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Introduction
“Shooting stars never stop

Even when they reach the top
There goes a supernova
What a pushover, yeah”

Frankie Goes to Hollywood

1.1 Live fast, die young: massive stars

1.1.1 Massive stars in the Universe

The Sun is the basis of all the life on Earth. It is our relentless engine, an uninterruptible power
supply that never ceases to provide Earth with energy – and it has been doing so for the last five
billion years. For many starting science enthusiasts it might seem almost absurd that an object
could be so bright for so long when its main source of power is simply to connect four Hs together,
that is to fuse four hydrogen atoms into helium.1As all good things come to an end, so the life of
the Sun will. Luckily for us, not for another several billion years: there is still plenty of time to
come up with a plan.

The Sun is a star, one of tens of billions of stars in our Galaxy, and the basic principles behind
any star are the same. The gravity is trying to pull all the matter inwards towards a collapse but
the in-fall is prevented by various counteracting forces, of which the most important ones are the
pressure of gas and radiation. We call this state a hydrostatic equilibrium. The gas is constantly
heated by the nuclear fusion in the center, which replaces the energy lost from the stellar surface in
the form of radiation and kinetic outflows: a thermal equilibrium is maintained. A tiny part of the
energy emitted from the surface reaches the Earth, so that a civilization could develop and wonder
about all those things.

1More senior science enthusiasts are better used to shocking revelations.
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Even though their basic principles are the same, two stars can greatly differ from one another
in terms of their size, luminosity, temperature, life expectancy and many other factors. The single
most important characteristic of a star, that will largely determine the other properties, is its initial
mass. The Sun is a relatively low-mass star: although its least massive ’colleagues’ have only
about 8% of the Solar mass (the minimum mass required for a star to sustain hydrogen fusion as
the main energy source), the most massive stars in the nearby Universe are significantly heavier,
reaching at least 150 times the Solar mass (M�) and likely beyond (Crowther et al., 2010). Those
that have at least 8 M� or so are referred to as massive stars. Their defining characteristic is that at
the end of their lives, massive stars collapse to form neutron stars (NSs) or black holes (BHs), as I
will describe in Sec. 1.2.

The more massive a star the less common it is, as the initial mass distribution of stars can be
approximated with a power-law: ?(") ∝ "−2.3 (Salpeter, 1955). As a result, in every 10,000
stars that are formed, only about 25 will be more massive than 8 M�. In addition to being rarely
born, massive stars die very young: with higher temperatures and densities in their cores, massive
stars are much quicker to process all the fuel available for nuclear fusion compared to low-mass
stars such as the Sun. The total stellar lifetime scales approximately as ∝ "−2.8, " being the mass
of a star (Kippenhahn & Weigert, 1990). For example, while a Solar-like star takes 10 billion
years to run out of fuel, the life of a massive star lasts for about a few million to a few tens of
millions of years. One can then realize that massive stars truly are a rarity in an average stellar
population or galaxy. Yet, despite being so few in numbers, massive stars play a pivotal role in
various areas of astrophysics. They are extremely luminous, with individual stars reaching even
107 times the luminosity of the Sun (Crowther et al., 2010), and can dominate the light emission
from star-forming galaxies (especially in ultraviolet wavelengths). Massive stars have much higher
surface temperatures than low-mass stars. Thanks to that their spectra peak at shorter wavelengths
and are the primary source of stellar-origin ionizing photons. In fact, it is thought that it was the
first massive stars that reionized the Universe after the Dark Ages (Yoshida et al., 2007; Greif et al.,
2010; Hirano et al., 2015)

Massive stars are characterized by strong outflows of material (winds) from the surface,
which for most of their lifetime are driven by radiation pressure on spectral lines and accelerated
to supersonic velocities (Vink et al., 2000). The mass loss can further be enhanced through
pulsations and violent eruptions (Smith, 2014). Copious amounts of ejected matter blast through
the surrounding medium, providing kinetic feedback and seeding turbulence (Mac Low & Klessen,
2004). Over the course of their lifetime, in stellar winds alone a massive star can lose more than
half of its initial mass back into the galaxy in which it formed. Part of this material has already
been enriched in elements synthesised in stellar interiors, providing metals for the formation of
next generations of stars and planets.

In fact, the metallicity of a massive star (i.e. the initial abundance of elements heavier than
helium, typically not larger than 0.02−0.03), in particular the abundance of iron strongly influences
the efficiency of line-driven winds (Vink et al., 2001; Vink & de Koter, 2005). The higher the
metallicity, the more metal nuclei with multiple atomic levels are available for photon scatterings –
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and therefore the more efficient the wind acceleration and the higher the mass-loss through winds.
While high-metallicity massive stars are predicted to lose their entire hydrogen-rich envelopes
as a result of stellar winds alone (Conti, 1975; Maeder & Meynet, 1994), their low-metallicity
counterparts might barely be affected by mass loss during their entire evolution (Vink et al., 2021).

Perhaps the most important role that massive stars play in the Universe takes place in the ’final
breath’ of their lives, a supernova explosion, as I will discuss in the next section.

1.1.2 Evolutionary cycle and remnants of massive stars

The initial composition of stars is mostly hydrogen (∼ 70%) and helium (∼ 30%), with possibly
small addition of heavier elements (metals) that over time becomes larger with every next generation
of stars (∼ 1.5% in the case of Sun). For most of its lifetime (∼ 90%), a massive star is powered
by the fusion of hydrogen into helium (i.e. hydrogen burning) during a phase called the main
sequence. Once the hydrogen fuel runs out, the helium core contracts until the temperature and
density in the center are high enough for the fusion of helium 4He into carbon 12C in the so-called
3-U chain of reactions. At the same time, some of the newly synthesised 12C nuclei interact with
4He to form oxygen 16O. As a result, at the end of the core-He burning phase the central part of a
star is a carbon-oxygen core surrounded by a helium shell and further out by a hydrogen-helium
envelope.

In massive stars, the carbon-oxygen core is massive enough to allow for a further sequence of
advanced burning stages, with the key phases being subsequently the burning of carbon, neon,
oxygen, and silicon. The evolution through advanced burning is very fast (less than 1% of the total
lifetime, e.g. Woosley & Weaver, 1995). The end product is an onion-like structure of a star with
an iron core in the center and gradually lighter elements in the surrounding shells. The cycle stops
because a fusion of iron would consume more energy than it can produce.

And the end of each burning stage, when the fueling element is exhausted and the energy
production in the center stops, the star loses its thermal equilibrium and its structure needs to
change. The core contracts until the ignition of the next element. The outer envelope, on the other
hand, much larger than the core to begin with, tends to expand even more in the so-called ’mirror’
effect. This transition can be especially dramatic after the end of the core-H burning phase, when
some massive stars increase in size by about two orders of magnitude (from ∼10 to ∼1000R�,R�
being the Solar radius) and become red supergiants. From the end of carbon burning and beyond,
further contractions of the core no longer affect the global size of the star as the timescale on which
the outer envelope would readjust its structure is longer than the remaining lifetime of the core.

Once the iron core is formed and there are no further burning stages to support the structure,
the star begins to collapse. The increase in temperature and density in the center leads to
photodisintegration of the heavy nuclei into gradually lighter elements. This decreases the
radiation pressure and speeds up the gravitational collapse. Protons begin to capture electrons to
form neutrons and neutrinos: the matter becomes extremely neutron rich and neutrinos carry most
of the energy released from the gravitational collapse. Neutrons obey the Pauli exclusion principle
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and their degenerate pressure is what stops the collapse. A compact remnant forms (proto-NS)
with a radius of a few tens of kilometers and mass between ∼ 1.2 and 2.5 M�. The layers in-falling
from above hit and bounce off the degenerate center and a shock wave forms (e.g. Janka, 2017). If
the inner layers together with neutrinos can overcome the collapse of the remaining outer part
of the star and the shock can break through the in-falling layers then the result is a supernova
explosion. Otherwise, the in-fall resumes until the degenerate neutrons in the center are unable
to sustain the pressure and the entire star (except for the escaping neutrinos) collapses into a BH
(Fryer & Kalogera, 2001) – an object with a surface gravity so strong that not even light can escape
it.

In the case of a supernova explosion the final remnant is generally thought to be a NS, with
most of the remaining matter being ejected to the interstellar medium with velocities reaching
thousands kilometers per second. An intermediate outcome might also be possible, that is a
supernova explosion in which part of the initial ejecta remains bound and ultimately falls back
onto the compact remnant to cause a delayed collapse into a BH (Fryer, 1999) In general, the
more massive the star the more likely it is to end its life as a BH rather than a NS. The usually
quoted threshold for the initial mass above which stars are predicted to form BHs is around 20-25
"� (Fryer et al., 2012). Their remnants are sometimes referred to as stellar-mass black holes, to
distinguish them from supermassive BHs found in the centers of galaxies. Stellar-mass BHs can
have masses from a few to a few tens of Solar masses.

Both NSs and BHs can receive a velocity kick on formation (a ’natal’ kick), ranging from tens
to hundreds of km/s (Hobbs et al., 2005; Repetto et al., 2017; Verbunt et al., 2017). Observational
evidence for natal kicks comes from measurements of velocities of radio pulsars and (BH) X-ray
binaries in the Milky Way. The origin of the kick is poorly understood but likely has to do with
asymmetries in the supernova ejecta (Janka, 2013).

A supernova explosion – the final breath in the life of a massive star – is where the uniqueness
of massive stars and their special role in the Universe really shines2. Neutrons and alpha particles
produced in the center of a collapsing star are captured by the nuclei in the layers above leading to
nucleosynthesis of new heavy elements (in particular of the iron group, e.g. Timmes et al., 1995).
In fact, the exceptionally high density of neutrons (a very rare occurrence anywhere else in the
Universe) also makes r-process nucleosynthesis possible in some supernovae (Kobayashi et al.,
2020), i.e. a sequence of neutron captures that occur in quick succession before the unstable nuclei
they produce experience a V-decay. Products of all these nuclear reactions are then ejected in a
supernova explosion and distributed all over the host stellar cluster (and possibly galaxy). Besides
the enrichment of the interstellar medium with heavy elements, supernovae provide strong kinetic
feedback to the surrounding gas in star-forming regions where massive stars live their lives.

Unfortunately, details of the advanced evolutionary stages, the pre-collapse structure of the
core, and the collapse itself are far from being understood (Janka et al., 2016). BHs and NSs are
the living witnesses of those events, and although massive stars live short lives and suffer violent
deaths, their remnants are forever, giving us insights into the past populations of massive stars all

2Literally: supernovae can be brighter than entire galaxies!
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Figure 1.1: The Crab Nebula viewed by the Hubble telescope. It is a supernova remnant, formed as
a result of explosion of a massive star. It was observed by Chinese astronomers in 1054 AD. Credit:
NASA, ESA.

throughout Cosmic History. They are, however, difficult to detect, especially BHs as they do not
emit any significant amount of light on their own. In Sec. 1.2, I will discuss various ways which
such dark remnants can be discovered.

1.1.3 Massive stars are rarely single

One of the major breakthroughs in the massive star community in the recent years was the
realization that it is rare for massive stars to evolve as single, unperturbed objects. The vast
majority are formed in pairs (binaries) or even higher order systems such as triples or quadruples
(Sana et al., 2013; Moe & Di Stefano, 2017). In most binary systems, the orbital separation is
small compared to the sizes that massive stars achieve during their evolution (especially when
they become red supergiants). As a result, most massive stars (∼70%) will at some point overflow
their wells of gravitational potential (the so-called Roche lobes) and strongly interact with their
companions by transferring mass and angular momentum (Sana et al., 2012).

A mass transfer interaction can become dynamically unstable, leading to a spiral-in and a
merger of two stars in a spectacular transient event (such as luminous red novae; Tylenda et al.,
2011). Products of stellar mergers may be some of the most massive and luminous stars in
stellar populations (McCrea, 1964; Schneider et al., 2015), lead to a peculiar class of supernovae
(including the most recent naked-eye supernova SN 1987A, see Podsiadlowski et al., 1990), and
have been proposed as the origin of strong magnetic fields in stars (Ferrario et al., 2009; Schneider
et al., 2019). But the mass transfer can also proceed in a slow and stable way, without destroying
the binary. Even in that case, it has dramatic consequences for the basic properties of both stars. A
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Figure 1.2: Artist’s impression of mass transfer in a main-sequence binary with a 20 M� and 15 M�
massive-star components. The mass gainer (left) is spun up by accretion, which leads to a significant
oblateness. Credit: ESO/M. Kornmesser/S.E. de Mink.

giant star transferring mass to its companion in an interacting binary is thought to quickly become
stripped of its hydrogen-rich envelope (which is usually more than half of its mass), thus revealing
a hot helium core (Paczyński, 1971; van den Heuvel, 1975; Podsiadlowski et al., 1992)3. This
affects its further evolution, leading to systematically different pre-collapse core structures of
massive stripped stars (Woosley & Weaver, 1995; Laplace et al., 2021; Schneider et al., 2021) and
a class of hydrogen-free supernova explosions (type Ib and Ic). Stripped stars, being hotter than
normal hydrogen-rich stars, may also be an important source of ionizing photons at later times
after a burst of star formation (Götberg et al., 2018, 2020).

The companion star, on the other hand, which gains mass as a result of mass transfer, may
become rejuvenated when the fresh hydrogen fuel is transported inwards towards the burning
core (Hellings, 1983; Braun & Langer, 1995; Dray & Tout, 2007). Rejuvenation prolongs the
lifetime of a mass gainer and makes it look younger than it really is. Depending on how much of
the mass transferred from the Roche lobe of the mass-losing star (the donor) can be accreted by the
mass-gaining companion (the accretor), products of stable mass transfer may be among the most
massive stars in a population (similarly to stellar mergers). Matter that instead of being accreted by
the companion is ejected from the binary systems will enrich the interstellar medium with products
of nuclear burning from the donor interior (e.g. helium, nitrogen, sodium, aluminium; de Mink
et al., 2009)4. In addition, accretor stars are quickly spun-up to even critical rotation velocities
(when the centrifugal force together with the radiation pressure are equal to surface gravity, see

3Although in chapter VII we show that this is not always the case in metal-poor environments
4Unlike the supernova ejecta, matter lost as a result of mass transfer will be slow (tens of kilometers per second)

and therefore could be retained in environments such as stellar clusters.
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Figure 1.3: Schematic representation of the relative importance of different mass-transfer interaction
processes in a population of massive stars (O-type, & 16 M�). Only ∼ 30% of massive stars live their
lives unaffected by mass transfer (mostly in very wide binaries or higher order systems). Figure adapted
from Sana et al. (2012).

Packet, 1981). This process likely produces the fastest spinning stars known (Pols et al., 1991; de
Mink et al., 2014).

Arguably, the most exciting consequence of stars living in close systems is the enormous
range of possible evolutionary scenarios. Many of those lead to rare energetic phenomena and
uncommon outcomes that are outside the regime of single-stellar evolution. Last but not least,
binary evolution raises the possibility of a strong interaction between a compact object and a living
star (X-ray binaries) or another compact object (gravitational-wave sources), thus offering us the
best chance to study the remnants of massive stars. Understanding the formation of such systems
from binary stars is the main subject of this thesis. In Sec. 1.2, I provide an overview of the current
observational results on stellar-mass BHs. In Sec. 1.3, I introduce the essentials of binary evolution
theory. Sec. 1.4 describes the current challenges and open questions related to the formation of
BH binaries. Sec. 1.5 outlines the main chapters of the thesis in which we tackle those puzzles.

1.2 Black-hole X-ray binaries and gravitational-wave
sources

Black holes do not emit any light on their own and we cannot observe them directly in electro-
magnetic waves5, which makes their detection a challenging task. There is, however, a number
of indirect methods which rely on probing their gravitational field. For instance, in the case
of supermassive BHs, a long-time monitoring campaign of the movement of stars within the
innermost arcsecond of the Galactic center has allowed astronomers to weigh the central invisible

5Besides the theoretical Hawking radiation.
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mass and conclude that it is consistent with a BH of about four million Solar masses (a spectacular
discovery awarded with a Nobel Prize in 2020, see Ghez et al., 2005, 2008; Genzel et al., 2010).
In a recent breakthrough achievement, a global network of radio telescopes working together as a
very-long baseline interferometer known as the Event Horizon Telescope has been able to resolve
the signature of an event horizon in the photon field around the supermassive BH in the center of
M87 (a result otherwise known as taking a picture of a shadow of a BH; Event Horizon Telescope
Collaboration et al., 2019).

In the case of stellar-mass BHs, their presence in a binary system may be revealed through
measurements of the orbital movement of the companion star. One strategy to hunt such systems is
the use of large-scale spectroscopic surveys such as APOGEE or LAMOST to search for signatures
of binarity in the spectra of BH companions (several BH candidates have been reported this way,
see Thompson et al., 2019; Liu et al., 2019; Rivinius et al., 2020). Alternatively, especially in the
case of wide binaries, a presence of an invisible BH in a binary could be revealed through precise
orbital astrometry of the companion, for example obtained by the Gaia satellite (Breivik et al.,
2017; Wiktorowicz et al., 2020). Another detection method is the use of gravitational microlensing:
a well-defined temporary brightening of a star due to light bending by a stellar-mass BH located on
the line of sight (Paczynski, 1986). The uniqueness of gravitational microlensing is that it could
lead to a discovery of a single BH (which evade detection through other methods). Theoretical
models estimate that even a 100 million of such isolated BHs could be present in the Milky Way
(e.g. Wiktorowicz et al., 2019). Although light curves of microlensing events found by surveys
such as OGLE are fitted with great accuracy, mass of the invisible (dark) lens is measured with
large error bars. This is due to a degenerate effect played by two of the unknown parameters: the
microlensing parallax and the relative proper motion. As a result, most of the candidate BH lenses
are also consistent with sub-solar mass objects (Wyrzykowski et al., 2016). On the other hand,
Wyrzykowski & Mandel (2020) showed that the combined distribution of the dark lens masses is
continuous in the mass range between 2 M� and 5 M�, disfavoring claims for a the so-called ’mass
gap’ of dark remnant masses in that range.

Most commonly though, a stellar-mass BH is detected either in the X-rays, as the accretor in an
X-ray binary system, or in gravitational waves, as a component of a compact object merger event.
I describe these two types of systems and the observed populations below.

1.2.1 Black hole X-ray binaries

Accretion in a mass-transferring binary system with a BH- or a NS-accretor proceeds through an
accretion disk. Through frictional heating, gas in the central part of the disk becomes extremely hot
(105 − 106 K) and the system is a bright X-ray source: an X-ray binary (Shakura & Sunyaev, 1973).
Searches for the X-ray signature of an accretion disk have led to a discovery of tens of stellar-mass
BHs or BH candidates in the Milky Way and a handful of extragalactic systems (Remillard &
McClintock, 2006; Corral-Santana et al., 2016).

A smoking-gun evidence that an X-ray binary system is hosting a BH rather than a NS (or a
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white dwarf) comes from a constraint that the accretor is more massive than ∼ 3 M� (the upper
mass limit of a NS). Mass measurements in X-ray binaries are obtained by tracking the orbital
movement of the companion star (e.g. Casares et al., 1992). Observationally derived quantities –
the semi-amplitude of the radial velocity of the companion projected onto the line of sight ( 2)
and the orbital period %orb – can be related to the mass of the compact-object accretor ("acc), the
mass of the donor ("don), and the inclination (8) of the orbit via the so-called mass function 5 (")
(see the review by Casares & Jonker, 2014):

5 (") =
%orb 

3
2

2c�
=

"3
accsin38

("acc + "don)2
. (1.1)

Note that even if the inclination and the mass ratio @ = "don/"acc are unknown, the mass
function places a lower limit on the accretor mass. In some systems the inclination can be
determined via light-curve fitting to the ellipsoidal modulations in the optical flux arising from the
fact that the donor star is tidally distorted. The mass ratio, on the other hand, can be determined
by measuring the rotational broadening of the absorption lines in the donor spectrum (+rot;eqsin 8)
which, under the assumption that the donor is synchronised with the orbit, relates to  2 only via a
function of @.

The combined determination of 5 ("), @, and sin 8 allows one to obtain the accretor mass
as a so-called dynamical mass measurement. Currently, around 20 BH accretors have been
confirmed dynamically in X-ray binaries in the Milky Way, with a few more extragalactic sources
(Corral-Santana et al., 2016; Tetarenko et al., 2016b). BH X-ray binaries are short-period systems
(typically %orb < 10 day). The majority are classified as BH low-mass X-ray binaries (BH-LMXBs),
i.e. the companion is a low-mass star (< 2 M�), with the companion mass distribution peaked at
around 0.6 M�. Based on the sensitivity of X-ray monitoring surveys, it was estimated that the
total number of BH-LMXBs in the Milky Way is about 103 − 104 (Romani, 1998; Corral-Santana
et al., 2016) or possibly even larger (Tetarenko et al., 2016a). Notably, these two properties – the
number of sources and the companion mass distribution – cannot be simultaneously recovered by
current theoretical models of binary evolution (Wiktorowicz et al., 2014; Li, 2015), although see
Wang et al. (2016). I will return to the formation puzzle of BH-LMXBs in Sec. 1.4.

Apart from BH-LMXBs, several BH X-ray binaries with high-mass companions are known.
Unlike in the case of BH-LMXBs, the accretion disk in high-mass X-ray binaries (HMXBs) may
be ’wind-fed’, i.e. formed as a result of accretion of the gas that is continuously ejected from the
surface of the massive companion as a strong stellar wind. Noteworthy, while BH-LMXBs are
thought to be long-lived sources (with lifetimes counted in Gyr), BH-HMXB are short-lived due
to short lifetimes of massive stars (of the order of ∼ 10 Myr).

BH binaries serve as an excellent test-bed for our understanding of massive stellar and binary
evolution, in particular scenarios involving a mass-transfer interaction. Taking the population of
BH-LMXBs as an example, that fact that a low-mass main-sequence star with a radius of ∼ 1 R� is
overflowing its Roche lobe implies that the binary separation is of the order of a few R�. This is
much less than the size that a massive star – the BH progenitor – achieves during its evolution,
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Figure 1.4: Masses of all the compact binaries detected by LIGO/Virgo, with BHs in blue and NSs in
orange. Also shown are stellar-mass BHs (from BH X-ray binaries, purple) and NSs (yellow) discovered
with electromagnetic observations. Credit: IGO/Virgo/Northwestern Univ./Frank Elavsky/Aaron
Geller.

meaning that at some point in the past the binary separation must have been substantially reduced.
One candidate process that could be responsible for this orbital shrinkage is the highly uncertain
common-envelope evolution, which I will introduce in Sec. 1.3. In addition, BH binaries are
perhaps the most direct probes of the highly-uncertain BH formation process, allowing us to
constrain how much of the progenitor mass was ejected during a BH formation or whether BHs
(similarly to NSs) receive a significant velocity ’kick’ upon formation (Nelemans et al., 1999;
Repetto & Nelemans, 2015; Repetto et al., 2017). The dynamically-derived masses of BHs in
X-ray binaries range from about ∼ 5 to 25 M�. More massive stellar-mass BHs are found among
the merging binary BHs detected in GW, as I will discuss below.

1.2.2 Compact-object binaries as gravitational-wave sources

Within general relativity, any two masses orbiting each other emit GW. The waves carry energy at
the expense of the orbital energy, which causes a gradual decrease of the binary separation. If
there are no other processes that would counteract the shrinking of the binary, the emission of GW
will eventually lead to a merger of the two bodies. The shrinkage of a binary orbit due to GW
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emission was confirmed empirically through precise pulse timing in a pulsar-NS binary system
(the Hulse-Taylor pulsar; Hulse & Taylor, 1975; Taylor & Weisberg, 1982) – an achievement that
earned the Noble prize in physics for Russell Hulse and Joseph Taylor, Jr., awarded in 1993.

The GW luminosity of a binary system !GW with a circular orbit can be expressed as (Kokkotas,
2008):

!GW =
32
5
�4

25
"3`2

05 , (1.2)

where " = "1 + "2 is the total mass, ` = "1"2/" is the reduced mass ("1 and "2 being the
component masses), and 0 is the binary separation. Seeing as !GW ∝ 0−5, the GW signal is the
strongest at the final stages of the inspiral and during the merger event itself. The assumption of a
Keplerian orbit is no longer valid at that point but we can still use Eqn. 1.2 to estimate how the GW
luminosity of a merger scales with the mass " and radius ' of the merging bodies. Taking 0 ∝ '
and ` ∝ ", we find !GW ∝ ("/')5. The strongest GW signal (in terms of GW luminosity) is
thus emitted at a coalescence of the most compact objects: NSs and BH. I will refer to merging
binaries in which both of the components are either a NS or a BH as merging double compact
objects (DCOs). It is worth to point out that what is actually measured by GW detectors is the
GW amplitude (strain, ℎ(C)), not the energy flux. The time-dependent amplitude of the GW signal
scales as ℎ(C) ∝ M5/3 5GW(C)2/3, whereM = ("1"2)3/5/("1 + "2)1/5 is the chirp mass and
5GW(C) is the GW frequency (twice the orbital frequency of the system; Sathyaprakash & Schutz,
2009).

The strength of GW emission by a binary systems is a strong function of the binary separation
(!GW ∝ 0−5 in Eqn. 1.2). As a result, also the timescale on which the GW emission leads to a
merger (gmerg) depends strongly on the binary separation. In the case of a circular binary with
parameters "1, "2, and 0 this timescale can be expressed as (Peters, 1964):

gmerg;circ =
525

256�3
04

"1"2("1 + "2)
. (1.3)

FromEqn. 1.3 one can estimate the upper limit for the separation of a given DCO binary so that it
can merge within the age of the Universe (the Hubble time CHubble). Taking gmerg;circ < CHubble ≈ 14
Gyr, a circular binary NS system with "1 = "2 = 1.4 M� needs to have a separation 0 . 4.75 R�.
A circular binary BH system with "1 = "2 = 20 M� requires a separation 0 . 35 R�. Similarly
to the case of short-period BH X-ray binaries, such orbital separations are much smaller than the
sizes that massive stars – BH and NS progenitors – achieve during their evolutionary cycle. Any
scenario for the formation of DCO mergers has to be able to produce very close binaries. I will
introduce the main formation channels for close DCO systems in Sec. 1.4.

Gravitational-wave detections of DCO mergers

The year 2015 witnesses one of the greatest achievements in the history of experimental
physics. On September 14, 2015 the two interferometers of the Advanced Laser Interferometer
Gravitational-wave Observatory (aLIGO; LIGO Scientific Collaboration et al., 2015), in an
observing run by the LIGO/Virgo collaboration, detected the first GW signature of a binary BH
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Figure 1.5: The first GW detection from a binary BH merger: GW150914. Top: Reconstructed
gravitational-wave strain amplitude projected onto the LIGO Hanford interferometer compared to
a numerical relativity waveform for a system with parameters consistent with those recovered from
GW15091 (solid line). Inset images show numerical relativity models of the BH horizons as the BHs
coalescence. Bottom: BH separation in units of Schwazschild radii ('( = 2�"/22) and the effective
relative velocity in units of 2. Figure adapted from Abbott et al. (2016b).

coalescence, an event dubbed GW150914 (Abbott et al., 2016b). This outstanding achievement
was a culmination of decades of work of thousands of researches and engineers from all across the
world. A Nobel prize in physics was awarded to three of them in 2017: Rainer Weiss, Kip Thorne,
and Barry Barish. The modern era of GW astronomy has started.

Six years and two and a half observing runs later, through the joint efforts of the LIGO and
Virgo collaborations, we now have a total of 47 GW events detected so far (Abbott et al., 2020a):
44 confident binary BH events, two binary NS mergers, and a NS-BH merger candidate (which
may also be a binary BH event). Results from the second half of the third observing run are
expected to appear later this year. From the detections so far, a truly exceptional event was the
first binary NS merger observed in August 2017, GW170817 (Abbott et al., 2017a). It was the
only event so far with a robustly associated electromagnetic counterpart, a kilonova transient and a
short gamma ray burst (GRB; Abbott et al., 2017b). The GW170817 event and its counterpart
confirmed various theoretical predictions for the course and outcome of a binary NS merger, their
role in r-process nucleosynthesis, and association with short GRBs, as well as triggered a number
of new questions (e.g. peculiar jet structure, unexpected host galaxy). The follow-up observational
campaign, which was launched immediately after the GW signal and the short GRB detection,
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spanned all across the electromagnetic wavelength spectrum in a combined effort of more than
three thousand astronomers.

The masses of the component BHs in the first detected GW event (GW150914) were measured
to be 36+5−4 M� and 29+4−4 M�. Such massive BHs had not been observed in any of the known BH
binary systems. Subsequent detections of binary BH mergers revealed that GW150914 was not
an isolated case: many of the binary BH mergers observed in GW consist of BHs with masses
above 25 − 30 M�, see Fig. 1.4. This has led to a suggestion that the massive binary BH mergers
may predominantly originate from metal-poor environments, i.e. galaxies in which stars had
been forming with a lower content of metals compared to the Sun and most of the other stars in
the Milky Way and nearby galaxies (Belczynski et al., 2016; Abbott et al., 2016a). The lower
the metallicity of a massive stars, the weaker the mass loss through line-driven stellar winds.
Consequently, a low-metallicity massive star will have retained more mass at the core-collapse
stage compared to a high-metallicity star with stronger winds, and as a result can form a more
massive BH. Understanding what were the metallicities of the progenitors of the DCO merger
events gives us a clue as to what were the types of galaxies where the DCO systems had formed and
at what redshifts (e.g. Chruslinska & Nelemans, 2019). I will come back to this point in Sec. 1.4.

The signal measured by GW detectors depends primarily on the chirp massM introduced
above. A few other parameters of the system can also be estimated from higher order effects (alas
less accurately; Sathyaprakash & Schutz, 2009). These include the total mass, the mass ratio, as
well as the effective spin parameter jeff defined as

jeff =
"10spin;1cos(\1) + "20spin;2cos(\2)

"1 + "2
. (1.4)

In the above formula, 0spin;1,2 are the spin magnitudes and \1,2 are the angles between the spin
directions and the orbital angular momentum vector. Interestingly, the effective spin values of the
binary BH mergers detected by LIGO/Virgo appear to be clustered around 0 (Abbott et al., 2021b).
In chapter IV we will study this observation in the context of formation of DCO mergers from
massive binary stars.

1.3 Evolution of massive binary stars: theory

1.3.1 Mass transfer and its stability

In the classical, Newtonian limit, two stars in a binary system orbit each other moving on Keplerian
orbits. In the corotating frame of reference, the effective potential of a binary system is determined
by the masses of the two components (the gravitational term) as well as the centrifugal force arising
from the orbital motion. The resulting equipotential surfaces are illustrated in Fig. 1.6. Locations
of the Lagrangian points are also shown, i.e. the local extrema of the effective potential where the
gravity and centrifugal force balance each other. The thick line defines the two Roche lobes of the
binary components, connected through the L1 Lagrangian point. A useful quantity is the Roche
lobe radius 'RL, which is defined by the condition that (4/3)c'3

RL equals the volume of the space
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enclosed by the Roche lobe. The Roche lobe radius depends on the mass ratio (@) and separation
(0) between the binary components. A fitting formula for 'RL was provided by Eggleton (1983):

'RL = 0
0.49@2/3

0.6@2/3 + ln(1 + @1/3)
, (1.5)

where for @ = "1/"2. The above formula gives the Roche lobe of the binary component with
mass "1. As long as each star remains within its respective Roche lobe (i.e. ' < 'RL), the binary
is in a so-called detached stage.

In the majority of massive binary systems, expansion of stars due to their evolution will at
some point lead to a situation when their radius becomes greater than 'RL, which is referred to as
Roche-lobe overflow. The star (donor) then begins to transfer mass through the L1 point into the
Roche lobe of its companion (accretor). The rate at which mass is transferred (mass-transfer rate,
usually in units of "� per year) depends on how quickly the donor star re-expands with respect
to its Roche lobe to replenish the mass that has been lost from the surface. A useful quantity is
ZRL = 3logRRL/dlogM1, which describes the change of the Roche lobe radius of the donor star
(of mass "1) as a result of mass transfer (parameterized by a change in "1, note that 3logM1 is
negative). It takes into account the effect of mass exchange on the orbital separation and on the
mass ratio, and can be expressed analytically with a few extra parameters describing the fate of
the matter that is transferred through L1 (e.g. how much is accreted by the companion, what the
angular momentum is of the non-accreted matter), see Eqn. 16.25-26 in Tauris & van den Heuvel
(2006)

The response of the donor’s radius can be written similarly as Zdon = 3logR1/dlogM1. The
timescale and stability of mass transfer will depend on the comparison between Zdon and ZRL.
It is useful to consider the value of Zdon on different timescales associated with changes in the
donor’s structure. A star that has lost some mass is perturbed out of both thermal and hydrostatic
equilibrium. First, it will regain hydrostatic equilibrium on a dynamical timescale (about ∼ 1 day
to ∼ 10 yr, depending on the mass and radius of a massive star), adjusting its radius according to
Zdon;dyn. On a longer thermal timescale (typically ∼ 103 − 105 yr for massive stars), it will regain
thermal equilibrium and change its radius according to Zdon;th.

The condition Zdon;dyn < ZRL means that the Roche lobe size is decreasing with respect to the
donor size on a short dynamical timescale, i.e. the donor star continues to rapidly increase in size
with respect to its Roche lobe. Such a situation is dynamically unstable and leads to unstable mass
transfer evolution which I will describe in Sec. 1.3.3.

If Zdon;dyn ≥ ZRL but Zdon;th < ZRL then the mass transfer is stable on the dynamical timescale
and begins to proceed on the thermal timescale of the donor, with the rate typically in the range of
∼ 10−4 − 10−2 M� yr−1. The donor is still gradually increasing in size with respect to its Roche
lobe (which is accompanied by a rise in the mass transfer rate) but much more slowly. Whether
the situation will remain stable for the entire mass transfer duration or the donor will eventually
overflow its Roche lobe past the point of no return (possibly up to the L2/L3 Lagrangian points)
causing a steep rise in the mass transfer rate and a dynamical instability after all, depends on
various factors such as the mass ratio (e.g. Ge et al., 2010; Pavlovskii & Ivanova, 2015)
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Figure 1.6: A cross-section in the orbital plane of a binary system. Lines indicate equipotential
surfaces. Masses are marked as ’M1’ and ’M2’, Lagrangian points as ’L1’ through to ’L5’. The center
of mass is indicated with a cross. The thick curve crossing through L1 is defining the Roche lobes of
the two components. Figure adapted from Tauris & van den Heuvel (2006).

The case of Zdon;th ≥ ZRL is when the donor star shrinks with respect to its Roche lobe even on
the thermal timescale. The mass transfer rate is then determined by the rate of the donor expansion
as a result of its normal evolution. This case is referred to as nuclear-timescale mass transfer and
for massive stars proceeds with a rate typically in the range of ∼ 10−7 − 10−5 M� yr−1.

Cases of mass transfer

How stable mass transfer proceeds will largely depend on when in the lifetime of the donor
star is the interaction initiated. The case of Roche-lobe overflow from a donor that is still a
main-sequence star is referred to as case A mass transfer (Kippenhahn & Weigert, 1967). It was
found to consist of two stages: first a short thermal-timescale mass exchange, followed by a long
nuclear-timescale mass transfer phase (e.g. Pols, 1994; Wellstein et al., 2001). Case A mass
transfer more or less continues until the end of the main-sequence evolution of the donor, at which
point the star begins to rapidly expand in the transition to become a giant. This increases the mass
transfer rate and quickly strips the remaining hydrogen-rich envelope from the donor, leaving
behind a naked helium core and a detached binary.

Stable mass transfer initiated by a post-main sequence massive giant, on the other hand,
is thought to proceed on the thermal-timescale and quickly strip (nearly) the entire hydrogen-
rich envelope of the donor star (within . 104 yr, e.g. Paczyński, 1967; van den Heuvel, 1975;
Vanbeveren, 1982; Podsiadlowski et al., 1992; Verbunt, 1993; Vanbeveren et al., 1998). The
remaining lifetime of the stripped donor depends on how late in its post-main sequence evolution
the mass transfer was started. As we will show in this thesis (chapter VII), this textbook view of
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post-main sequence mass transfer evolution is no longer true in the case of low-metallicity massive
stars.

1.3.2 Effect of stable mass transfer on the binary orbit

The orbital angular momentum of a binary system is given by:

�orb = "1"2

(
�0(1 − 42)

"

)1/2
, (1.6)

where" = "1+"2 is the total mass, 0 is the separation, and 4 is the eccentricity. Mass-transferring
binary systems are thought to be efficiently circularized by the tidal torques and so typically 4 ≈ 0.
We can first consider a case when all the mass that is transferred through L1 becomes accreted by
the accretor (3"1 = −3"2, "1 being the donor mass), i.e. the total mass " is conserved. This
case is referred to as fully conservative mass transfer. In most binary systems, the orbital angular
momentum is much greater than the angular momentum of stars. We can thus approximate �orb

as being constant. This means that over the course of a mass transfer phase the factor "1"2
√
0

has to remain constant too. Based on this condition one can see that binary systems in which the
donor is more massive than the accretor ("1 > "2) will begin to shrink as a result of mass transfer
(decreasing 0). This trend may reverse once a sufficient amount of mass has been transferred
to the companion so that "2 becomes larger than "1. In addition, the more unequal the mass
ratio the more significant the change in the "1"2 factor as well as the associated effect on the
orbital separation. Although we have made several simplifications, this already illustrates that for
"1 > "2, the larger the value of the mass ratio @ = "1/"2, the more quickly the Roche lobe of
the donor shrinks as a result of mass exchange, and therefore the more likely it is that the mass
transfer will become dynamically unstable. This is why the criterion for mass transfer stability in a
binary is sometimes simply given by a critical mass ratio above which the mass transfer would
become unstable.

A fully-conservative mass transfer is the most simple case. In practice, in many situations a
significant fraction of the matter transferred through L1 will not be accreted by the companion
(sometimes even ∼ 100%, a so-called fully non-conservative case). The non-accreted matter
becomes ejected from the system as is characterized by some specific angular momentum (i.e.
per unit of mass, ;ej). The value of ;ej is often assumed to be the same as the specific angular
momentum of the accretor in its orbital movement. This assumption is well justified in the case
when the matter is ejected from the close proximity of the accretor (for instance from its surface or
from the inner layers of an accretion disk) and is ejected with a high velocity so that it quickly
loses synchronization with the orbit (and does not exchange any more angular momentum). In
practice, ;ej may often be greater than that, especially when the amount of mass ejected from the
system is significant or the accretor’s Roche lobe becomes fully filled with matter which then starts
to leave the system through the L2 point (MacLeod & Loeb, 2020). These processes remain highly
uncertain. The larger the ;ej the more angular momentum leaves the binary, which works towards
decreasing the separation. Coupled with the fact that the accretion efficiency is typically also very
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uncertain (and treated as a free parameter), this means that the net quantitative effect of a stable
mass transfer phase on the binary separation is quite uncertain (which leaves a certain amount of
freedom in various binary evolution scenarios). As a rule of thumb though, if the initial mass ratio
is large (@ & 3) then a mass transfer interaction can lead to a significant shrinkage of the orbit.
I will come back to this point when introducing the stable mass transfer formation channel for
binary BH mergers. On the other hand, if the initial mass ratio is close to unity, the mass transfer
will likely cause the orbit to expand.

1.3.3 Unstable mass transfer: common-envelope evolution

As described in Sec. 1.3.1, the expansion of the donor star with respect to its Roche lobe may
become a runaway process occurring on the dynamical timescale. It was proposed by Paczynski
(1976); van den Heuvel (1976) that such a rapid expansion of the donor’s envelope would cause
it to lose synchronization with the binary orbit and eventually engulf the entire binary system.
This is the beginning of what we call common-envelope evolution (Ivanova et al., 2013). The
companion, now moving through the gaseous medium of the common envelope, experiences a
drag force which causes it to spiral-in deeper and deeper into the shared envelope originating from
the giant donor. This process can lead to a dramatic shrinkage of the separation between the binary
components: the size of envelope itself can span orders of magnitude (e.g. from ∼ 1 R� near the
helium core up to several thousand '� at the surface), so there is a long way for the companion
to spiral in. The energy generated by the in-spiral is at least partly dissipated into the common
envelope. If this energy input is large enough to unbind the envelope and eject it from the system
then the in-spiral can stop and the binary survives the common-envelope phase. The result is a
short-period system (with separation smaller by even two orders of magnitude compared to the
pre-common-envelope state). If part of the envelope remains bound and cannot be ejected then the
in-spiral continues and leads to a merger between the companion and the core of the giant donor.6
The drastic reduction in the orbital separation is the key stage in various binary evolution scenarios
involving a common-envelope phase. I will describe two of such scenarios in Sec. 1.4.

It is easy to see that the common-envelope evolution is extremely challenging to model in
detail. Apart from the huge range in length scales, various common-envelope phases may be
occurring on different timescales: ranging from the dynamical in-spiral (tens of days to tens of
years) to the initial phase until the loss of co-rotation or late stages of the in-spiral just before the
envelope ejection (both could take hundreds of years or even more). As a result, only a small
number of cases of common-envelope evolution have so far been modelled with 3D hydrodynamic
simulations, mostly in the regime of low- and intermediate-mass stars (Nandez et al., 2015; Nandez
& Ivanova, 2016; Ohlmann et al., 2016; Clayton et al., 2017; Sand et al., 2020), although see
Ricker et al. (2019); Law-Smith et al. (2020).

6If the donor is not a giant but still a main-sequence star then dynamically unstable mass transfer most likely
always leads to a merger.
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Due to this complexity of a common-envelope phase, its outcome in evolutionary scenarios is
instead often predicted based on a simple energy formalism (van den Heuvel, 1976; Tutukov &
Yungelson, 1979; Iben & Tutukov, 1984; Webbink, 1984). The amount of energy needed to unbind
the envelope �bind is equated to the energy input from the orbital in-spiral (written as the change in
the orbital energy Δ�orb) multiplied by an efficiency parameter UCE: �bind ≈ UCEΔ�orb. Knowing
that the orbital energy of masses <1, <2 orbiting each other at separation 0 is �orb = �<1<2/(20),
we can write:

�bind = UCE

(
−�"1"2

20ini
+ �"core"2

20f

)
, (1.7)

where "1 is the mass of the donor, "core is the mass of its core (that remains after the envelope
ejection), "2 is the companion mass, 0ini is the initial and 0f the final separation. The case when
the final separation is such that any of the binary components is larger than their Roche lobe is
interpreted as a merger (i.e. not enough energy is released to unbind to envelope). Otherwise,
Eqn. 1.7 is used to estimate the resulting post-common envelope separation in a surviving binary.
The UCE parameter was introduced to account for the fact that not all the energy input from the
in-spiral can be used to unbind the envelope (e.g. due to energy loss in the form of radiation). As
such, it would take a value between 0 and 1. In theory, due to additional energy sources such as
energy from accretion of mass by the companion or energy from recombination of ions in the
expanding envelope, UCE could in some cases take values above 1 (Ivanova et al., 2013). The
envelope binding energy �bind, on the other hand, is calculated based on detailed stellar models
and the internal envelope structure of the donor star. Chapter VI of this thesis is devoted to �bind

calculations in the case of massive supergiants and common-envelope evolution in BH binaries.

1.3.4 Other processes affecting the binary orbit

Apart from mass transfer, there are a number of other processes that will affect the orbit of a binary
system. I will briefly mention those relevant for this thesis.

Stars in a binary system are also affected by tidal interactions. Tides exchange angular
momentum between the stars and the orbit until the binary is fully circularized and the rotation
of both components is synchronized with the orbital period.7 As a result, tidal interactions will
usually spin up a star (e.g. a slowly-rotating star in a short-period binary) but in some cases can
also cause it to slow down (e.g. rapidly-rotating stars that were spun up by accretion). The strength
of tides acting on a star is a strong function of the size of that star compared to the orbital separation
'/0, making the tides most efficient for stars that nearly fill their Roche lobes (e.g. Zahn, 1992).
In particular, mass-transferring systems are expected to be quickly circularized and synchronized
by tides.

The orbital dynamics are affected by the loss of mass through stellar wind from any of the
binary components. This is typically modeled by assuming that the wind leaves the system with
a high velocity and carries the specific angular momentum corresponding to the surface of the
mass-losing star. Usually, mass loss through stellar winds leads to an increase in the orbital

7Systems in which the tides are strong enough to maintaining that state are referred to as being tidally locked.
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separation. A notable exception are tidally-locked systems which experience magnetic braking.
In that case the stellar wind is anchored to the magnetic field lines of the star and is forced to
corotate out to a larger radii, thus carrying a larger amount of angular momentum and strongly
braking the rotation of the star (Verbunt & Zwaan, 1981). Tidal locking ensures that the angular
momentum lost in the wind is replaced by that from the orbit, causing the separation to decrease.
Magnetic braking is thought to only be efficient in stars with sufficiently strong magnetic fields
(e.g. low-mass stars with convective envelopes).

Sometimes, one of the binary components can experience a sudden ejection of a substantial
amount of mass during its evolution, in particular during a supernova explosion. Similar to the
steady mass loss through winds, a sudden mass loss perturbs the binary orbit. In fact, if the ejected
amount is larger than half of the binary mass, the system is completely disrupted. As mentioned
in Sec. 1.1, formation of a BH or a NS can also be associated with a velocity kick received by a
newly formed compact object (natal kick), ranging from tens to hundreds of km/s, which affects
the orbit and often results in a disruption of the binary (or in rare cases can safe the system from
being disrupted by mass loss).

In the case of very close binaries with a compact object (for example BH LMXB systems or
DCO binaries), the binary orbit is also affected by the emission of GW. This process leads to a
decrease of eccentricity as well as of binary separation.

1.3.5 Computations in stellar and binary evolution

Four stellar structure equations describes the hydrostatic equilibrium, mass conservation, energy
transport (via radiation), and energy conservation. Together with an equation of state and a set
of equations describing changes in the abundance (one per isotope), this set of highly non-linear
coupled differential equation can be used to numerically ’solve’ a star. The equations contain a
large number of parameters that are computed separately and tabulated as input data for stellar
codes (e.g. opacity tables, atomic data, equations of state, nuclear reaction networks).

In 1D stellar evolution codes, a star is represented by a one-dimensional mesh of layers: going
from the center to the surface. For a typical number of layers per star in modern codes (∼ 103−104)
and a number of isotopes included in the computation ranging from ∼ 20 to 200 (depending
on complexity of the considered problem), obtaining a solution for the stellar structure (i.e. an
evolutionary step) requires solving 104 − 106 non-linear ordinary differential equations. Luckily,
this task is not outside the regime of well-established numerical methods and the computational
power of modern computers. A full evolutionary cycle of a star may then be computed as a series
of ∼ 104 − 105 evolutionary steps. One might ask: if this is possible then why is the evolution of
stars not a fully solved problem? The method described above simply provides a series of solutions
that are hydrostatic. It does not account for a number of processes that are dynamical in nature or
can only be accurately treated in more than one dimension, such as turbulence and convection,
rotationally-induced instabilities in a differentially-rotating star, or outbursts and eruptions. These
and other processes, vital for the evolution and properties of stars, are included in 1D stellar codes
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based on a number of simplifications or parametric prescriptions, which need to be calibrated
(most importantly by observations). The same is true for all the processes related to binary
evolution, such as mass transfer evolution or tidal torques, the implementation of which in 1D
stellar codes naturally requires approximations. In addition to these intrinsic limitations of the
method, computation of stellar models even in one dimension remains numerically challenging in
a number of specific but important cases (for instance, models of radiation-dominated envelopes
of the most luminous stars or computations of very high mass transfer rates in interacting binary
systems). It is worth noting that although 3D models of stars exist, their computational expense is
so large that they are still a long way away from replacing the 1D approach in various areas of
stellar astrophysics.

An alternative approach to detailed 1D stellar-evolution codes described above are rapid
binary-evolution codes. Instead of solving the stellar structure equations, such codes model
stellar evolution by relying on analytical fits to pre-computed evolutionary sequences of stars
of different masses and metallicities. In each evolutionary step, a star is described simply by a
number of its global properties such as the mass, radius, temperature, angular momentum, age,
the current burning stage, and so on. All the relevant stellar and binary evolution processes –
such as stellar winds, mass transfer stability and evolution, core collapse and compact object
formation, or common-envelope evolution (andmany others) – are modeled using simple parametric
prescriptions or approximations guided by the results from dedicated detailed studies. The rapid
method, although containing many simplifications, allows one to compute the evolution of tens
of millions of binary stars and to create a population model (which is referred to as population
synthesis). The computation of so many models is necessary to cover the parameter space of all
the possible initial binary configurations: different primary masses, mass ratios, orbital periods,
eccentricities, and metallicities. Detailed binary evolution models from 1D stellar codes exploring
this entire parameter space and all the evolutionary stages (e.g. not just the main sequence) are still
unavailable. In this thesis we make a use of both a rapid binary-evolution code (chapters II-IV) as
well as a detailed 1D stellar-evolution code (chapters V-VII). In the next section, I will introduce
the most important challenges and open questions that were studied in the thesis.

Notably, one of the ingredients of the population-synthesis method are initial distributions of
the above-mentioned binary parameters, needed to assign probabilistic weights to the computed
models (for instance, in a real population massive binaries are formed much more rarely than
low-mass stars). In Sec. 1.1, I introduced the initial mass function. Similarly, astronomers have
empirically derived initial distributions of orbital periods, eccentricities, and mass ratios with which
the binary systems are formed. For a long time, these distributions were treated as independent
from each other: even though evidence for inter-correlation existed, a quantitative calibration was
missing. This has changed thanks to Moe & Di Stefano (2017) who analysed more than 20 surveys
of massive binary stars and corrected their results for selection effects and other biases. They
combined the data into a homogeneous sample, to which they were able to fit analytic functions
that account for various inter-correlations between the initial binary parameters. In chapter III, we
will investigate the effect of these findings on the predicted population of DCO mergers.
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1.4 Formation puzzles of black-hole binaries

1.4.1 Black-hole X-ray binaries

As introduced in Sec. 1.2, the majority of BHs with dynamical mass measurements reside in X-ray
binaries with low-mass main-sequence companions (< 2 M�) and short-period orbits (. 1 day):
BH-LMXBs. Such systems are expected to originate from binaries with a massive primary star
" & 20 − 25 M� (a BH progenitor; Fryer et al., 2012) and a low-mass companion (< 2 M�).
Given a small separation at the BH-LMXB stage, the binary must have interacted through mass
transfer in the past. The commonly-accepted evolutionary scenario (e.g. Verbunt, 1993) dictates
that the massive primary expands in radius during its evolution and overflows its Roche-lobe. The
mass transfer that commences is dynamically unstable due to an extremely unequal mass ratio of
the system. A common-envelope evolution seems unavoidable: it is at that stage of the scenario
that the binary separation is significantly reduced down to a few R�. The small separation is then
maintained until the BH-LMXB stage and allows the main-sequence companion to overflow its
Roche lobe and start transferring mass onto the BH. Notably, for this scenario to be effective, a
non-negligible fraction of BHs needs to be formed with very small natal kicks.

The above common-envelope scenario was first suggested more than 30 years ago as an
explanation of the origin of the A0620-00 BH X-ray binary (de Kool et al., 1987). In the case
of BH-LMXB, however, the scenario has several flaws. First, many authors pointed out that the
dynamical inspiral of a low-mass star in the common envelope originating from a massive BH
progenitor does not provide enough energy to eject the envelope (Portegies Zwart et al., 1997;
Kalogera, 1999; Podsiadlowski et al., 2003; Yungelson & Lasota, 2008). A merger could only
have been avoided for apparently unphysically large values of the UCE parameter reaching even a
few tens for some BH-LMXB systems (e.g. Yungelson & Lasota, 2008). Several modifications to
the common-envelope energy formalism have been proposed to resolve this issue (for a recent
review, see Li, 2015), e.g. additional energy source from the nuclear-burning in deep envelope
layers (Podsiadlowski et al., 2010) or an alternative core-envelope boundary that would allow for a
lower binding energy of the envelope (Tauris & Dewi, 2001). The modified common-envelope
scenarios, however, fail to reproduce the companion mass distribution that in the observed systems
peaks at around 0.6 M� (Wiktorowicz et al., 2014). Several alternative scenarios have been
proposed, none of which seems to be able to reproduce all of the characteristics of the BH-LMXB
population. For example, Justham et al. (2006) suggested that BH-LMXB could originate from
systems with intermediate-mass secondaries (usually of ∼ 5 M�), which would help to overcome
the common-envelope ejection problem. However, among other inconsistencies, this scenario is in
tension with the effective temperatures of the donor stars. More exotic scenarios tend to struggle
to reproduce the total number of BH-LMXBs in the Milky Way (estimated at around 103 − 104

based on wide-field X-ray surveys).
In chapter II we investigated the recently proposed scenario for the formation of BH-LMXBs

from wide BH binaries perturbed by repeated fly-by encounters in the Galactic field. In chapter
VI, on the other hand, we revisit the discussion of common-envelope ejection in the context of
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BH-LMXBs, showing cases in which it could be possible with UCE below 1.
Besides the intriguing formation puzzle of BH-LMXBs, perhaps even more strongly connected

with this thesis are BH X-ray binaries with high-mass donor stars (BH-HMXBs), which are a
centerpiece of various evolutionary scenarios of massive binary systems. In a few BH-HMXBs
(e.g. Cyg X-3 or NGC300 X-1) the companion has already lost its hydrogen-rich envelope and
is a massive helium star: a Wolf-Rayet (WR) star. Such systems might be the most immediate
progenitors of close BH and BH-NS binaries: gravitational-wave (GW) sources (Bulik et al.,
2011; Belczynski et al., 2013). In particular, it was suggested that in BH-WR binaries with
sufficiently close orbits (the exact separation threshold being rather uncertain) tidal forces could
be strong enough to synchronize the WR star with the short-period orbit, thus making it a fast
rotator (Kushnir et al., 2016; Zaldarriaga et al., 2018). Assuming that this angular momentum
could be preserved during the collapse into a BH, the secondary BH formed in such systems
could potentially be fast rotating, with implications on the effective spin values measured in GW
(Hotokezaka & Piran, 2017; Qin et al., 2018, , see also chapter IV). As we discuss in chapter VI, it
is important to properly take the duration of the BH-WR stage into account in those considerations
(which, as we will demonstrate in this thesis, can strongly depend on metallicity). It is interesting
to point out that the measurements of BH spins in BH-HMXBs, although rather uncertain, appear
to be significantly larger than the low spin values suggested by the small effective spins of the
binary BH merger population (Miller & Miller, 2015). This discrepancy could be explained by
somewhat different evolutionary paths leading to BH-HMXBs and binary BH mergers (Qin et al.,
2019) Finally, BH X-ray binaries with preferentially inclined orbits and intermediate- or high-mass
donors are likely to appear as ultra-luminous X-ray sources (ULXs; Kaaret et al., 2017). Thanks to
their high X-ray luminosity (!- > 1039 erg/s), ULXs can be found up to distances of tens of Mpc
across a spectrum of different galaxy types, surviving as a test-bed of the effect of environment
and the host metallicity on mass transfer evolution in massive binary systems (Walton et al., 2011;
Swartz et al., 2011; Kovlakas et al., 2020) It should be noted, however, that the nature of the
accretor in most ULXs is unknown (whether a NS, a stellar-mass BH, or an intermediate-mass BH
with " > 100 M�).

1.4.2 The many formation scenarios for DCO mergers

As discussed in Sec. 1.2, the separation between the two compact objects that will merge due to
GW emission within a time shorter than the age of the Universe is much smaller than the radii
reached by their massive star progenitors during their evolution. Unless the strong radial expansion
of stars can somehow be avoided, binary systems that form the observable DCO mergers need to
be tightened by some process during their evolution. Alternatively, DCO mergers may originate
from two stars that evolved separately and only encountered each other after having collapsed to
form a BH or a NS. Two fundamentally different ideas for the origin of DCO mergers distinguish
between the isolatad binary evolution and dynamical formation channels. Many variations of these
two scenarios have been proposed in the literature. Below, I will characterise their main versions.
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Isolated binary evolution

The most commonly discussed version of the isolated binary evolution channel involves the
evolution of an initially wide binary systems that is eventually tightened by mass transfer at the
stage when the first compact object has already been formed. In the classical version of the
channel, the orbital shrinkage is achieved through a common-envelope evolution resulting from
dynamically unstable mass transfer (Tutukov & Yungelson, 1993; Portegies Zwart & Yungelson,
1998; Belczynski et al., 2002; Voss & Tauris, 2003; Belczynski et al., 2016; Eldridge & Stanway,
2016), similarly to the formation of BH-LMXBs outlined earlier. After the common-envelope
phase, the binary is a short-period system comprised of a compact object (NS or a BH) and a
helium star of a few R� in size. The separation problem is thus solved. The common-envelope
channel is among the most prominent formation channels discussed in the literature. It is widely
considered to be the dominant channel for the formation of binary NS mergers. However, in chapter
VI we will show that its efficiency in the case of binary BH mergers has most likely been severely
overestimated (see also Marchant et al., 2021) . Moreover, it was proposed that a merging binary
BH system could also be formed through stable mass-transfer evolution, without the need for a
common-envelope phase (van den Heuvel et al., 2017). The stable mass transfer channel makes
use of the fact that non-conservative mass transfer from a donor that is a few times more massive
than the accretor can also lead to a significant shrinkage of the orbit (as discussed in Sec. 1.3).

In the so-called chemically-homogeneous evolution channel (de Mink &Mandel, 2016; Mandel
& de Mink, 2016; Marchant et al., 2016), a binary BH merger originates from two massive,
low-metallicity stars that are born in a binary system with an already small separation. In very close
binaries the stars are synchronized with the orbital period due to tidal interactions and therefore
fast rotating. Rapid rotation in leads to enhanced mixing of the the elements in stellar interiors (e.g.
Maeder, 1987; Zahn, 1992). In sufficiently massive stars (BH progenitors), rotational mixing can
distribute the produce of nuclear burning in the center throughout the entire star so efficiently that
the star evolves as a chemically homogeneous object. Such stars can remain compact during their
evolution, avoiding a Roche-lobe overflow despite living in close binaries. The low metallicity is
required because at high metallicity, strong wind mass loss would lead to an expansion of the orbit
and a loss of tidal synchronization. Without the tidal spin-up, stars would slow down the rotation,
suppressing the chemically-homogeneous evolution (de Mink et al., 2009).

Dynamical formation channels

Most stars and stellar systems in the Universe (binaries, triples, etc.) live their lives in sparsely
populated regions, where dynamical encounters with other stars and stellar systems are extremely
rare and in most cases insignificant. There are, however, much denser environments in which
dynamical interactions are common. Examples include central regions of galaxies (nuclear star
clusters), globular clusters, and young massive star clusters.

A series of dynamical encounters in dense stellar clusters may be an efficient way of forming
binary BH mergers, with authors finding a contribution to the overall binary BH merger detection
rate comparable to that of the classical binary evolution channel (e.g. Rodriguez et al., 2016;
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Fragione & Kocsis, 2018; Rodriguez et al., 2018; Mapelli et al., 2021). Dynamical evolution in
clusters is not expected to produce many merging NS binaries (Belczynski et al., 2018; Zevin et al.,
2019; Ye et al., 2020)

Dynamical binary BH merger formation may be significantly enhanced in the presence of gas,
for instance in the disks of active galactic nuclei (AGN) found around central regions of some
galaxies (McKernan et al., 2012, 2014).The torque from the disk causes BHs to migrate within the
disk towards the so-called migration traps, where they can encounter other BHs at relatively low
velocities. This allows for the efficient formation of new or hardening of the existing binaries. The
efficiency of the AGN disk channel is highly uncertain (McKernan et al., 2018).

Merging DCOs can also form due to a combination of binary interactions and dynamical
processes, for instance by evolving in triple or higher-order systems (e.g. Antonini et al., 2017;
Hamers & Thompson, 2019).

The challenge of disentangling the formation channels

As outlined above, many formation channels for DCO mergers have been proposed in the
literature, especially in the case of binary BHs. The population of GW sources detected by the
LIGO/Virgo likely contains a mixture of systems formed through different channels. Single
exceptional events might be showing characteristics favoring or disfavoring a particular formation
scenario. For instance, the most massive event observed to date (GW150921), with the primary
mass measured to be above 65 M� at 99% credibility, is a challenging system to explain by isolated
binary evolution scenarios (Abbott et al., 2020b). In general though, we are currently unable to
identify which channels dominate the formation of DCO mergers. This largely due to enormous
uncertainties in theoretical scenarios and the predicted rates and properties of GW sources they
could produce. Building a better understanding of massive star and binary evolution, the central
theme of this thesis, is one of the key steps in alleviating the situation and making the full use of
GW astronomy in the future. Of particular interest is the role of low metallicity in the formation of
binary BH mergers, which I will describe below.

1.4.3 How important is low-metallicity for progenitors of binary
BH mergers?

The BH masses in the first detected binary BH merger GW150914 (∼ 25 − 40 M�) were above the
BH masses measured in all the known BH X-ray binaries (. 20 − 25 M�, mostly < 10 M�). As
mentioned in Sec. 1.2, this has led to a suggestion that the GW150914 event may have occurred in
a metal-poor galaxy, where the low-metallicity of the progenitor stars had led to the formation of
BHs more massive than those found in the Milky Way and in the local Universe (where the BH
X-ray binaries are). Apart from GW150914, many of the subsequent GW events were mergers of
BHs of ∼ 20 M� and more (see Fig. 1.4). A question arises whether metal-poor environments
is where most the observed binary BH mergers originate (Chruslinska et al., 2019; Chruslinska
& Nelemans, 2019). It should be noted that there is a strong bias towards more massive BHs in
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Figure 1.7: Radius evolution of 25 M� single stellar models computed at high (Solar) metallicity
(solid line) and a low-metallicity, characteristic of the Small Magellanic Cloud (dashed line). Colors
indicate the main evolutionary stages.

the detected sample due to their stronger GW signal. Based on the detections so far, the intrinsic
primary BH mass distribution could roughly be fitted with a broken power-law ?("1) ∝ "−U1 with
U ≈ 1.5 below "1 ≈ 40 M� and U ≈ 5.6 above (with large uncertainties and tentative evidence for
more complex features in the "1 distribution; Abbott et al., 2021a).

Prior to the GW150914 discovery, it was already suggested that massive binary evolution at
low metallicity could produce merging binary BHs more frequently compared to that at high (∼
Solar) metallicity, i.e. even without taking the detection bias into account (Belczynski et al., 2010).
The higher formation efficiency of binary BH mergers from low-metallicity binaries was also
reproduced in a number of more recent results (Giacobbo et al., 2018; Chruslinska et al., 2019;
Neĳssel et al., 2019), including our work presented in chapter III. There are two main reasons for
this metallicity effect. Firstly, evolution at low metallicity is thought to have weaker stellar winds
which leads to more massive cores at the end of stellar lives. These are more likely to collapse
directly to form a BH rather than explode in a supernova and experience a natal kick that could
disrupt the binary, according to the most commonly used prescription in the literature (Fryer et al.,
2012). This would lead to a higher survival rate of low-metallicity binaries after the first BH
formation (when in the standard common-envelope scenario the orbit is still wide and easy to
disrupt).

Secondly, metallicity affects the way in which a massive star expands in radius after the end
of the main sequence (Brunish & Truran, 1982; Baraffe & El Eid, 1991). This is illustrated in
Fig. 1.7, where as a function of age, I plot the radius of a 25 M� star at high, Solar metallicity
(solid line) as well as at low-metallicity, characteristic of the Small Magellanic Cloud (dashed line).
As the colors indicate, a high-metallicity star experiences an episode of very significant expansion
right after the end of the main sequence, in the transition to the core-helium burning phase (the
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so-called Hertzprung gap). In a binary system, this is often when such a star would overflow its
Roche lobe and start transferring mass to its companion. Low-metallicity massive stars, on the
other hand, tend to expand much less before the onset of core-helium burning and continue to
expand up to the red-supergiant size (' ∼ 1000 R�) during this stage, as illustrated in Fig. 1.7.
This dramatically increases the chance for a mass transfer interaction with a core-helium burning
donor. Belczynski et al. (2010) argues that a common-envelope phase initiated by such a star
has a much better chance of survival than in the case of a Hertzprung-gap donor (the later often
being assumed to always result in stellar mergers). In addition, in various population-synthesis
models (including ours in chapters II and III), mass transfer from a core-helium burning giant is
assumed to be more prone to develop a dynamical instability and a common envelope in the first
place. As a result, the differences in the post-main sequence expansion of massive stars of different
metallicities illustrated in Fig. 1.7 have led to claims for a significantly higher efficiency of the
common-envelope formation channel of BH binaries at low metallicity.8 In the last three chapters
of this thesis, we will scrutinize the way in which metallicity affects mass transfer evolution in
massive binaries and the above-mentioned assumptions in particular. We will show that, most
likely, the preference for low-metallicity has been severely overestimated in most population
models for binary BH mergers from common-envelope evolution.

1.5 This thesis

This thesis is devoted to two main subjects. The first is a study of massive binary evolution
pathways leading to the formation of BH X-ray binaries and GW sources (binary BH and NS
mergers). The second, motivated by the suggestion that most binary BH mergers originate from
metal-poor environments, is a detailed investigation of the effect of metallicity on the evolution of
massive stars in binary systems (in particular when they evolve through phases of mass transfer).
The work is computational in nature. In chapters II-IV, we make a use of a rapid binary-evolution
code StarTrack that relies on analytic approximations of stellar evolution and allows one to explore
the full parameter space. In chapters V-VII, we perform detailed stellar-evolution computations
with the MESA code, which solves the stellar-structure equations and accounts for additional
processes such as chemical mixing or rotation.

In chapter II, in an attempt to tackle the long-standing formation puzzle of BH-LMXB systems,
we take on a poorly studied topic of binary evolution coupled with stellar system dynamics.
Motivated by Michaely & Perets (2016), we investigate how frequently random fly-by encounters
in the Milky Way disk could perturb orbits of ultra-wide BH binaries (0 & 500 astronomical
units) up to very high eccentricities (4 > 0.99), at which point tidal interactions at the pericenter
passage could circularize the orbit producing a close BH system with a low-mass main-sequence
companion: a BH-LMXB progenitor. To this end, we modify the StarTrack rapid binary-evolution
code (Belczynski et al., 2008) to include the effect of random dynamical three-body interactions

8In the mass range for NS formation the post-main sequence expansion is less dependent on metallicity.
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on the orbital parameters. Combined with a simple Milky Way model, we estimate the size and
properties of the population of BH-LMXB candidates formed through the scenario proposed by
Michaely & Perets (2016). We discuss the viability of the considered channel in resolving the
BH-LMXB formation challenges.

In chapter III, prompted by the revolutionary discovery of GW sources, we study the formation
of binary BH and NS mergers as products of isolated binary evolution. Specifically, we investigate
the effect of inter-correlations between the initial binary parameters (unaccounted for in previous
studies) on the formation efficiency of different types of merging DCOs and their predicted
detection rate with the LIGO/Virgo interferometers. To do so, we build a binary population model
with the StarTrack code and combine it with a simple model for the Cosmic star formation history.
In addition, we consider the effect of variations in the initial-mass function while accordingly
adjusting the Cosmic star formation rate. We discuss the implications on the predicted rates of the
LIGO/Virgo GW sources.

In chapter IV, motivated by the low values of effective spins of all the ten binary BH mergers
reported at the end of the second observing run of the LIGO/Virgo collaboration, we investigate
the range of effective spin distributions predicted by the common-envelope formation scenario.
To this end, we employ the StarTrack code to create a series of population models of GW
sources. We consider three different prescriptions for the initial BH spin values (motivated by
results from detailed stellar models with various assumptions on the internal angular momentum
transport in massive stars) as well as explore several variations in the key assumptions of the
population-synthesis method. We discuss the results in the context of distinguishing between
different formation channels of binary BH mergers.

In chapter V, stimulated by the supposed importance of stellar evolution at low-metallicity in
the formation of binary BH mergers, we investigate the effect of metallicity on the radial expansion
of massive stars and, consequently, at which point in their evolution they would initiate mass
transfer when in binary systems. We compute extensive grids of detailed models of single massive
stars across a range of metallicities (from 100% down to 1% of the Solar metallicity) and masses
(from 10 M� to 80 M�). We use the MESA stellar-evolution code (Paxton et al., 2011), varying
several assumptions known to affect the post-main sequence expansion of massive stars. We
constrain the models by comparing the number of blue, yellow, and red supergiants they predict
with the observed samples in the Milky Way and in the Small Magellanic Cloud. We discuss the
implications of our findings in the context of various binary evolution scenarios.

In chapter VI, we set out to decipher which massive binary systems can evolve through and
survive a common-envelope phase postulated as one of the two main channels for the formation of
GW sources that are being detected by the LIGO/Virgo interferometers. We employ the MESA
stellar-evolution code to carry out extensive modeling of internal structures of supergiants at
different metallicities. We calculate the binding energies of their envelopes, studying the role
played by metallicity and the outer convective zone that develops during the red supergiant stage.
Based on the obtained binding energies, we predict the outcome of a common-envelope evolution
(whether survival or a merger) in massive binaries with a BH companion across a grid of different
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masses, orbital periods, and metallicities. We discuss the results in the context of the formation of
GW sources and BH-LMXBs.

In chapter VII, we continue our investigations of the effect of metallicity on the evolution of
massive binary systems, in particular through phases of post-main sequence mass transfer. To this
end, with the MESA stellar-evolution code, we compute grids of detailed binary models at three
different metallicities (Solar and that of Large and Small Magellanic Clouds), spanning a wide
range of orbital periods (from ∼ 3 to 5000 days) and primary masses (from 10 M� to 36-53 M�,
depending on metallicity). We discuss our results in the context of binary interaction products in
stellar populations of different metallicities, pre-supernovae structures of massive stars, and BH
X-ray binary populations.



Bibliography
Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2016a, Phys. Rev. Lett., 116, 241102
Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2016b, Phys. Rev. Lett., 116, 061102
Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2017a, Phys. Rev. Lett., 119, 161101
Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2017b, ApJ, 848, L12
Abbott, R., Abbott, T. D., Abraham, S., et al. 2021a, ApJ, 913, L7
Abbott, R., Abbott, T. D., Abraham, S., et al. 2020a, arXiv e-prints, arXiv:2010.14527
Abbott, R., Abbott, T. D., Abraham, S., et al. 2021b, ApJ, 913, L7
Abbott, R., Abbott, T. D., Abraham, S., et al. 2020b, Phys. Rev. Lett., 125, 101102
Antonini, F., Toonen, S., & Hamers, A. S. 2017, ApJ, 841, 77
Baraffe, I. & El Eid, M. F. 1991, A&A, 245, 548
Belczynski, K., Askar, A., Arca-Sedda, M., et al. 2018, A&A, 615, A91
Belczynski, K., Bulik, T., Mandel, I., et al. 2013, ApJ, 764, 96
Belczynski, K., Dominik, M., Bulik, T., et al. 2010, ApJ, 715, L138
Belczynski, K., Holz, D. E., Bulik, T., & O’Shaughnessy, R. 2016, Nature, 534, 512
Belczynski, K., Kalogera, V., & Bulik, T. 2002, ApJ, 572, 407
Belczynski, K., Kalogera, V., Rasio, F. A., et al. 2008, ApJS, 174, 223
Braun, H. & Langer, N. 1995, A&A, 297, 483
Breivik, K., Chatterjee, S., & Larson, S. L. 2017, ApJ, 850, L13
Brunish, W. M. & Truran, J. W. 1982, ApJS, 49, 447
Bulik, T., Belczynski, K., & Prestwich, A. 2011, ApJ, 730, 140
Casares, J., Charles, P. A., & Naylor, T. 1992, Nature, 355, 614
Casares, J. & Jonker, P. G. 2014, Space Sci. Rev., 183, 223
Chruslinska, M. & Nelemans, G. 2019, MNRAS, 488, 5300
Chruslinska, M., Nelemans, G., & Belczynski, K. 2019, MNRAS, 482, 5012
Clayton, M., Podsiadlowski, P., Ivanova, N., & Justham, S. 2017, MNRAS, 470, 1788
Conti, P. S. 1975, Memoires of the Societe Royale des Sciences de Liege, 9, 193
Corral-Santana, J. M., Casares, J., Muñoz-Darias, T., et al. 2016, A&A, 587, A61
Crowther, P. A., Schnurr, O., Hirschi, R., et al. 2010, MNRAS, 408, 731
de Kool, M., van den Heuvel, E. P. J., & Pylyser, E. 1987, A&A, 183, 47



40 Bibliography

de Mink, S. E. & Mandel, I. 2016, MNRAS, 460, 3545
de Mink, S. E., Pols, O. R., Langer, N., & Izzard, R. G. 2009, A&A, 507, L1
de Mink, S. E., Sana, H., Langer, N., Izzard, R. G., & Schneider, F. R. N. 2014, ApJ, 782, 7
Dray, L. M. & Tout, C. A. 2007, MNRAS, 376, 61
Eggleton, P. P. 1983, ApJ, 268, 368
Eldridge, J. J. & Stanway, E. R. 2016, MNRAS, 462, 3302
Event Horizon Telescope Collaboration, Akiyama, K., Alberdi, A., et al. 2019, ApJ, 875, L1
Ferrario, L., Pringle, J. E., Tout, C. A., & Wickramasinghe, D. T. 2009, MNRAS, 400, L71
Fragione, G. & Kocsis, B. 2018, Phys. Rev. Lett., 121, 161103
Fryer, C. L. 1999, ApJ, 522, 413
Fryer, C. L., Belczynski, K., Wiktorowicz, G., et al. 2012, ApJ, 749, 91
Fryer, C. L. & Kalogera, V. 2001, ApJ, 554, 548
Ge, H., Hjellming, M. S., Webbink, R. F., Chen, X., & Han, Z. 2010, ApJ, 717, 724
Genzel, R., Eisenhauer, F., & Gillessen, S. 2010, Reviews of Modern Physics, 82, 3121
Ghez, A. M., Salim, S., Hornstein, S. D., et al. 2005, ApJ, 620, 744
Ghez, A. M., Salim, S., Weinberg, N. N., et al. 2008, ApJ, 689, 1044
Giacobbo, N., Mapelli, M., & Spera, M. 2018, MNRAS, 474, 2959
Götberg, Y., de Mink, S. E., Groh, J. H., et al. 2018, A&A, 615, A78
Götberg, Y., de Mink, S. E., McQuinn, M., et al. 2020, A&A, 634, A134
Greif, T. H., Glover, S. C. O., Bromm, V., & Klessen, R. S. 2010, ApJ, 716, 510
Hamers, A. S. & Thompson, T. A. 2019, ApJ, 883, 23
Hellings, P. 1983, Ap&SS, 96, 37
Hirano, S., Hosokawa, T., Yoshida, N., Omukai, K., & Yorke, H. W. 2015, MNRAS, 448, 568
Hobbs, G., Lorimer, D. R., Lyne, A. G., & Kramer, M. 2005, MNRAS, 360, 974
Hotokezaka, K. & Piran, T. 2017, ApJ, 842, 111
Hulse, R. A. & Taylor, J. H. 1975, ApJ, 195, L51
Iben, I., J. & Tutukov, A. V. 1984, ApJ, 284, 719
Ivanova, N., Justham, S., Chen, X., et al. 2013, A&A Rev., 21, 59
Janka, H.-T. 2013, MNRAS, 434, 1355
Janka, H.-T. 2017, Neutrino-Driven Explosions, eds. A. W. Alsabti & P. Murdin, 1095
Janka, H.-T., Melson, T., & Summa, A. 2016, Annual Review of Nuclear and Particle Science, 66,
341

Justham, S., Rappaport, S., & Podsiadlowski, P. 2006, MNRAS, 366, 1415
Kaaret, P., Feng, H., & Roberts, T. P. 2017, ARA&A, 55, 303
Kalogera, V. 1999, ApJ, 521, 723
Kippenhahn, R. & Weigert, A. 1967, ZAp, 65, 251
Kippenhahn, R. & Weigert, A. 1990, Stellar Structure and Evolution
Kobayashi, C., Karakas, A. I., & Lugaro, M. 2020, ApJ, 900, 179
Kokkotas, K. D. 2008, Reviews in Modern Astronomy, 20, 140
Kovlakas, K., Zezas, A., Andrews, J. J., et al. 2020, MNRAS, 498, 4790



Bibliography 41

Kushnir, D., Zaldarriaga, M., Kollmeier, J. A., & Waldman, R. 2016, MNRAS, 462, 844
Laplace, E., Justham, S., Renzo, M., et al. 2021, arXiv e-prints, arXiv:2102.05036
Law-Smith, J. A. P., Everson, R.W., Ramirez-Ruiz, E., et al. 2020, arXiv e-prints, arXiv:2011.06630
Li, X.-D. 2015, New A Rev., 64, 1
LIGO Scientific Collaboration, Aasi, J., Abbott, B. P., et al. 2015, Classical and Quantum Gravity,
32, 074001

Liu, J., Zhang, H., Howard, A. W., et al. 2019, Nature, 575, 618
Mac Low, M.-M. & Klessen, R. S. 2004, Reviews of Modern Physics, 76, 125
MacLeod, M. & Loeb, A. 2020, ApJ, 895, 29
Maeder, A. 1987, A&A, 178, 159
Maeder, A. & Meynet, G. 1994, A&A, 287, 803
Mandel, I. & de Mink, S. E. 2016, MNRAS, 458, 2634
Mapelli, M., Dall’Amico, M., Bouffanais, Y., et al. 2021, MNRAS[[arXiv]2103.05016]
Marchant, P., Langer, N., Podsiadlowski, P., Tauris, T. M., & Moriya, T. J. 2016, A&A, 588, A50
Marchant, P., Pappas, K. M.W., Gallegos-Garcia, M., et al. 2021, arXiv e-prints, arXiv:2103.09243
McCrea, W. H. 1964, MNRAS, 128, 147
McKernan, B., Ford, K. E. S., Bellovary, J., et al. 2018, ApJ, 866, 66
McKernan, B., Ford, K. E. S., Kocsis, B., Lyra, W., & Winter, L. M. 2014, MNRAS, 441, 900
McKernan, B., Ford, K. E. S., Lyra, W., & Perets, H. B. 2012, MNRAS, 425, 460
Michaely, E. & Perets, H. B. 2016, MNRAS, 458, 4188
Miller, M. C. & Miller, J. M. 2015, Phys. Rep., 548, 1
Moe, M. & Di Stefano, R. 2017, ApJS, 230, 15
Nandez, J. L. A. & Ivanova, N. 2016, MNRAS, 460, 3992
Nandez, J. L. A., Ivanova, N., & Lombardi, J. C. J. 2015, MNRAS, 450, L39
Neĳssel, C. J., Vigna-Gómez, A., Stevenson, S., et al. 2019, MNRAS, 490, 3740
Nelemans, G., Tauris, T. M., & van den Heuvel, E. P. J. 1999, A&A, 352, L87
Ohlmann, S. T., Röpke, F. K., Pakmor, R., & Springel, V. 2016, ApJ, 816, L9
Packet, W. 1981, A&A, 102, 17
Paczyński, B. 1967, Acta Astron., 17, 355
Paczyński, B. 1971, ARA&A, 9, 183
Paczynski, B. 1976, in IAU Symposium, Vol. 73, Structure and Evolution of Close Binary Systems,
eds. P. Eggleton, S. Mitton, & J. Whelan, 75

Paczynski, B. 1986, ApJ, 304, 1
Pavlovskii, K. & Ivanova, N. 2015, MNRAS, 449, 4415
Paxton, B., Bildsten, L., Dotter, A., et al. 2011, ApJS, 192, 3
Peters, P. C. 1964, Physical Review, 136, 1224
Podsiadlowski, P., Ivanova, N., Justham, S., & Rappaport, S. 2010, MNRAS, 406, 840
Podsiadlowski, P., Joss, P. C., & Hsu, J. J. L. 1992, ApJ, 391, 246
Podsiadlowski, P., Joss, P. C., & Rappaport, S. 1990, A&A, 227, L9
Podsiadlowski, P., Rappaport, S., & Han, Z. 2003, MNRAS, 341, 385



42 Bibliography

Pols, O. R. 1994, A&A, 290, 119
Pols, O. R., Cote, J., Waters, L. B. F. M., & Heise, J. 1991, A&A, 241, 419
Portegies Zwart, S. F., Verbunt, F., & Ergma, E. 1997, A&A, 321, 207
Portegies Zwart, S. F. & Yungelson, L. R. 1998, A&A, 332, 173
Qin, Y., Fragos, T., Meynet, G., et al. 2018, A&A, 616, A28
Qin, Y., Marchant, P., Fragos, T., Meynet, G., & Kalogera, V. 2019, ApJ, 870, L18
Remillard, R. A. & McClintock, J. E. 2006, ARA&A, 44, 49
Repetto, S., Igoshev, A. P., & Nelemans, G. 2017, MNRAS, 467, 298
Repetto, S. & Nelemans, G. 2015, MNRAS, 453, 3341
Ricker, P. M., Timmes, F. X., Taam, R. E., & Webbink, R. F. 2019, in IAU Symposium, Vol. 346,
IAU Symposium, eds. L. M. Oskinova, E. Bozzo, T. Bulik, & D. R. Gies, 449–454

Rivinius, T., Baade, D., Hadrava, P., Heida, M., & Klement, R. 2020, A&A, 637, L3
Rodriguez, C. L., Amaro-Seoane, P., Chatterjee, S., & Rasio, F. A. 2018, Phys. Rev. Lett., 120,
151101

Rodriguez, C. L., Chatterjee, S., & Rasio, F. A. 2016, Phys. Rev. D, 93, 084029
Romani, R. W. 1998, A&A, 333, 583
Salpeter, E. E. 1955, ApJ, 121, 161
Sana, H., de Koter, A., de Mink, S. E., et al. 2013, A&A, 550, A107
Sana, H., de Mink, S. E., de Koter, A., et al. 2012, Science, 337, 444
Sand, C., Ohlmann, S. T., Schneider, F. R. N., Pakmor, R., & Röpke, F. K. 2020, A&A, 644, A60
Sathyaprakash, B. S. & Schutz, B. F. 2009, Living Reviews in Relativity, 12, 2
Schneider, F. R. N., Izzard, R. G., Langer, N., & de Mink, S. E. 2015, ApJ, 805, 20
Schneider, F. R. N., Ohlmann, S. T., Podsiadlowski, P., et al. 2019, Nature, 574, 211
Schneider, F. R. N., Podsiadlowski, P., & Müller, B. 2021, A&A, 645, A5
Shakura, N. I. & Sunyaev, R. A. 1973, A&A, 500, 33
Smith, N. 2014, ARA&A, 52, 487
Swartz, D. A., Soria, R., Tennant, A. F., & Yukita, M. 2011, ApJ, 741, 49
Tauris, T. M. & Dewi, J. D. M. 2001, A&A, 369, 170
Tauris, T. M. & van den Heuvel, E. P. J. 2006, Formation and evolution of compact stellar X-ray
sources, Vol. 39, 623–665

Taylor, J. H. & Weisberg, J. M. 1982, ApJ, 253, 908
Tetarenko, B. E., Bahramian, A., Arnason, R. M., et al. 2016a, ApJ, 825, 10
Tetarenko, B. E., Sivakoff, G. R., Heinke, C. O., & Gladstone, J. C. 2016b, ApJS, 222, 15
Thompson, T. A., Kochanek, C. S., Stanek, K. Z., et al. 2019, Science, 366, 637
Timmes, F. X., Woosley, S. E., & Weaver, T. A. 1995, ApJS, 98, 617
Tutukov, A. & Yungelson, L. 1979, in IAU Symposium, Vol. 83, Mass Loss and Evolution of
O-Type Stars, eds. P. S. Conti & C. W. H. De Loore, 401–406

Tutukov, A. V. & Yungelson, L. R. 1993, MNRAS, 260, 675
Tylenda, R., Hajduk, M., Kamiński, T., et al. 2011, A&A, 528, A114
van den Heuvel, E. P. J. 1975, ApJ, 198, L109



Bibliography 43

van den Heuvel, E. P. J. 1976, in IAU Symposium, Vol. 73, Structure and Evolution of Close
Binary Systems, eds. P. Eggleton, S. Mitton, & J. Whelan, 35

van den Heuvel, E. P. J., Portegies Zwart, S. F., & de Mink, S. E. 2017, MNRAS, 471, 4256
Vanbeveren, D. 1982, A&A, 105, 260
Vanbeveren, D., De Loore, C., & Van Rensbergen, W. 1998, A&A Rev., 9, 63
Verbunt, F. 1993, ARA&A, 31, 93
Verbunt, F., Igoshev, A., & Cator, E. 2017, A&A, 608, A57
Verbunt, F. & Zwaan, C. 1981, A&A, 100, L7
Vink, J. S. & de Koter, A. 2005, A&A, 442, 587
Vink, J. S., de Koter, A., & Lamers, H. J. G. L. M. 2000, A&A, 362, 295
Vink, J. S., de Koter, A., & Lamers, H. J. G. L. M. 2001, A&A, 369, 574
Vink, J. S., Higgins, E. R., Sander, A. A. C., & Sabhahit, G. N. 2021, MNRAS, 504, 146
Voss, R. & Tauris, T. M. 2003, MNRAS, 342, 1169
Walton, D. J., Roberts, T. P., Mateos, S., & Heard, V. 2011, MNRAS, 416, 1844
Wang, C., Jia, K., & Li, X.-D. 2016, MNRAS, 457, 1015
Webbink, R. F. 1984, ApJ, 277, 355
Wellstein, S., Langer, N., & Braun, H. 2001, A&A, 369, 939
Wiktorowicz, G., Belczynski, K., & Maccarone, T. 2014, in Binary Systems, their Evolution and
Environments, eds. R. de Grĳs, 37

Wiktorowicz, G., Lu, Y., Wyrzykowski, Ł., et al. 2020, ApJ, 905, 134
Wiktorowicz, G., Wyrzykowski, Ł., Chruslinska, M., et al. 2019, ApJ, 885, 1
Woosley, S. E. & Weaver, T. A. 1995, ApJS, 101, 181
Wyrzykowski, Ł., Kostrzewa-Rutkowska, Z., Skowron, J., et al. 2016, MNRAS, 458, 3012
Wyrzykowski, Ł. & Mandel, I. 2020, A&A, 636, A20
Ye, C. S., Fong, W.-f., Kremer, K., et al. 2020, ApJ, 888, L10
Yoshida, N., Oh, S. P., Kitayama, T., & Hernquist, L. 2007, ApJ, 663, 687
Yungelson, L. R. & Lasota, J. P. 2008, A&A, 488, 257
Zahn, J. P. 1992, A&A, 265, 115
Zaldarriaga, M., Kushnir, D., & Kollmeier, J. A. 2018, MNRAS, 473, 4174
Zevin, M., Kremer, K., Siegel, D. M., et al. 2019, ApJ, 886, 4


