium-rich accretion
start log;, P —0.444 —0.273 —0.455

end log,, P 2.946 2.937 2.935

Alog,y B 0.133 0.107 0.113

start logy P high  2.946 2.937 2.935

end log o Pinigh  3.456 3.447 3.505

Alogg P, high 0.017 0.017 0.019

of each grid will have several terminating conditions to assess the outcomes of the considered
binary systems. We span a parameter space starting from low periods where the binary can
experience Roche lobe overflow at the zero-age main sequence of the donor star, up to high
periods where the components are in an orbit too wide to undergo interaction. We evaluate
the outcomes of the binary evolution that either experiences common envelope evolution or
stable mass transfer.

2.4.1 Results

In Fig. 2.3, we show a summary of all final outcomes of simulations of both accretion models.
The same plot for the non-accretion model grid can be found in the Appendix (Al). We
indicate evolutionary stages as grey lines on the background of these grids of simulations
corresponding with the stages marked in the single star tracks from Fig. 2.1. These represent
what evolutionary phase the donor is at the onset of mass transfer to indicate if the system
undergoes case A, B or C mass transfer and are calculated by Eq. 2.1 as described in Sect. 2.2.1.

At higher periods (upper panel), we see that, as expected, the stability boundary makes
a bend towards higher mass ratios, creating a hook in the boundary that separates the systems
experiencing CE and those that undergo stable MT. For the helium-rich model, this bend allows
for a smaller area of systems that experience the CE evolution compared to the hydrogen-rich
model. Regarding the systems that survive the CE phase producing tight orbit BH binaries
and the relation with the envelope being convective in order for this to happen, we refer to
Marchant et al. (2021). The systems experiencing stable MT in a close enough orbit for the
binary BH to merge within the age of the Universe are indicated in yellow in Fig. 2.3. On first
glance, we can see that the helium-rich accretion models predict a large area in the parameter
space that allows for these close binaries to be produced by stable MT. To investigate the
behaviour of these systems in more detail, we can outline their area in the parameter space by
connecting their stability boundary and boundary where #,,¢r5e = 13.8 Gyr. This results in the
regions being shown in Fig. 2.4.
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Figure 2.3: Summary of final outcomes of the simulations using the bisection algorithm to find
predicted BH mergers that experienced stable MT (yellow). Horizontal lines indicate different
evolutionary stages of a single star with the same initial mass as the donor star. Solid lines
mark hydrogen depletion and helium ignition. Dashed line in the upper panels shows where the
star starts to have a 10% convective envelope.

With the regions in Fig. 2.4 we can compare both accretion models and the non-accretion
model to one another. For the hydrogen-rich accretion model, we see that there is a small
shift compared to the non-accretion model for high periods, but overall, there is no significant
change. In contrast to this, if we consider the helium-enriched accretion model, the area of
predicted BH mergers of the stable MT region differs. In this case, the conditions for BH
mergers after an orbital shrinkage through stable MT shift significantly, accessing systems with
more extreme mass ratios for high periods. For shorter periods, we see a significant range of
mass ratios being allowed for stable MT. In general, we can see that the separation between
the stability boundary and the boundary where ;¢ = 13.8 Gyr is larger for the helium-rich
accretion model compared to the other two. At a period of log;, P, = 1.5 (30 days), the
region of helium-rich accretion model starts to deviate from the other two regions and its
tmerge = 13.8 Gyt boundary can reach even lower mass ratios than the stability boundary of
the hydrogen-rich and non-accretion model. We do not know the population distribution for
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Figure 2.4: Regions describing systems that undergo the stable MT channel that leads to
merging binary BHs within the age of the Universe for the non-accretion model (gold), the
hydrogen-rich accretion model (pink) and the helium-rich accretion model (blue). Lines on the
background indicate different evolutionary tracks. Solid lines represent core hydrogen depletion,
dotted lines mark the ignition of central helium and the dashed upper lines are where core

helium is depleted. Close-up of the behaviour of the critical boundaries near P, = 100 days
(red line).

the mass ratios and periods of star+BH systems in nature. If we assume a flat distribution
for both parameters, the relative contribution of all three models can be determined by their
relative areas in Fig. 2.4. By doing so, we get a ratio between the non-accretion model
and the hydrogen-rich accretion model of 1.196 systems inside the region. By comparing the
non-accretion model to the helium-rich accretion model, we find a fraction of 0.372. This
indicates that accounting for a previous MT (stage 2) leads to almost a 3-fold increase in the
production of merging BH4+BH systems.

We can calculate ranges of the final mass ratios of the predicted binary BH mergers through
the stable MT channel. This final mass ratio (g¢ < 1) represent the mass ratio of the system
when the second BH is formed, i.e., the BH+BH stage (stage 7a) and is the one that is
detectable through gravitational wave signals (see Eq. 1.13). Note that to be consistent with
the notation of the Gravitational Wave Transient Catalogue (g < 1), we provide the minimum
value as M yin = min{m¢ gy /me 4;meq/mepu}. In the latter case, the mass ratio is inverted
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providing a BH with a mass more massive after the mass transfer stage (stage 6a). For the
non-accretion model, we see that the minimum value of the final mass ratio is gf min = 0.296.
For the hydrogen-rich accretion model we find values of gf min = 0.332, while for the helium-rich
accretion models we calculate g¢ i, = 0.183. Due to the final resolution of the computed
grids, we will not reach mass ratios of exactly unity, however since we calculate maximum
values of m¢gi/msq higher then unity for all three models, we can include unity and mark
this as the upper limit of final mass ratios. We see the same trend occurring in these ranges of
final mass ratios, namely a slightly smaller range for the hydrogen-rich model compared to the
non-accretion model, but a significant increase in range for the helium-rich model.



Chapter 3

End-to-end Binary evolution models

To properly report on the physics behind the mass transfer phase before the formation of the
first black hole (BH; stage 2 in Fig. 1.6) and its effect on the formation channels to produce
binary BH mergers, one has to consider models initialised with two zero-age main sequence
stars (ZAMS). Therefore, in this chapter, we explore an end-to-end models of a set of massive
binaries with the stellar evolution code MESA. By doing so, we include the history happening
before the formation of the first black hole. In Chapter 2, we assumed a flat distribution of
the periods and mass ratios of all probed systems at the star+-BH stage. By initialising both
stars at ZAMS, we directly probe the mass ratios and periods of the star+BH stage (stage 4)
as they are predetermined by the initial conditions at the ZAMS+ZAMS stage, which is well
informed observationally. In addition to this, we do not have to rely on arbitrary choices for
the properties and accretion process.

The accretion models of Chapter 2 are, by design, a flexible method to manipulate the
past accretion process that the donor star encountered. The method of the end-to-end evolu-
tion of this chapter does not offer us the same amount of control. Since we are modelling a
full binary evolution, this raises the complication of matching up the masses with the desired
30 M donor mass considered in Chapter 2. Therefore, we cannot produce a direct one-to-one
comparison of the results of the end-to-end simulation with those of the accretion models or
results presented in literature. However, it is still instructive to do a comparison between the
two developed methods. We will calculate the accretion mass fraction (accreted mass by total
mass) and composition of this accreted mass to compare this with the ones assumed in Chapter 2.

The grid of simulations will be considered in a (log,, P, ¢;) parameter space similar to Chapter
2. To avoid confusion, we will refer to the component masses of the binary as the primary
and the secondary (primary being the initially most massive one) instead of the donor and
accretor, since we are considering two different mass transfer stages where their respective
roles invert. We will define the mass ratio vs period parameter space right after the formation
of the first BH (stage 4) as (logy, Psu, gsn) Where ggg = mpn/ms. As such, we can compare
these properties to the parameter space probed in Chapter 2.

In this chapter, we will provide a brief section on the methodology used to perform the
grid of end-to-end simulations. Afterwards, we show the end results of the grid for each initial
configuration. We will finalise this chapter with a comparison between the results and properties
of the end-to-end simulation and the accretion models to investigate the robustness of this

28
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latter method.

3.1 Methods

We adopt most of the MESA methodology as described in Chapter 2, with some minor adjust-
ments to account for processes that appear when modelling a full binary evolution. The full
binary evolution simulations start with two massive stars at ZAMS (stage 1). Assuming that
the most massive star will evolve faster, this star will exceed its Roche lobe radius first and
transfer mass onto its companion. In these simulations, we consider the first mass transfer
episode from the primary star to the secondary star to be fully conservative (with the exception
of wind mass loss). Once the more massive star reaches carbon depletion, we assume that the
star will experience core collapse and form a BH with the same mass as its baryonic mass. We
automatically turn this star into a point mass to treat the formation of a BH with MESA. After
the first BH is formed, we perform simulations with the same set-up as described in Chapter 2
to model the remaining evolution.

We compute a grid of models starting with a fixed donor star of m;; = 40 Mg in a cir-
cular orbit around an accretor star with variable masses denoted as my;. The primary mass
was chosen high enough that it would still be considered inside the BH progenitor mass regime,
knowing that it would lose mass to its companion. The environmental subsolar metallicity
is the same as for the accretion models of Z = Z /10, as well as the value of a,, = 0.335.
We consider a parameter space of initial configurations with the variables being the initial
mass ratio (¢ = mq;/my;) and initial orbital period (log;, P;). The grid spans over mass
ratios from ¢; = 0.2 to ¢; = 1 with a resolution of Ag; = 0.05. This translates to a lowest
accretor mass of my; = 8 Mg, which is still considered a massive star. We do not probe mass
ratios lower than ¢; = 0.2 to avoid the unstable common envelope evolution producing stellar
mergers. The initial period values range between —0.3 < log,,(F;/d) < 3 with a resolution
of Alog,y(P,/d) = 0.2. This range will include the systems that can experience Roche lobe
overflow at ZAMS. Note that the goal of this thesis is to probe systems generating GW signals
through stable mass transfer; we do not need to investigate a finer resolution panel for higher
periods, as described in Chapter 2. In total, we perform a grid of 272 full end-to-end binary
simulations.

3.1.1 Endpoints of simulations

We are probing the systems that evolve into binary BH mergers, producing GWs through
stable mass transfer from the star to the BH. However, there are other possible evolutionary
end-points that we need to account for. The binaries can experience Roche lobe overflow
during their zero-age main sequence at small periods (ZAMS RLOF).

Another possible outcome that does not appear in Chapter 2 is what we call Accretor Overflow.
Before the formation of the BH, the accretor star starts can overflow its Roche Lobe during or
after the first MT phase (stage 2), both potentially triggering the unstable common envelope
phase. Therefore, we terminate the system if this occurs. Additionally, we take care of systems
that might end up with inverse mass transfer for the simulations with a mass ratio close to
unity. To account for this, we terminate the binary simulations where the secondary star
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reaches hydrogen depletion while the primary is still evolving on the main sequence. This would

indicate that the secondary star would start exceeding its Roche lobe radius before the primary
and thus transfer mass from secondary to primary instead of the other way around, as desired.
These systems will be flagged as systems experiencing an Inverse Mass Transfer (Inverse MT).

All systems that survive the above-mentioned terminating conditions reach the star+BH

stage. Since all of these systems are stable, we only separate the systems experiencing stable
MT (second MT phase; 6a) between the ones with a merger time above 13.8 Gyr and those

below. We adopt the same conditions for stable MT as described in Chapter 2. Once the
secondary star reaches carbon depletion, we assume core collapse and terminate the simulation,

while marking the system as one that undergoes stable MT. However, some systems do not
show any interaction after the first BH is formed (No int.).

3.2 Results

Before investigating the final fates of the end-to-end simulations, we will first take a closer

look at the stellar evolution track of a single star with the same mass as the primary star
(my; =40 My). Fig. 3.1 shows the Hertzsprung-Russell diagram (HRD) of a 40 M, star in
the physical conditions as described in Section 3.1.
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Figure 3.1: HRD of a 40 M single star with subsolar metallicity. Different evolutionary
stages are indicated by the markers (hydrogen depletion, helium ignition and helium depletion).
The black, smaller dots represent constant intervals of 10° years in stellar age. Lines in the
background indicate different stellar radii.

The final endpoints of the end-to-end binary evolution models with a m;; = 40 M, initial
primary star and a subsolar metallicity Z/10 is shown in Fig. 3.2. This figure shows dif-
ferent evolutionary stages of a 40 M, single star in white to indicate different boundaries
for interaction, which are calculated with Eq. 2.1 from the single star evolution shown in Fig. 3.1.
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Figure 3.2: Summary of the final fates of end-to-end simulations starting out with a fixed
primary star mass of 40 M, in a circular orbit with its companion. Black indicates either ZAMS
RLOF or no interaction after the formation of the first BH. We separate systems experiencing
stable MT after formation first BH by tierger > 13.8 Gyr (blue) and tyerger < 13.8 Gyr
(yellow). We mark inverse MT with orange and accretor overflow with pink. Simulations that
did not converge are indicated in red. The white lines indicate different evolutionary stages of
the primary star taking place during the first interaction. The dash-dotted line marks hydrogen
depletion and the dashed line marks helium ignition.

Fig. 3.2 shows that the lower part of the (log,, P, ¢) parameter space is mainly popu-
lated by systems experiencing RLOF already at ZAMS when log,, P, < 0 (black). This is
confirmed by the fact that all of these systems align with or exist below the solid line indicating
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ZAMS. At high periods log,, P > 2.8, we see six simulations that indicate that there was
no interaction between the secondary star and the BH after the BH was formed. Note that
these systems did interact before the formation of the BH and thus the secondary star of
these systems did undergo accretion. We see that, towards the high initial mass ratios above
qi > 0.925, there are multiple systems that are flagged with Inverse Mass Transfer (orange).
For these systems, the companion star reaches the end of the main sequence before the
primary finishes core-helium burning, leading to inverse mass transfer. The systems located at
initial mass ratios of approximately ¢; < 0.6 and log,, P, < 1.6 terminate due to the accretor
overflowing its Roche lobe during MT, leading up to a contact system (pink). This region cuts
off at the log,, P value that corresponds with the helium ignition line. The majority of the
modelled systems, however, are systems that experience stable MT after the primary star turns
into a BH. From this majority, there are 136 systems that end up in a binary orbit that is too
wide to merge within the age of the Universe and 17 systems with a calculated merger time
below 13.8 Gyr (yellow). Therefore, more than half of the simulations in the grid experience
stable MT (the exact fraction being 0.566), from which a 0.063 fraction are predicted to result
in a binary BH merger. These systems favour the low period and high mass ratio parameter
space between 0.2 < log,, P < 0.6 and 0.6 < ¢; < 1, below the core hydrogen depletion curve.
This means that these predicted BH mergers experience case A mass transfer before the first
BH is formed.

In Fig. 3.3 we show the periods and mass ratios at the evolutionary point where the first BH
is formed. It is also instructive to study how the binaries that evolve into binary BH mergers
through stable MT behave at the stage when the first BH is formed, since this is the stage
where we start our simulations of Chapter 2. Therefore we provide Fig. 3.3 that shows the
position in the (log,, Pu, ¢su) plane. Here Pgy represents the period of the system at the
star+BH stage and gy is defined as ggg = mpu/ms. The colours in this figure are the same
as the colours of the final outcomes from Fig. 3.2. In this figure, the scatter points representing
wide binaries that experienced stable MT exist in binaries with mass ratios ggy = 0.4 and
periods above log,, Pg 2 0.7 directly after the formation of the first BH. We see that the
systems forming BH mergers through stable MT within the age of the Universe populate periods
of 0.5 < log,, Psu < 1 and mass ratios of 0.3 < ggg < 0.45 approximately. Additionally, we
see that the scatter points follow titled lines. This trend occurs due to the relation shown in
Eq. 1.10, which maps the initial orbital periods and mass ratios to specific final conditions in a
non-linear way.

In Fig. 3.3, we have indicated with different markers if the mass transfer before (stage
2) and after (stage 4) the formation of the first BH appears to be case A, B or C mass transfer.
This is calculated by identifying when the second interaction stage occurs and evaluating
whether this happens before hydrogen depletion (case A), between hydrogen and helium
depletion (case B) or after helium depletion (case C). In the left panel, we see that the systems
at lower periods undergo case A MT before the formation of the first BH, but the wide orbit
binaries experience case B MT. The right panel shows that most systems experiencing the
stable MT formation channel interact as case B mass transfer after the formation of the first
BH, with a few systems that encountered case C mass transfer at higher periods. However, if
we only consider the predicted BH mergers (yellow), there is one single system marked by case
A mass transfer. Do note that this one simulation started mass transfer near the boundary
that marks hydrogen depletion, thus late in its main sequence.
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Figure 3.3: The parameter space of all systems experiencing stable MT at the evolutionary
stage when the first black hole is formed. Different markers indicate different evolutionary
stages of the donor star at the onset of mass transfer, happening before and after the formation
of the first BH: case A (stars), case B (triangle up) and case C (circle). Colours represent wide
binaries with tyerger > 13.8 Gyr (blue) and the predicted BH mergers with #,,epger < 13.8 Gyr
(yellow).

We can investigate the behaviour of the period and mass ratio (mpyg/ms) at the point
where the first black hole is formed compared to their initial orbital period (log;, P;) and the
initial mass ratio (mg;/m4 ;). This is shown in Fig. 3.4. The left panel in this figure shows that
as mpy/ms decreases, the initial mass ratio increases. This states that when the initial mass
ratio is close to unity, the value of mpy/msy becomes more extreme and vice versa. The right
panel shows that log,, P./Pgy increases as log,, Pgy increases. Since the periods are higher
compared to their initial values, we see that the interaction before the formation of the BH
(stage 2) mainly widens the orbit of the systems, as expected. However, at high mass ratios
we see that there are a few systems whose orbit shrinks. Do note the change between the
initial period and the period at star+-BH stage varies with an approximate absolute maximum
value of log,, P,/ Pgn =~ 0.5, which leads to an increase with a factor of 3. Additionally, we
calculate the final mass ratios of the resulting BH+BH binary (at stage 7a). We find that for
the modelled systems that experience the stable MT channel with merger times within the age
of the Universe provide a minimum final mass ratio of ¢ min = 0.418 and a maximum final
mass ratio of ¢ max = 0.706 (below unity). Compared to the final mass ratio values calculated
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Figure 3.4: ldentical parameter space as displayed in Fig. 3.3 but with an additional third
dimension. Stars indicate systems experiencing stable MT with #ereer < 13.8 Gyr and with
diamonds if tyerger > 13.8 Gyr. Left: Colour bar indicates the fraction of initial period and
period at star+BH stage. Right: Colour bar indicated the initial mass ratio.

in the previous chapter, we can see that, again, the end-to-end simulations provide a limited
range. Most importantly, we see that the end-to-end simulation can give us a restriction on
the maximum final mass ratio as well instead of only a minimum value, excluding unity.

3.3 Comparison to accretion models

In Chapter 2, we introduced an artificial accretion process where we accreted 10 M, on top of a
20 My, star to get the desired 30 M, star, which translates to an accreted mass fraction of 0.5.
We analysed two different composition scenarios. The first (hydrogen-rich) accretion model
had a hydrogen mass fraction of X = 0.74765 and a helium mass fraction of Y = 0.25093.
The second (helium-rich) accretion model contains a hydrogen mass fraction of X = 0.49859
and a helium mass fraction of Y = 0.5. Here we will question these assumptions and compare
them to the values provided by the full end-to-end simulations. Before doing so, we need
to take note that the accretion models start out with a fixed donor mass of 30 M. This
would correspond with the mass of the secondary star of the end-to-end simulation when the
primary turns into a BH. However, the masses of the secondary star at the point where the
first BH is formed are between 43.4 M, to 56.2 M, (for the systems experiencing stable MT
With tmerger < 13.8 Gyr). Therefore, this does not offer a direct one-to-one comparison, but
it is still informative to look at the behaviour of the accretion processes before the first BH
formation. A scatter plot of all systems experiencing stable MT displaying the masses of their sec-
ondary star at the point of the formation of the first BH can be found in the Appendix (Fig. A2).

We will perform the comparison between the scatter plot shown in Fig. 3.3 and the re-
sults from the accretion models shown in Fig. 2.4. This is presented in Fig. 3.5. We see that
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Figure 3.5: All systems experiencing stable MT at the evolutionary stage when the first black
hole is formed. Stars indicate ¢perger < 13.8 Gyr and diamonds indicate ¢yerger > 13.8 Gyr.
Regions representing outcomes from the accretion models introduced in Chapter 2.

the markers indicating the predicted BH mergers through stable MT from the end-to-end grid
(yellow stars) align with the position of the regions from the accretion models. However, we see
that large areas of the regions are not populated by the results from the end-to-end evolution.
This stems from the fact that this region of the parameter space does not get populated
when considering a full binary evolution. Accounting for the first MT phase (stage 2) leads
to a limited set of possible Py and gpy, excluding e.g. systems with periods above 10 days
and ggpg > 0.5. Compared to the non-accretion model, we see some end-to-end simulations
falling outside of the region generated through this model, as well as the similar hydrogen-rich
accretion model. This can be a positive indication towards the accretion model containing a
higher helium mass fraction. However, we do need to keep in mind that the secondary masses
of both methodologies do not match. We will now investigate the a priori choices of the
accretion models that were made. The accreted mass fraction is defined as the ratio of the
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Figure 3.6: ldentical parameter space as displayed in Fig. 3.3 but with an additional third
dimension. Stars indicate systems experiencing stable MT with #ereer < 13.8 Gyr and with
diamonds if ¢yerger > 13.8 Gyr. Left: Colourbar indicates the accreted mass fraction. Right:
Colourbar indicates the accreted helium mass fraction.

accreted mass and the total mass of the secondary star, while the helium mass fraction refers
to the average mass fraction of helium in the accreted material. The results for all systems
that undergo stable mass transfer are depicted in the two-panel plot of Fig. 3.6.

Regarding the accreted mass fraction shown in panel one, we see that the fraction increases
with mass ratio mpy/mso. For the wide binary systems experiencing stable MT, the systems
can end up with a secondary star that has an accreted mass fraction up to 0.65. However,
for the predicted BH mergers (star markers), the secondary star can have an accreted mass
fraction between 0.30 and 0.42. This is lower than the accreted mass fraction of 0.50 used in
the accretion models. In panel two of Fig. 3.6, we show the helium mass fraction. The helium
mass fraction of all depicted systems vary from 0.30 to 0.41, but for the predicted BH mergers
(star markers), the accreted helium mass fraction is more limited, namely between 0.30 and
0.35. This is higher than the accreted helium mass fraction of the hydrogen-rich accretion
model but lower than that of the helium-rich accretion model. Both indicate a clear jump in
composition near log,, Psg ~ 1.5. The helium mass fraction shows a significant increase in
composition above this value. This location corresponds directly to the region in Fig. 3.2 near
the single star track showing hydrogen depletion, indicating the end of the main sequence.
Systems interacting after helium ignition of the primary star thus do gain a higher fraction of
helium and a lower fraction of hydrogen.

We found that in Chapter 2, we decided on a reasonable accreted mass fraction, but over-
estimated the accreted helium mass fraction for the helium-rich model. We see that almost
all models interact as case B mass transfer after the first BH formation, indicating that the
accretion of helium-rich material results in more compact stars at the star+BH stage.



Chapter 4

Discussion

This chapter presents a comparison between the theoretical predictions from this thesis and
the inferred orbital properties of observed single-degenerate binaries consisting of a compact
object (CO) and a high mass stellar companion. Afterwards, we will give a summary of the
conclusions drawn from the results presented in this thesis and discuss our findings.

4.1 Comparison with single-degenerate binary observa-
tions

To perform a comprehensive comparison between theoretical predictions and observations of
single-degenerate binaries (star+CO systems), one would need to consider the following. On
the one hand, for the comparison with the star+CO systems, we need a range of multiple
donor masses to obtain an indication of the population distribution. In this thesis, we consid-
ered one donor mass in both methods we carried out. On the other hand, we have to take
specific care of observational biases present in the considered star+CO data. One specific
observational bias is that long-period star+COQO binaries will be less likely detected due to a
lack of X-ray emission and due to long period variations. To account for this, one should
either perform a bias correction on the observational data or one should incorporate this bias
effect into the theoretical predictions. Both will not be included here as this is beyond the
scope of the thesis. Keeping in mind that the simulations from Chapters 2 and 3 do not
offer a view of the properties’ distribution of an observed star+CO sample, we present a
comparison with our results and observations without accounting for biases. We consider a
compiled dataset of known star+CO binaries found in literature, similarly to Picco et al. (2024).

The observations presented in Fig. 4.1 consist of high mass binaries with a compact ob-
ject companion. The dataset of HMIXB with a NS consists of galactic Be/X-ray+NS binaries,
which we assembled from Table 1 of Tomsick and Muterspaugh (2010). This paper reports on
the mass estimates of the stellar companion and assumes a mass of 1.4 M, for the NS unless
another value was found in literature. For these Be/X-ray+NS systems, no uncertainties were
provided. Regarding the binaries with a BH component, we depict the following six systems
found in other studies (black diamonds): HD 96670 (Gomez & Grindlay, 2021), M33 X-7
(Orosz et al., 2007; Pietsch et al., 2006), LMC X-1 (Hutchings et al., 1983; Mark et al., 1969),
Cyg X-1 (Miller-Jones et al., 2021), VFTS 243 (Shenar et al., 2022) and HD 130298 (Mahy
et al., 2022). As opposed to Picco et al. (2024), we did not include system HD 215227 (or

37
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Figure 4.1: The orbital period (log,, Po;) and mass ratio mco/m, between the mass of the
compact object and its stellar companion of observed high and intermediate mass HMXB with
a NS (red diamonds) or a BH (black markers) companion. For the latter, we account for
uncertainties on the mass ratios and periods. The uncertainties on the periods are negligible
within the scale of the figure. We include two inert BH binaries with massive companions for
which we give an estimation on the lower limit of the mass ratio with the binary mass function.
The background regions are the results of the predicted binary BH mergers from the accretion
models in Chapter 2. The yellow stars and blue diamonds are the binary BH systems that
undergo stable MT as predicted by the end-to-end simulations from Chapter 3.

MWC 656) (Casares et al., 2014; Janssens et al., 2023). This system was classified a Be+BH
binary, but recently Rivinius et al. (2024) has reported that this is most likely a binary consisting
of a Be-type star with a hot subdwarf object (sdO). System HD 130298 and VFTS 243 are
reported as single line spectroscopic binaries (SB1). Therefore, we do not have constraints
on a secondary radial velocity component or on the inclination of the system. We provide
a minimum mass ratio calculated from the evolutionary mass of the stellar component and
a minimum estimate of the mass of the BH. The minimum mass is found from the mean
properties provided in Shenar et al. (2022) and Mahy et al. (2022) and the binary mass function.
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The stellar and orbital parameters can be found in Table 4.1.

Fig. 4.1 depicts the orbital period P, and mass ratio, defined by mass of the CO (mco)
divided by the mass of the star (m,) of the observed star+CO systems together with our
theoretical predictions. In this plot, we see that the star+BH binaries show up in the plane
around mass ratios of 0.2 < mco/ms < 0.6 (accounting for error bars) and around periods of
0.50 < logyg Porp < 1.25. The Be/X-ray-+NS systems show up at relatively low mass ratios of
mco/m. < 0.2, but at a broad range of periods spanning 0.25 < log, Py < 2.50.

We stress that Fig. 4.1 does not show a fully representative comparison between the theoretical
results from this thesis and the star+CO observations due to the reasons cited earlier. Another
caveat is that we provide theoretical predictions assuming a circular orbit, but the systems shown
here all have non-zero eccentricities. In general, we do see that the star+-BH binaries are close
to the end-to-end BH merger predictions, as well as near the regions of the accretion models.
Note that with both the accretion models from Chapter 2 and the end-to-end simulations from
Chapter 3, we aim to probe binaries with a BH compact object.

Table 4.1: The stellar and orbital properties of the seven observed star+BH systems. We
include the two inert star+BH binaries for which we provide a lower limit on the BH mass
and thus also on the mass ratio, calculated with the binary mass function. References to each
system can be found in the text.

System P, (days) mpn (M) my (M) q

HD 215227 60.37 3.8—6.9 10 — 16 0.410

HD 96670  5.28388 =+ 0.00046  6.2732 22,7152 0.27370:0%
M33 X-7  3.45301 + 0.00002 15.65 = 1.45 70.0 + 6.9  0.224 + 0.030
LMC X-1 ~ 3.90917 + 0.00005  10.91 + 1.41 31.79 + 3.48 0.343 + 0.063
Cyg X-1 5.599836 + 0.000024 21.2%22 40.6117 0.52270-113
VFTS 243 10.42959 + 0.000854 > 9.1 26 + 2 > 0.350

HD 130298 14.62959 + 0.000854 > 7.7 28.0152 > 0.275

4.2 Conclusions & discussion

In this thesis, we carried out a study of the impact of a perturbed stellar structure due to the
first mass transfer stage (stage 2 in Fig. 1.6) on the formation of double BHs through the
stable MT channel. We build on the work presented in other studies (Marchant et al., 2021;
Picco et al., 2024), which initialise models with a massive donor star and a CO binary. This
thesis considers the fact that the donor star could have gained mass from a mass transfer
episode in its earlier evolution. The structure of said donor star can be significantly altered
if we were to include interaction happening before the formation of the first BH. During this
interaction, the donor star in question accretes (enriched) material from the BH progenitor,
which can cause different responses to the MT and therefore, different stability properties. This
work provided two methodologies to investigate this effect.

In the first method, we only considered the late binary evolution stages, starting with a
star+BH configuration. This donor star went through an artificial accretion process without
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modelling binary evolution before the formation of the first BH. The goal of this experiment was
to see how a perturbed stellar structure influences the fate of the binary BH progenitor system.
This approach offers us a lot of flexibility as we can modify both the structural properties of
the accretion process and the initial configuration of the star+BH binary, while comparing
stability boundaries and outcomes for simulations of single degenerate binaries initialised with
both stars at ZAMS. The initial configuration of the system was chosen to be comparable to
the results found in literature. As the accretion models are put into practice, we see that:

» Regardless of the donor star experiencing a perturbed mass and composition due to
accretion, there are still semi-degenerate binaries that span a wide range of mass ratios
and orbital periods, which can produce GW signals. This confirms the robustness of the
stable MT scenario as a formation channel. Specifically, as the helium mass fraction
increases, the spanned area increases.

» If we calculate their relative contributions assuming a flat distribution in mass ratio and
period, the amount of predicted binary BH mergers through stable MT significantly
increases for the helium-rich accretion model by approximately a 3-fold. This supports
the conclusion that the amount of predicted BH mergers increases for systems with a
perturbed composition with a higher helium mass fraction.

» The same trend occurs when we calculate the final mass ratio of the predicted binary BH
mergers, i.e., an increase of final mass ratios allowed for the helium-rich accretion model.

From this, we see that stars easily adjust to their accreted material if it is hydrogen-rich, which
leads to negligible changes in their binary evolution after the formation of the first BH. When
the star accretes helium-rich material, the star is not able to readjust back to a composition
profile that resembles a single star composition. This leads to changes in the later evolution of
the helium-rich star after the formation of the first BH, crucially influencing the stability of the
second MT episode.

We performed a full end-to-end binary evolution to include the binary evolution before the
formation of the first BH in the models. Doing a full one-on-one comparison with the accretion
models proves difficult, but we used the results from the end-to-end simulations to question
the assumptions of the accretion models. We can summarise our findings:

» For a single donor mass at a fixed metallicity, we found that 6 % of all modelled system
end up as a binary BH merger out of all considered outcomes predicted by the end-to-end
simulations.

= The location of the BH mergers predicted by both methods aligns in the (log,q Psn, ¢sH)
parameter space, but with a reduced region of (log,q Psu,gpn) with respect to the
accretion models (see Fig. 3.5). The remaining uninhabited area represents configurations
that end up not being produced when modelling a full binary evolution.

» After the formation of the first BH, the BH mergers predicted by the end-to-end evolution
have an accreted mass fraction between 0.30 and 0.42, which is lower than the 0.50
value of the accretion models. From this accreted mass of these systems, the helium
mass fraction falls between 0.30 and 0.35. This is in the middle of the helium mass
fraction considered in the hydrogen- and helium-rich accretion model.
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» The interaction of the predicted BH mergers before the formation of the first BH is case
A mass transfer and after, mainly case B mass transfer. This case B MT hints towards
the idea that a helium-rich composition can lead towards more compact companions that
overfill their Roche lobes after the main sequence.

» When comparing the calculated final mass ratios, we see that the end-to-end simulations
provide a more limited range excluding unity (0.418 < ¢ < 0.706) compared to the
ranges found for the accretion models, which only provides a lower limit.

With these results, we are able to confirm that the mass transfer stability of massive stars
is dependent on the composition of the donor star, and therefore on its previous interaction
phase. From the accretion models, we can conclude that the location of the stability boundary
and the boundary where #e5e = 13.8 Gyr are dependent on the composition of the star.
Additionally, as we carry out the experiments that are the accretion models, we find that the
required conditions of the binary BH mergers are qualitatively similar to those found in literature
(Gallegos-Garcia et al., 2021; Marchant et al., 2021; Picco et al., 2024). However, a significant
amount of helium leads to an expanded region in the considered parameter space. With the
results from the end-to-end simulations, we see that it is important to include the earlier stages
of the binary evolution, as doing so restricts the possible mass ratios and orbital periods at the
star+BH stage significantly (see also van Son et al. 2022). We find that starting simulations
at the evolutionary stage where already one BH is formed overestimates the fraction of sys-
tems that end up as merging binary BHs through stable MT as an orbital tightening mechanism.

By doing a comparison between our theoretical predictions and observations of star+BH
systems, we do find binaries with a BH companion in the neighbourhood of the predicted BH
mergers. Again, for a thorough comparison, one needs a population distribution from a full
range of donor masses. In the considered dataset, the wide orbit systems are under-represented
due to observational biases. For a detailed comparison with the theoretical framework presented
in this thesis, a follow-up study needs to be done.

The amount of predicted binary BH mergers can be potentially altered by any uncertainty that
was not explored and any simplifications that were made. We stress that we did not account
for stellar spin or tidal coupling in the description of angular momentum. This will play a role
in the resulting total angular momentum and thus also directly on the MT stability. Aside
from this, we did not include the contribution of the companion to the angular momentum. In
this thesis, we have highlighted an accretion process in the early evolution of a massive binary
that affects the predicted binary BH mergers formed through stable MT. One can provide full
predictions on the properties of both the star+BH binaries and the merging BH binaries with
the methods and models presented in this thesis. As such, one can do a full comparison with
electromagnetic and gravitational wave observations in the future.
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Appendix for Chapter 2: Non-accreting model
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Figure Al: Summary of final outcomes of the simulations using the bisection algorithm to find
the stability boundary and the boundary where ¢,,er,e = 13.8 Gyr. Horizontal lines indicate
different evolutionary stages of a single star with the same initial mass as the donor star. Solid
lines mark hydrogen depletion and helium ignition. Dashed line in the upper panels show where
the star starts to have a 0.05 fraction of the convective envelope.
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dimension. Stars indicate systems experiencing stable MT with ¢ereer < 13.8 Gyr and with
diamonds if tyerger > 13.8 Gyr. Colourbar indicates the mass of the secondary component.
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