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Abstract

State of the art constraints on black hole formation

by Cordelia Dashwood Brown

Black holes have been the subject of study by mathematicians and physicists
alike for over 100 years, though the challenges associated with observing them
mean they remain the most enigmatic objects in the Universe. This is an era of
astronomy defined by unprecedented access to data, including groundbreaking
astrometric surveys and advanced spectrographs. Such high-precision kinematic
measurements offer insight into the most fundamental characteristics of black holes:
their masses, through the orbital motion of companion stars; and their velocities,
through analysis of their motion with respect to the Galactic potential. These
observations act as keystones, around which to build and develop theory, enabling
a deeper understanding of physics in the most extreme environments.

Taking advantage of groundbreaking astrometric surveys, this thesis presents
the most extensive study of X-ray binary natal kicks to date, analysing 68 X-ray
binaries including both neutron stars and black holes. This investigation finds
that, contrary to theoretical predictions, the natal kicks applied to neutron stars
and black holes are formally indistinguishable. This suggests that natal kicks are
governed by similar physics irrespective of remnant type, and necessitates a revision
of supernova hydrodynamic theory. With these results comes an observationally
motivated distribution for implementation in future models: a Gamma distribution
with mean 147 km s−1. This prescription is agnostic to the drivers of these natal
kicks, thereby removing a key degeneracy in population synthesis studies.

The biggest caveat to this study, and to much of the research on compact
objects, is that the vast majority of confirmed black holes exist in X-ray binaries,
meaning they are actively accreting matter from a stellar companion. In light of
this, high-precision astrometry and dynamical observations were used to identify
and characterise a small sample of black hole candidates. These putative black
holes were identified as ordinary stellar binaries, highlighting the complexities
of astrometric studies of two-component systems. Nevertheless, the number of
confirmed non-interacting black holes is growing, providing further constraints on
black hole evolution beyond the X-ray binary population.

An additional issue in the study of black holes is the difficulty of observing their
luminous companions (and, consequently, determining the mass of the compact
object) in the heavily extincted regions within the Galactic plane. The development
of microcalorimeters marks a significant step forward in X-ray astronomy and
presents an opportunity to study new high-precision observations in the X-ray
waveband, offering the potential to probe regions that are significantly obscured in
the optical. The narrow component of the iron fluorescent line, originating from the
X-ray irradiated companion, provides a potential means to further constrain the
binary system properties, including the mass of the compact object. Modelling the
geometry of the binary system and considering the composition of the stellar surface
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indicates the equivalent width of this narrow iron line should be 2-40 eV (dependent
on the binary mass ratio). The precision of cutting-edge X-ray spectrographs means
velocity deviations can be measured within < 40 km s−1 (depending on X-ray flux),
enabling dynamical mass measurements of systems which are inaccessible with
optical and infrared observations.

State of the art observing instruments and techniques provide exceptionally
precise measurements of the kinematics of black holes, which in turn offer insight
into their velocities and provide dynamical measurements of their masses. The mass
and velocity distributions of black holes are intrinsically linked to their formation
processes and subsequent evolution, many aspects of which remain uncertain, and
have appreciable implications for gravitational wave astronomy. This thesis aims
to highlight the interconnection of observation and theory, with the ultimate goal
of understanding the genesis of black holes.
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And where other animals walk on all fours and look to the ground, man was given

towering head and commanded to stand, his face uplifted towards the skies to gaze upon

the stars.

OVID, METAMORPHOSES
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Chapter 1

Introduction

1.1 Overview

As the most fundamental science, physics has a head start on many other disciplines. Yet

a complete understanding of the world around us remains out of reach. The twin pillars

that govern modern physics are general relativity and quantum field theory, describing

the laws of nature on the astronomical and atomic scales respectively.

In the vast majority of cases, one is purely academic. We can discard the effects of

the former and favour the gospel of the latter, or vice versa, depending on what aspect

of the world we are studying. Galactic evolution is untroubled by the effects of quantum

tunnelling, and nuclear power stations need not worry about the precession of Mercury’s

orbit around the sun. This is not the case for black holes.

The behaviour around black holes is dominated by their immense gravity, creating

an event horizon beyond which nothing can escape, yet a cornerstone of quantum field

theory is that everything is conserved and retainable. The two Titans meet, and what

happens next remains a mystery.

It is reasonable to suggest that the holy grail of modern physics is a complete model of

quantum gravity, a framework in which all elements of physics can coexist. Physical black

holes provide the perfect laboratory. While this all-encompassing theory remains elusive,

understanding black holes in the context of astrophysics is a valuable endeavour, promising

to shed further light on the mechanisms that drive the Universe and complementing

numerous other areas of astronomy and physics.

Regrettably, the timescales of the Universe in comparison to our lifespan are unfor-

giving. While a biologist can study the life of a mayfly in a single day, we are unable to

watch the complex cycles of collapsing nebulae, stellar evolution, black hole formation,
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and black hole death. The solution: gather all the evidence available to us, and attempt

to fill in the blanks. To be an astronomer is to be an archaeologist, to look back in time

and across the Universe in an attempt to understand how everything happened, and

continues to happen, and will go on happening.

1.1.1 A consequence of general relativity

Despite often being referred to as a science, mathematics is, in fact, the language of

the Universe, capable of describing anything and everything. Typically, we observe and

interact with the physical world, then search for the mathematics that describes it. Black

holes are a rare instance of the process acting in reverse, having been a purely theoretical

(i.e. mathematical) phenomenon for over 50 years (though a hypothetical one for much

longer).

In 1915, Einstein’s Theory of General Relativity demonstrated the importance of

gravity beyond Newtonian physics, presenting the Einstein Field Equations [76]. Shortly

thereafter Schwarzschild [258] (and, soon after, Droste [74]) presented a solution exhibiting

apparently unphysical behaviour (and, unknowingly, providing a mathematical description

of English astronomer John Michell’s idea that a star could be so massive that the surface

velocity would exceed the speed of light [254]).

Schwarzschild’s solution to the Einstein Field Equations expressed the line element

ds (an infinitesimal small line describing the geometry of a space) in the form:

ds2 =

(
1− 2GM

c2r

)
dt2 −

(
1− 2GM

c2r

)−1

dr2 − r2dθ2 − r2 sin2(θ)dϕ2 (1.1)

with M denoting mass, and (t, r, θ, ϕ) describing the spacetime coordinates. The result

of this is a singularity existing at r = 0 and an event horizon at rs =
2GM
c2

(known as

the Schwarzschild radius), beyond which the escape velocity surpasses the speed of light,

marking the point of no return.

The possibility of this exotic surface existing in physical form remained dubious

(though theoretical study continued), until the 1960s, when Jocelyn Bell’s discovery of

pulsars (a subclass of neutron stars) provided some evidence that the curiosities evoked

by general relativity may be physical after all [130]. Just a few years later, the X-ray

source Cygnus X-1 became the first identified black hole [27; 299], launching a new era

of astronomy and the possibility of understanding the Universe beyond conventional

physics.
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1.1.2 Classifications

Black holes exist in many forms and are mainly differentiated based on their mass.

Stellar-mass black holes: The subject of this thesis, stellar-mass black holes are the

most numerous, with around 100 million expected to exist in our Galaxy alone [262].

They represent the final stage of stellar evolution, formed by the collapse of a massive

star (≥ 8M⊙) into a supernova. Their masses are dependent on the stellar progenitor

mass and their evolution (e.g. if they have accreted mass from another star) and typically

span 5 ≤ MBH ≤ 50M⊙, although the growing field of gravitational wave astronomy

suggests this may extend up to ≥ 100M⊙ [185].

Super-massive black holes: These black holes range 106 ≤ MBH ≤ 1010M⊙; they

exist at the centre of galaxies, including our own (Sgr A*). These behemoths remain

poorly understood, with many unanswerables related to their formation and growth [e.g.

238; 193].

Intermediate-mass black holes: Observational evidence for black holes spanning

102 ≤ MBH ≤ 105M⊙ is sparse; the most promising candidates are ultra-luminous

sources (ULXs), though for the time being they evade extensive study [64; 167].

For brevity’s sake, stellar-mass black holes are hereafter referred to simply as black

holes.

1.2 Black hole formation

Black holes are the product of the death of a massive star, and the conclusion to

its evolution. The onset of stellar evolution occurs when nebulae (molecular clouds of

hydrogen and helium, referred to as stellar nurseries) experience small density fluctuations,

leading to their collapse. The density and temperature of the material increase, and the

mass begins to rotate as it forms a protostar. Once the temperature exceeds 10 million

Kelvin, nuclear fusion erupts, and lighter elements (initially, hydrogen) combine to form

heavier elements (in the first stages, helium). Nuclear fusion releases tremendous amounts

of energy (of order 1026 joules per second), and is the mechanism that drives the universe.

Despite generating immense power, fusion processes are counter-balanced by the star’s

own gravity. It is the precise balance between thermonuclear and gravitational forces
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that defines a star; a steady equilibrium that lasts millions of years. In its final stages,

the star forms an iron core. As an element, iron marks the cut-off between exothermic

and endothermic fusion processes. The star is unable to overcome the iron’s gravitational

binding energy, and nuclear fusion ceases. The lack of internal radiative pressure can

no longer mediate the immense gravity. The result: the delicate harmony of the star

collapses, and with it, the star itself.

1.2.1 Supernovae

The core collapses inward, reaching nuclear densities, in which nuclei are broken down into

nucleons, and ionisation processes emit highly energetic neutrinos [1; 25]. At this density,

the equation of state stiffens, the core becomes all but incompressible, and the collapse

halts. The collapsing matter rebounds, forming an outgoing shock wave, which itself

is stalled due to energy loss via photo-disintegration, meaning the wave can no longer

compete with the ram pressure from the infalling outer core. Core-collapse supernovae

are accompanied by an explosion in the event of this shock wave being re-energised (for

a review, see Burrows and Vartanyan [41]).

There are a variety of mechanisms by which this may occur; the most commonly cited

being neutrino heating first invoked by Wilson [305]. There forms a region behind the

shock wave in which neutrinos decouple from matter, and the associated heating deposits

energy into the shock wave, allowing it to overcome external pressures and leading to an

explosion. Simulations investigating the neutrino transport within supernovae suggest

that this process alone may be insufficient to re-energise the stalled shock and therefore

does not cause an explosion, although this is contingent on the neutrino flux & heating

efficiency, among other parameters [236; 279; 37; 210; 218; 123].

Alternatives to neutrino-driven explosions include magneto-rotational instabilities

that result from differential rotation of the stellar core and seed magnitude fields [269], or

acoustic mechanisms, in which excitation of low-frequency oscillations within the stellar

interior propagate sound waves that reinvigorate the shock [43; 223].

In the event of insufficient re-energising of the shock (plausibly more likely in the

event of high mass-infall rates), the collapse continues, forming a black hole, with very

little stellar material ejected [45]. This is referred to as a ‘failed supernova’. There may

exist an intermediate scenario in which some stellar material is initially ejected but has

insufficient energy to escape the system, so accretes back onto the newly formed black

hole (referred to as ‘fallback’) [95; 96].
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Whilst core-collapse is considered the most common channel for compact object

formation, at least in the stellar mass regime, there exist alternatives. Pair-instability

collapse, resulting from electron-positron pair production may result in a very massive

black hole (50-100M⊙) or no stellar remnant whatsoever [11]. It has also been argued

that some black holes may form due to accretion onto a neutron star, causing it to exceed

3M⊙ [49].

Black holes are the ghosts of dead stars, but their story does not begin after the for-

mative supernova. One must look further back in time to understand their characteristics,

particularly their masses. Thus arises the importance of stellar binaries. A binary system

is made up of two components, dynamically coupled and orbiting a common centre of

mass. These binaries may host two ordinary stars, a companion star and a compact

object, or two compact objects. It is widely agreed upon that most massive stars exist in

binaries [163]. Given that it is the more massive stars that form black holes, it naturally

follows that black holes will preferentially exist in binaries in the earlier stages - although

these binaries may become disrupted (i.e. the star and compact object become unbound)

due to the supernova explosion, or a stellar companion may be completely swallowed by

the compact object.

The next section gives a brief overview of our current understanding of binary evolution,

specifically isolated field formation. In this case, the stars existed in their binary system

from birth, likely forming from a common cloud. The alternative is the dynamical capture

scenario, in which two isolated stars pass close enough to become gravitationally coupled

to one another. The latter scenario is thought to be sub-dominant [281], although the

exact proportion is unclear. The formation of X-ray binaries is identified as a crucial

means of understanding black holes and acting as test beds for related physics.

1.3 The evolution of stellar binaries

The binary fraction of our Galaxy is estimated to be dependent on Galactic location

and stellar mass [174; 200; 29]; in the high mass regime, the binary fraction increases

to ≥ 0.7 [163; 103]. This is partially responsible for the interconnection between binary

stars and black holes.

Unlike single stars, binary evolution is often governed by interactions such as mass

transfer, tidal forces, and mergers, leading to a diverse range of astrophysical phenomena.

Long-period binaries (wide binaries) often evolve similarly to isolated stars, with no

interaction between the two components [157] - other systems, particularly compact
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object progenitors, undergo episodes of mass transfer and other interactions. For in-depth

reviews of binary evolution, including the specific scenarios involving black holes, see

[231; 300; 59; 198] or, most recently, Marchant and Bodensteiner [199].

At first, both stars evolve independently, following standard stellar evolution channels

relying on the nucleosynthesis of progressively heavier elements in their core. When the

most massive star expands (the primary), it begins interacting and impinging on the

development of the other star (the secondary). This may involve Roche lobe overflow, in

which the gravitational influence of the binary results in the transfer of mass and stellar

material onto the secondary [289; 18] (for a detailed discussion of the Roche lobe and

its geometry, see Section 4.5). This mass transfer may be stable, or lead to a common

envelope phase [132].

The common envelope phase describes the scenario in which mass transfer from the

primary to the secondary occurs rapidly - the transfer of matter results in changing orbital

energy and the binary separation decreases [230; 275; 18]. This phase may end in the

ejection of the common envelope from the system, or the total merger of the two stellar

components. Regardless, the more massive star reaches the end of its life, culminating in

a supernova. If the remnant exceeds the Chandrasekhar limit (the maximum mass of a

stable white dwarf, ∼ 1.4M⊙ [57]) it will form a compact object; either a neutron star or

a black hole.

Whilst the above provides an overview, the subject of binary evolution is extensive

- an example evolutionary pathway is shown in Figure 1.1. Mass transfer mechanisms,

including stellar winds and common envelope scenarios, are subject to much speculation

with a variety of different theories [e.g. 231; 18; 33]. As well as the complex and often

ill-defined supernova physics, the evolution of a binary system is governed by a variety of

other processes and parameters, which include the following:

Magnetic braking: Magnetic braking is the process by which binary orbits shrink

(and may eventually merge), where stellar magnetic fields increase the specific angular

momentum of stellar winds, which is then counteracted by the loss of orbital angular

momentum. The rate at which this occurs is uncertain, related to the component masses,

radii, orbital period, and magnetic field strength [137; 141]; it is mainly relevant for

older stars with stronger magnetic fields. Recent evidence of a flat distribution of orbital

periods below 10 days in low mass binaries suggests the effects of magnetic braking may

asymptote, which is in tension with established models [77].
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Figure 1.1: Schematic of Binary Evolution: One potential channel of binary evolution.
The primary mass expands to fill its Roche lobe, initiating mass transfer onto the
secondary. Eventually, it undergoes a core-collapse supernova forming a black hole. The
second stage of mass transfer occurs as mass from the stellar companion is accreted by
the black hole; this may be stable or result in a common envelope phase (as could be the
case in the first stage of mass transfer). The secondary star may also evolve into a black
hole, leaving a double black hole (BH-BH) binary, which will eventually merge and emit
gravitational waves.
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Gravitational wave radiation: Gravitational radiation serves as a key mechanism for

angular momentum loss, significantly impacting the orbital evolution over time. In short

orbits, gravitational wave emission can dominate over other mechanisms (e.g. magnetic

braking, tidal synchronisation, etc.). This shrinks the orbit, enhancing the rates of mass

transfer which increases the X-ray luminosity of the system and can result in a merger.

1.3.1 Mass transfer

Periods of mass transfer (also referred to as accretion) are instrumental in determining

the evolution of a binary system and may be related by various processes. Historically,

it is only through accretion processes that we have been able to identify black holes

(although this is changing).

1.3.1.1 Roche lobe overflow

The motion of fluid is governed by the Euler equation:

ρ
∂v⃗

∂t
+ ρv⃗ · ∇ v⃗ = −∇P + f⃗ (1.2)

where ρ is the density, t: time; v⃗: velocity; P : pressure; and f⃗ : any external forces. In

the case of a binary system, the presence of centrifugal and Coriolis forces leads to the

definition of the Roche potential:

ΦR(r⃗) = − GM1

|r⃗ − r⃗1|
− GM2

|r⃗ − r⃗2|
− (ω⃗ ∧ r⃗)2

2
(1.3)

in which M1 & M2 are the masses of each star, r⃗1 & r⃗2 are the positions of the two

stars, and ω⃗ is the angular velocity of the whole binary. The size and shape of binary

stars are defined by this surface and must lie on one of the equipotentials (see Figure 1.2).

The Roche lobe is the figure-of-eight region in which the potentials around each of the

component stars come into contact. The size of this may be approximated by considering

a sphere of the same volume, the radius of which is given by Equation 1.4 [75] (where

q is M2

M1
, and R2 is normalised to the orbital separation of the two components - e.g.,

R2 = 0.5 indicates the point in the centre of the binary system) and ranges 0.1-0.75 for

0.01 ≤ q ≤ 100.

R2 =
0.49q2/3

0.5q2/3 + ln(1 + q1/3)
(1.4)
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Figure 1.2: Roche Potential: Equipotentials of the Roche surface, with the L1 La-
grangian Point (through which mass transfer may occur) indicated [27]. This system has
a mass ratio q = 3, the point masses indicated with an ‘x’. [Image credit: Boffin [26].]
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The L1 Lagrangian point indicates the point at which matter will pass from the

gravitational potential of one system to the other, rather than be lost from the system. If

a star expands as it evolves, it may fill its Roche lobe, resulting in the transfer of matter

onto the other star, at a rate governed by their relative masses and the rate of expansion

(i.e. the nuclear timescale of hydrogen, tn), expressed as:

Ṁ2 =
M2

(5/3− 2q)tn
(1.5)

Mass transfer often leads to the formation of an accretion disc. The ‘ejected’ mass

has to rid itself of the orbital angular momentum it held while bound to its star, and

an accretion disc provides a means of liberating momentum and energy, resulting in the

emission of electromagnetic radiation (see Figure 1.3). In some cases, as mass transfer

shrinks the orbital separation, the two stars may completely merge.

The stability of Roche lobe overflow mass transfer is determined by the ‘critical mass

ratio’; if the mass of the accreting star relative to the donor star exceeds this, the system

will undergo a common-envelope phase. The critical mass ratio may be directly related

to stellar radii [298] or spectral type [60].

1.3.1.2 Common Envelope

The common envelope phase is often associated with two constants, α being the common-

envelope efficiency parameter (describing the transfer of orbital energy to the common

envelope, and, consequentially, the likelihood that the system will eject the envelope)

and λ being the binding energy of the common envelope [285; 138]. α = 1 indicates that

all the orbital energy has gone into ejecting the envelope, where α < 1 means only some

of the energy has been transferred, and α > 1 requires an additional source of energy.

The quoted values of α vary (indeed, it is likely that α is not constant [239]); α = 1 is

fairly typical in the literature [e.g. 215], although may be as low as 0.2 [321], or as high

as 5 [91].

Determining whether the common envelope phase ends in the merger of the two

components typically considers two scenarios; the ‘pessimistic’ scenario suggests that, in

the event of an ill-defined core-envelope boundary the system will merge [142; 18]. The

‘optimistic’ scenario, where this is not the case, predicts fewer merging systems (ergo

more surviving binaries).
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Figure 1.3: Roche lobe overflow accretion: Schematic showing a black hole accreting
matter from a stellar companion via Roche lobe overflow, resulting in an accretion disc
and X-ray emission.[Image credit: produced with BinSim by Rob Hynes [139].]

1.3.1.3 Stellar winds

In the case of closely separated binaries, stellar winds may result in the ejection of mass

from one component which may then be accreted by the other. This is likely more relevant

for binaries containing larger and younger O- and B- type stars (these are the massive,

hot stars with shorter lifespans than other main sequence stars).

The velocity of this wind is related to its mass and radius by:

υw(r)
2 ∝ 2GM

R
(1.6)

with the proportionality constant depending on stellar type [138].

The rate of accretion is often described by:

Ṁ =
2πG2M2ρ

v2w
(1.7)

11



CHAPTER 1. INTRODUCTION

in which M is the mass of the accretor and ρ is the density of the surrounding medium

[28], and can range 10−6 − 10−5M⊙ per year [92].

Metallicity is cited as a crucial parameter in determining the effectiveness of stellar

wind mass transfer [296; 294]; the specific dependencies are a function of effective

temperature of the star in question. The role of metallicity may be diminished in the

event of near Eddington accretion [114; 293].

The mass-accretion rate is interconnected with the system’s luminosity. Evidence of

a ‘kink’ in the luminosity-accretion rate relation was presented by Vink [293] & Yang

et al. [316] and parametrised by Vink and Sabhahit [295], but the mass-accretion rate of

binaries remains the subject of debate.

1.3.2 X-ray binaries

X-ray binaries (XRBs) consist of a compact object (a neutron star (NS) or black hole

(BH)) and another ordinary star. These binaries are sufficiently close that mass transfer

occurs, with the compact object accreting material from its companion via Roche lobe

overflow, or strong stellar winds. The relative contribution of each of these channels is

typically dependent on the mass of the companion. In either scenario, the liberation

of gravitational potential energy from the accreting matter leads to highly energetic

radiation, typically in the form of X-rays (∼0.1-100 keV). Consequentally, these systems

are highly luminous in X-rays and represent among the most extreme objects in the

universe.

Much of what is known about compact objects comes from studies of X-ray binaries.

This is not necessarily attributable to these being the dominant population of compact

objects, but rather reflective of the challenges associated with observing compact objects

which inherently emit no radiation themselves (as outlined in Section 1.6).

X-ray binaries are broadly distinguished by a) the nature of the compact object (i.e.

BH-XRBs or NS-XRBs) and b) the characteristics of the companion star. The nature of

the X-ray emission (i.e. variability and hardness) provides another means of differentiation

- see Table 1.1.

Low-mass X-ray binaries (LMXBs) host smaller companions (typically < 1M⊙).

These are often later-type main-sequence stars, and accretion is primarily governed by

Roche lobe overflow. A sub-population of older LMXBs may have been ‘spun up’, and

consequently are rapidly rotating; these are known as millisecond pulsars (or, simply,

pulsars) [196]. For a review of LMXBs, see Bahramian and Degenaar [7].
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HMXBs LMXBs
X-ray spectra Hard, ≥ 15 keV Soft, ≤ 10 keV
Variability X-ray pulses, rarely outburst X-ray outbursts, rarely pulses
Accretion Stellar winds Roche lobe overflow
Companion Larger & brighter, O- B-type Smaller & fainter

Table 1.1:Characteristics of X-ray Binaries: Typical (though not universal) properties
of high-mass and low-mass X-ray binaries, adapted from Tan [276].

High-mass X-ray binaries (HMXBs) host more massive stars (often defined as M2 ≥
10M⊙). These stars are often O- or B-type stars (e.g. OB supergiants or Be stars). The

accretion of the high-mass companion onto the compact object is dominated by strong

stellar winds. For a review of HMXBs, see Tan [276].

There exists a small population of ‘intermediate-mass’ X-ray binaries, where 1.5 ≤
M2 ≤ 5M⊙ [228]. In this thesis, these systems are included as low-mass X-ray binaries,

and the cut-off mass between low- and high-mass systems is M2 = 5M⊙).

1.3.3 Open questions

The above descriptions only scratch the surface of the range of processes which govern

binary and black hole evolution. Given such complexity, population synthesis codes such

as cosmic [33] and StarTrack [19] have been developed, allowing the user to investigate

the role of each of these different channels, with the aim of explaining the observed

patterns and characteristics of compact objects, such as those existing in X-ray binaries.

These codes, including their advantages and limitations, are discussed extensively in

Chapter 2.

However, in spite of these advanced codes and the development of detailed theories

motivated by fundamental physics, questions regarding the characteristics of black holes

remain. The different evolutionary processes and mechanisms which may be responsible

are numerous and arguably the most fundamental parameters remain enigmatic. These

are the mass distribution and velocity distribution.
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1.4 The masses of black holes

1.4.1 Measuring black hole masses

The masses of compact objects cannot be measured directly, however, they can be

constrained through observations of the radial velocity curves of the companion star

[92; 53] - this method is not dependent on the interaction between the companion star and

the black hole, so whilst most examples concern X-ray binaries, astrometrically identified

non-interacting black holes may also be characterised in this way [e.g. 78; 79; 99].

Consider a binary system, comprising a compact object (M1) and a companion

star (M2), orbiting a centre of mass (defined by M1a1 = M2a2). Assuming circular

orbits (a reasonable assumption, given that tidal effects typically circularize orbits on

comparatively short timescales [16]), the radial velocity amplitude (K2) of the companion

star is given by:

K2 =
2π

P
a2sini (1.8)

Using the centre of mass definition and Kepler’s third law, the ‘mass function’ can be

derived:

f(M1) =
M3

1 sin
3i

(M1 +M2)2
=

Porb K3
2

2πG
, (1.9)

whereM1 is the mass of the compact object,M2 is the observed mass of the companion,

K2 is the peak Keplerian velocity of the companion, Porb is the orbital period, and i

is the inclination. By reducing the assumed companion mass to 0, f(M1) provides the

minimum mass for the compact object, and combining this with observations of the

companion star’s mass (e.g. through spectral type) provides more stringent constraints.

In the 1970s, observations of Cygnus X-1 (among the first X-ray sources identified)

established the presence of a massive dark companion, making it the first dynamically

confirmed black hole [299; 27], although the uncertainty in the mass of the luminous

companion means the compact object mass is still debated. Casares et al. [54] presented

the mass function of V404 Cyg, providing evidence for a ∼ 6M⊙ black hole, with a much

higher precision1 (Figure 1.4). Since then, around 50 black holes have been identified

and measured, [e.g. 54; 220; 202; 270; 191; 53; 127; 205].

When determining mass functions, it is important to consider the caveat of the

‘K-correction’. Given that some spectral features arise from the irradiated ‘half’ of the

companion, this is offset from the donor’s centre of mass, and therefore a small correction

1The estimated mass of the black hole continues to be updated/revised [e.g. 260], and was recently
posited to be part of a hierarchical triple [38].
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Figure 1.4: Radial velocity curve of the black hole in V404 Cygni: In 1992 Casares
et al. [54] presented the radial velocity curve for the luminous component of the system
V404 Cygni which indicated the presence of a 6.2M⊙. [Image credit: Casares et al. [54].]

needs to be accounted for when calculating mass functions [209]. This factor is typically

small, and, without it, the masses are slightly underestimated.

1.4.2 Mass distribution

The distribution of stellar mass black holes is linked to their origin & evolution (including

interactions with companion stars); supernova physics [93; 95; 18]; and the rates of

gravitational wave predictions [182] (amongst numerous other phenomena). Despite a

growing catalogue of black holes with well-measured masses, a complete description of

the mass distribution is still out of reach. At its centre is the debate surrounding the

so-called ‘lower mass gap’ - the phenomenon that most compact objects are less than

3M⊙ (neutron stars) or greater than 4.5M⊙ (black holes).

1.4.3 Lower mass gap

First proposed by Bailyn et al. [10], the lower mass gap describes the apparent absence

of compact objects between 3-5M⊙ - this lies above the established threshold for the
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most massive neutron stars [158], but below the smallest observed black holes. Bayesian

analysis of mass measurements of black holes in transients suggested a peak at 7M⊙,

and noted a dearth of sources below 4M⊙. More than a decade later, coincident studies

by Özel et al. [224] and Farr et al. [83] independently reaffirmed both the clustering

of observed masses between 6-10M⊙ and the absence of sources in the lower regime

(e.g. Farr et al. [83] determined the minimum black hole mass, M1% > 4.3M⊙ at 90%

confidence interval).

1.4.4 Selection biases

As a discipline, astronomy is at the mercy of observational capabilities, meaning selection

and observation biases are frequently troublesome. With that in mind, each of the

previous papers ([10; 83; 224]) investigated the likelihood of the mass gap being non-

physical but rather an artefact. Among the biases considered were: incomplete inclination

measurements leading to different mass precisions; limiting the sample to primarily

LMXBs; flux limitations; and the requirement of a stellar companion.

Testing the influence of inclination, Özel et al. [224] applied their Bayesian analysis

of 16 LMXBs, both including and excluding measurements of inclination, which are

present for fewer than half the systems in their sample. These inclination estimates are

primarily derived from the ellipsoidal modulations in the light curves of X-ray binaries

[51]. Whilst adjusting the distribution of masses for each system had some effect on the

overall distribution, the lower mass gap remained robust to these changes, indicating

incomplete analysis of inclinations is unlikely to be responsible. However, the importance

of inclination is highlighted in another study of stellar mass distributions by Kreidberg

et al. [173]. Contrary to the previous studies, revising mass estimates based on assuming

an underestimation of inclinations by previous studies suggests the mass gap is likely

populated after all. The total sample in this work comprises 16 sources, but one source,

GRO J0422+32, has mastery over the rebuttal of the mass gap. Kreidberg et al. [173]

proposed its inclination is substantially higher than previous estimates of the stellar

mass population would predict, being heavily influenced by the X-ray activity (as is

perhaps the case with A0620-00, another BH-LMXB). If this is the case, the proposed

mass decreases to 2-3M⊙, thus populating in the mass gap. However, if the inclination is

more moderate, as is consistent with other systems, the mass gap prevails.

Whilst the sample sizes used by both Özel et al. [224] & Farr et al. [83] exceed the

initial study of seven LMXBs, (comprising 16 and 20 sources respectively), each sample

was dominated by LMXBs and, more specifically, transient X-ray sources. This was not
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a deliberate choice by either author; the transient nature of most LMXBs (and a handful

of HMXBs) make dynamical mass measurements both easier and more reliable, as there

are periods when the source is not dominated by X-ray emission (quiescence) and the

spectrum of the companion star may be more easily interpreted [242]. One may then

consider that, whilst the transient nature of these systems is primarily due to orbital

periods [162], there may be a class of lower-mass black holes existing as persistent X-ray

sources. However, as outlined by Özel et al. [224], of 72 persistent X-ray sources, 46 are

confidently identified as neutron stars, and only two of the remainder exhibit behaviour

that could be associated with the presence of a black hole - in short, there is not room in

the observed persistent X-ray sources for a significant population of low-mass black holes.

There is a case to be made for the luminosity of sources introducing inherent bias

in the numbers and characteristics of the sources that are observed. Özel et al. [224]

demonstrated that, somewhat intuitively, more luminous LMXBs (based on peak X-ray

fluxes) have been subject to sufficient observation for dynamical mass measurements. In

an attempt to quantify this bias, they considered whether a mass-luminosity relation

could result in fewer low-mass black holes being identified and studied, but found that

the sample of 16 luminous LMXBs would be accompanied by 4 fainter (i.e. less massive)

LMXBs.

In fact, Jonker et al. [154] posited that selection effects result in a bias against higher

mass black holes. Jonker et al. [154] noted that, despite the general consensus that

most black holes form within the Galactic plane, the majority of dynamically confirmed

black holes (in LMXBs) exist further from the plane (two-thirds lie more than half a

kiloparsec above (or below) the Galactic plane, with only two lying within 100 pc). There

is an anti-correlation between black hole mass and Galactic scale height, indicating the

more massive black holes in LMXBs exist within the Galactic plane; extinction levels

are significantly higher in this region and are therefore less likely to be identified or

well-characterised. 2

The influence of selection effects was further investigated by Siegel et al. [266]; the

population synthesis code cosmic was used to generate populations of compact objects

with a continuous mass distribution (this was done by assuming a delayed supernova

mechanism, as is explained herein). They found a substantial population of black holes

existing in the lower mass gap (∼40%) - a large fraction of which formed via accretion-

induced collapse (AIC) of higher mass neutron stars. These populations demonstrated

2Jonker et al. [154] cites the influence of natal kicks as responsible for these spatial distributions;
this is discussed further in Chapter 2.
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that the selection biases associated with the transient nature of most observed black

holes could plausibly be responsible for the apparent dearth of low-mass black holes.

Whilst specific observational constraints provide food for thought on the selection

biases, what is more difficult to counter is the fact that, by definition, electromagnetic

dynamical mass measurements require the black hole to be coupled to a stellar companion.

That most large stars exist in binaries is uncontroversial, but the survival of these binaries

during the formative supernova is more complex and largely dependent on the supernova

channels and related natal kicks. Any relation between survival likelihood and remnant

compact object mass is not straightforward, meaning the bias introduced by the binary

requirement is not easily accounted for or corrected.

The limitations introduced by relying on dynamical mass measurements are slowly

being mediated by the growing field of gravitational wave astronomy, which has provided

some evidence of the lowest mass black holes [184; 186]. LIGO/Virgo is becoming a

useful tool in testing the lower mass gap [280; 68; 149] but for now, electromagnetic

observations dominate.

It is also worth noting that the most recently identified black hole (at the time of

writing), Swift J1727.8-1613, is theorised to host a black hole with mass M1 ≥ 3.1 ± 0.1,

which sits within the mass gap [252] - further observations are necessary to refine this

measurement.

1.4.5 Theoretical predictions

Given that observational evidence of the mass gap is inconclusive, one can consider

whether current theoretical expectations, particularly in the context of supernova physics,

are consistent with such a gap [93; 95; 96; 164]. Fryer [93] conduct simulations of

supernovae to determine the black hole mass function, relying on the initial stellar mass

function for massive stars and the relation between compact progenitor and remnant mass.

The latter relies upon the magnitude of the explosion energy relative to the gravitational

binding mass of the star. According to this approximation, a gap between 3-5M⊙ is not

expected.

On the contrary, Belczynski et al. [20] propose that a rapidly exploding supernova (i.e.

within 100-200ms after the collapse of the core) could result in scarcity of low-mass black

holes, as opposed to the delayed mechanism (where the explosion occurs > 200ms after

initial collapse) (this delayed-supernova theory was implemented in the study conducted

by Siegel et al. [266], as mentioned earlier).
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The distribution of stellar mass black holes and the legitimacy of the mass gap

is contingent on available data; to that end, further measurements of the mass of

black holes, particularly those not subject to the biases described above, will be vital.

Whilst dynamical mass measurements have historically relied on the optical and infrared

wavelengths, Chapter 4 discusses the potential to use X-ray emission features. This

method may not be subject to some of the biases described above; for instance, where

optical and infrared spectroscopy favours transient LMXBs, X-ray spectroscopy is most

viable for more active HMXBs.

1.5 The kinematics of black holes

1.5.1 Peculiar velocity

Peculiar velocity (υpec) describes the motion of a system beyond that which is predicted by

the Galactic potential (and, at a higher level, the Hubble flow3). The peculiar velocities of

Galactic objects (such as stars, stellar clusters, and compact objects) have been observed

for decades [e.g. 304; 263], with pulsars in particular being subject to intensive study

[e.g. 189; 66; 125; 284; 133]. Since then, a number of other neutron stars and black holes

have also been identified as having high peculiar velocities [e.g. 303; 90; 308; 197].

These peculiar velocities can be measured using astrometry (see Section 1.6.3). As laid

out by Reid et al. [240], the Galactocentric 3D velocity is calculated from the distance

to the star, its position in the Galaxy, and its observed its motion through the Galaxy

(and various constants, such as the distance between the Sun and the Galactic centre,

Galactic rotational speed, etc.).

Gaia observatory is an astrometric mission designed to create a precise map of the

positions and movements of the Galaxy - for further details see Section 1.6.3. Zhao et al.

[318] present a catalogue of the 89 compact objects that have well-measured astrometry,

including the results of the Gaia mission, as well as individual studies of distances and

radial velocities (Figure 1.5 shows the Gaia measured positions and proper motions of

all the neutron stars and black holes in this study). This sample demonstrated anti-

correlations of υpec with both total system mass and orbital period (υpec ∝ M−0.5
tot and

υpec ∝ P−0.2
orb ). This is not the first statistical study of high-peculiar velocity systems [e.g.

3The Hubble flow describes the velocity of galaxies due to the expansion of the Universe; any deviation
from this may be observed as redshift/blueshift and indicative of influences outside this expansion. For
example, the Andromeda galaxy is hurtling towards us with a peculiar velocity υpec ∼ 300 km s−1 [268].
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206; 133] and serves to reaffirm the presence of additional drivers of motion beyond that

which is expected due to the Galactic potential.

1.5.2 The importance of natal kicks

The deaths of massive stars can impart additional acceleration to compact objects

at the instant of supernova (SN), an impulse referred to as a natal kick. The high

peculiar velocity of many XRBs supports the hypothesis that non-negligible natal kicks

occurred at the instant of supernova [206; 133; 100; 5; 87; 221], although this is only

a proxy for kick velocity. There remains uncertainty in the role of natal kicks in the

evolution of black hole systems. Previous literature has made a distinction between kicks

associated with neutron stars [e.g., 119; 286; 190; 189; 31; 133; 292] versus black holes

[e.g., 152; 117; 245; 143; 197], with the former being more extensively studied. Whilst

there exists evidence for neutron star kicks with both high and low velocities, evidence

of black holes receiving natal kicks is less clear.

These kick velocities have a profound effect on the remnant’s subsequent dynamical

evolution [156; 159; 214; 133]; its spin [48; 65; 89; 45; 8]; the rate of gravitational wave

merger events in binary systems [21]; the rate of lensing events they may give rise to

[169]; remnant retention fraction in stellar clusters [227; 272; 109]; and the evolution and

characteristics of these clusters [267; 247]. Natal kicks may disrupt the binary, resulting

in isolated black holes (and neutron stars) and a population of high-velocity ‘run-away’

(or, perhaps, ‘walk-away’) stars [243]. These isolated black holes are all but impossible to

find, and being able to quantify their contribution to the Galactic population would be

valuable in determining the degree to which inferences based on X-ray binaries apply to

the entire population. Conversely, natal kicks may be responsible for systems merging. In

the case of surviving binaries, the natal kicks impact not only the velocity but also the

eccentricity and orbital separation, which in turn govern whether there will be periods of

accretion and mass transfer, and have a hand in determining how likely we are to observe

these systems using the techniques outlined in Section 1.6.

Kicks have been put forward to explain binary population features beyond peculiar

velocities; namely the anti-correlation between period and distance from the Galactic

plane (Z height) [100]. If black hole X-ray binaries are formed within the Galactic disc,

then the current Z distribution may be the result of kicks (both asymmetric progenitor

kicks and ‘Blaauw’ kicks [24] - for further detail see Chapter 2), which either displace

the binary to somewhere further from its natal site or, if the binary is more widely

20



−150 ◦−120 ◦−90 ◦−60 ◦−30 ◦0 ◦30 ◦60 ◦90 ◦120 ◦150 ◦

−75 ◦
−60 ◦

−45 ◦

−30 ◦

−15 ◦

0 ◦

15 ◦

30 ◦

45 ◦

60 ◦

75 ◦

A 0620−00
XTE J1118+480
GRS 1124−684
BW Cir
4U 1543−475

XTE J1550−564
GRO 1655−40
GRS 1915+105
MAXI J1836−194
GX 339−4

H 1705−250
Swift J1753.5−0127
MAXI J1820+070
MAXI J1305−704
V404 Cyg

Cyg X-1
V4641 Sgr
MWC 656
SS 433
HD 96670

Gaia BH1
Gaia BH2
J05215658
AS 386

−150 ◦−120 ◦−90 ◦−60 ◦−30 ◦0 ◦30 ◦60 ◦90 ◦120 ◦150 ◦

−75 ◦
−60 ◦

−45 ◦

−30 ◦

−15 ◦

0 ◦

15 ◦

30 ◦

45 ◦

60 ◦

75 ◦

2A 1822−371
2S 0921−630
GX 1+4
4U 1636−536
4U 1700+24
Aql X-1
Cen X-4
Cyg X-2
Her X-1
Sco X-1
4U 1254−69
4U 1735−444
MXB 1659−298

Ser X-1
XTE J1814−338
IGR J00370+6122
2S 0114+650
RX J0146.9+6121
LS I +61 303
X Persi
XTE J0421+560
EXO 051910+3737.7
1A 0535+262
HD 259440
IGR J08408−4503
Vela X-1

2FGL J1019.0−5856
Cen X-3
2S 1145−619
1E 1145.1−6141
GX 301−2
1H 1249−637
1H 1253−761
1H 1255−567
4U 1538−52
4U 1700−37
IGR J17544−2619
1H 2202+501
4U 2206+543

LS 5039
J125556.57
J15274848
J06163552
J235456.76
J112306.9
PSR J0348+0432
PSR J1012+5307
PSR J1023+0038
PSR J1024−0719
PSR J1048+2339
XSS J12270−4859
PSR B1259−63

PSR J1306−4035
PSR J1311−3430
PSR J1417−4402
PSR J1431−4715
PSR J1622−0315
PSR J1628−3205
PSR J1653−0158
PSR J1723−2837
PSR J1816+4510
PSR J2039−5617
PSR J2129−0429
PSR J2215+5135
PSR J2339−0533

Figure 1.5: Proper Motions of Galactic compact objects: The Gaia observed
positions and proper motions of 24 black holes (upper) and 65 neutron stars (lower) in
Galactic coordinates. [Image credit: Zhang et al. [317].]
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separated, disrupt it entirely, hence the lack of observed long period binaries at high

Galactic latitudes.

These kicks may be associated with any number of physical processes - many of

which invoke asymmetries as an intuitive explanation for a recoiling compact object

(recalling Newton’s ubiquitous Third Law). These may be associated with ejected matter

(baryonic) or neutrinos [126; 145; 40; 94; 255; 256; 165]. Inhomogeneities likely exist in

both the density of the stellar progenitor [265; 40], the neutrino heated region behind

the shock wave [40; 176], and the shock wave itself [255]; Rayleigh-Taylor instabilities,

for instance, are a well-established feature of supernova hydrodynamics [42; 129; 146].

These non-negligible perturbations likely grow with time - it is for this reason that a

slower onset of explosion is conducive to larger asymmetries and therefore larger recoils

imparted to the newly formed compact object [94; 255]4.

Whilst extensive, multidimensional hydrodynamic simulations provide examples of

natal kick velocities, one may predict the magnitude of a recoil kick under the assumption

it is proportional to the degree of asymmetry within the star. Janka and Müller [146]

propose recoil velocities may be expressed as follows:

υNS = α
Mej

MNS

υej (1.10)

where Mej is the mass of ejected material and MNS is the mass of the remnant neutron star.

α = ⟨υz⟩/⟨|υ|⟩ indicates the deviation from spherical symmetry. Under this assumption,

even slight asymmetries (of order a few per cent or less) would be conducive to natal

kicks consistent with observations [42; 146; 217; 219]. This may be elaborated upon

to consider the recoil velocities associated with specific mechanisms (i.e. convective

instability within the newly formed neutron star, turbulence in post-shock material, and

anisotropic neutrino emission).

Nordhaus et al. [219] present:

ac =

∫
r>rc

Gr⃗

r3
dm− 1

Mc

[∫
r=rc

P dS⃗ +

∫
r=rc

ρυrυ⃗ dS

]
(1.11)

where ac and Mc are the acceleration and mass of the core; P is the gas pressure;

ρ indicates the fluid density; and υ⃗ denotes the fluid velocity (with υr being the radial

component). Each of the three terms corresponds to the contribution from a) gravity

of matter external to the core, b) anisotropic gas pressure, and c) momentum flux,

respectively. Here, perfect isotropy results in each term vanishing, and zero recoil kick,

4Yamada and Sato [314] report that prompt explosions are hindered by rotation of the stellar core -
the link between progenitor rotation and natal kick strength requires further research.
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whereas asymmetric explosions yield recoil velocities of 10 < υNS < 1000 km s−1.

Equation 1.11 may appear to provide a simple analytical prediction of recoil velocities;

however, the interconnection between pressure and momentum flux, coupled with the

fact that each of these terms evolves over different time scales, means predicting recoil

velocities remains complex and highly model-dependent.

A thorough review of the hydrodynamic & radiative processes within supernovae

and their associated kinematics is beyond this thesis’ jurisdiction. Whilst the exact

mechanisms and their associated kick magnitudes remain subject to debate, one comment

remains strikingly consistent among hydrodynamical studies; that is, that natal kicks are

considerable for neutron stars and inconsequential for black holes. Observational evidence

for non-negligible natal kicks applied to black holes is growing (as is described in Chapter

2) but a description of natal kick mechanisms that fully describes all observations is, for

now, out of reach.

That neither the mass nor the velocity of compact objects is fully explained is

curious; the key characteristic of black holes is their mass, and the key characteristic of

the Universe is arguably its restlessness. That the both mass distribution and velocity

distribution of black holes evade explanation highlights that the marriage between theory

and observation is a quarrelsome one.

Whilst fundamental physics can aid in the development of theoretical models and

prescriptions, science is separated from mathematics by the presence of data. Fortunately,

this is an era in which data from black holes is more accessible than ever before.

1.6 Observations of black holes

As a discipline, astronomy dates back as far as the dawn of humanity itself. To become

an astronomer, one need only step outside and look up. All that separates us now from

early humankind is the development of technologies allowing us to look beyond that

which we can observe by eye.

One could imagine returning to Mesolithic Scotland, explaining to the makers of the

world’s oldest lunar calendar that not only do we still look to the Moon, but we can

now see each mountain and crater as clearly as the ground we walk on. It is plausible

that our ancestors could come to terms with the idea of using a ground-based optical

telescope as a glorified magnifying glass, allowing us to effectively zoom in on the skies.

What is more difficult to explain is our ability to see the invisible; the most fundamental

feature of black holes is that they absorb everything and emit nothing, no electromagnetic
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radiation, no light of any kind. And yet, in this era of astronomy, observing black holes

is discussed in the same context as observing exoplanets or solar flares. Advancements

in space technology and the development of strategies to circumvent the problem of

observing the unobservable have made black holes visible - though they remain shrouded

in mystery.

Observations of black holes began in the 1960s5, with the discovery of the first non-

stellar X-ray source in the Galaxy Scorpius X-1 (Sco X-1) - though at the time the

nature of this source was unknown [107]. The first evidence of a black hole was presented

independently by Webster and Murdin [299] and Trimble [286], relying on dynamical

mass measurements (as described in Section 1.4 & Chapters 3 & 4). Since then black holes

have been studied with a range of techniques, each with its own advantages. A thorough

review of black hole observations could be a thesis in itself - this section provides an

outline of the main techniques and missions and highlights those used in this work.

1.6.1 X-ray emission

Despite coming more than 500 years after the optical, X-ray astronomy is now intrinsic to

studies of black holes and other compact objects. X-ray binaries are the best candidates

with which to observe and characterize black holes. Their X-ray luminosities range over

1036 − 1040 ergs s−1, depending on the specific system, and whether it is experiencing

X-ray outburst active or is in quiescence [92]6. Outburst activity can be associated with

a number of processes, the most commonly cited of which is the accretion disc instability

mechanism, where thermal instabilities within the accretion disc increase its viscosity,

allowing for more efficient mass transfer and greater emission of X-rays [288; 162].

The Chandra X-ray Observatory, XMM-Newton, and eROSITA have been able to

identify and characterise hundreds of X-ray binaries, including both neutron stars and

black holes [e.g. 153; 120; 85] (see Figure 1.6). In their wake, a new era of X-ray astronomy

has been enabled by the development of microcalorimeters. The latest X-ray mission,

XRISM includes a microcalorimeter, Resolve, which can measure X-ray energies to a

resolution of 5-10eV (more than a factor of 10 greater than Chandra, for instance)

[313; 312]. The future of X-ray astronomy is promising; high energy resolution translates

5Whilst this discussion is focused on stellar mass black holes, observations of super-massive black
holes began with Seyfert galaxies [259].

6Quiescence here is a relative term, since even faint LMXBs are some of the most luminous X-ray
sources in the Galaxy.
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Figure 1.6: The X-ray Universe, as seen by eROSITA: eROSITA (extended
ROentgen Survey with an Imaging Telescope Array) is the primary instrument on the
Spectrum-Roentgen-Gamma (SRG) mission (0.1-10 keV). This image (from eROSITA
All-Sky Survey DR1 [203]) shows the number of X-ray sources within the universe; the
X-ray binaries Cyg X-1 (BH), Cyg X-2 (NS), and Sco X-1 (NS) are highlighted with
white boxes.[Image credit: Jeremy Sanders, Hermann Brunner, Andrea Merloni, and the
eSASS team (MPE); Eugene Churazov, Marat Gilfanov (on behalf of IKI)].

to high velocity resolution and, in our dynamic universe, this is sure to unearth a plethora

of information on the nature of black holes.

1.6.2 Optical surveys and spectroscopy

If black holes remain coupled to an ordinary luminous star, the latter may be used to

infer the existence and properties of the black hole. Stellar spectra carry the signatures

of the orbital motion of the companion star around the black hole, observed as variations

in the wavelength of known emission and absorption features (à la the Doppler effect).

These orbital motions provide constraints on the mass of the black hole, and other

characteristics of the binary (e.g. orbital period) (see Equation 1.9 & Figure 1.4) [e.g. 54].

Observations of these luminous stars are typically conducted in the optical or infrared
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wavebands, as these have the advantage of penetrating the Earth’s atmosphere and being

visible from ground-based observatories.

Relying on spectra from the luminous companion means these techniques are viable

for non-interacting systems (i.e. where there is no mass transfer between a black hole and

its companion star and the system is, therefore, quiet in X-ray). Leading observatories

include the Very Large Telescope (VLT - Chile) and The Keck Observatory (Hawaii).

Additionally, photometric data (e.g. in the ASAS-SN Catalogue [166]), can be a useful

tool in identifying binaries, particularly those with high inclinations, due to elliptical

variations in the light curves. Optical surveys such as LAMOST [69] may be used in

tandem with photometric surveys to identify binaries hosting compact objects [319].

1.6.3 Astrometric measurements

First carried out in the radio waveband [67], astrometry is the science of measuring the

positions and motions of astronomical objects. The key parameters are: parallax, ω, (the

angular shift in position due to the motion of an observer (i.e. the Earth), from which

one can derive distance (d = 1/ω, where d is measured in parsecs and ω is measured in

arcseconds)); position, defined by right ascension α (RA) and declination δ (Dec); proper

motions, both the RA & Dec components, µα & µδ; and systemic radial velocity γ (along

the line of sight).

The standard model of stellar motion [80; 47] described the trajectory of a star

travelling through our Galaxy, expressed linearly as:

b⃗(t) = b⃗0 + tυ⃗ − t0υ⃗ (1.12)

where b⃗ is the star’s barycentric position and υ⃗ is the constant space velocity. t is, of

course, time and b⃗0 and t0 are the reference position and time respectively. The peculiar

velocities of compact objects are best constrained through astrometry (e.g. Figure 1.5

shows the proper motions of 89 Galactic X-ray binaries, from which one may calculate

their peculiar velocity), and the spatial distribution of X-ray binaries has been deemed

the result of natal kicks [100; 154] (and also cited as a potential bias when understanding

the mass distribution of black holes [154]). Additionally, the motion of luminous stars can

be tracked using astrometry, and any deviations from the expected behaviour of isolated

stars can act as a smoke signal for a more exotic system, perhaps those containing a

compact object which is not interacting with its associated star.
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The Hipparcos mission provided the first major catalogue of astrometrically measured

stars, with over a million sources [80; 188; 134]. The success of optical astrometry over

radio led to the development of the renowned Gaia mission (for further details, see

Section 3.2).

1.6.4 Microlensing

Whilst still in its infancy, microlensing is expected to become a powerful means of

identifying black holes. Microlensing occurs due to the occultation of a luminous star

by a black hole (the lens) resulting in a characteristic increase in luminosity [113].

Microlensing as a technique is best suited to long-term observations; upcoming optical

missions, including the ongoing surveys using TESS [246] and LSST [287], will provide

a wealth of information on Galactic transients and variable objects. These surveys are

expected to uncover hundreds to potentially thousands of black holes, many of which

may be viable for additional follow-up with other techniques [302; 322].

The Nancy Grace Roman Telescope [115], scheduled for launch in 2027, aims to use

microlensing to identify exoplanets, but is also well-suited for searches for black holes in

widely separated binaries [102]

1.6.5 Gravitational waves

Beyond the electromagnetic spectrum, gravitational wave astronomy has become a hugely

powerful means of studying black holes. This September (2025) marks 10 years since the

first observation of a binary black hole merger by LIGO/Virgo [183], and the field has

developed rapidly since. LIGO/Virgo/Kagra have since detected dozens of gravitational

waves associated with compact objects [187]. Relying on laser interferometry (where

imperceivable changes in the gravitational field result in the length contraction of the

interferometers, measurable by a reflecting light beam) [180], observed gravitational

waveforms can be used to determine the masses and spins of the associated black holes,

and there is a great deal of research into what other information that may be encoded in

the waveforms

In the 2030s, the Laser Interferometer Space Antenna (LISA) [181] promises to further

revolutionise the field, able to study hundreds more black holes, including populations

that are as yet undetectable. Gravitational waves provide a unique opportunity to study

black holes at later stages of their evolution and act as a laboratory for tests of General

Relativity.
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1.6.6 Union of theory and observation

Access to such a rich wealth of data means theoretical studies of black holes are now

supported (or limited, depending on your point of view) by observational evidence.

There are of order 300 Galactic X-ray binaries that have been identified, a few dozen

of which harbour black holes [87; 88], and a growing sample of non-interacting black

holes. Compared to the complexity and variability of these systems, these populations

are relatively small. Consequently, there remains much to be understood about the

characteristics, evolution, and populations of black holes, within our Galaxy and beyond.

1.7 Thesis Outline

In this thesis, I will describe how the most cutting-edge data may be used to further

develop and constrain our understanding of black hole evolution.

Given the importance of natal kicks in determining various aspects of black hole

evolution, Chapter 2 uses state of the art astrometry to investigate the natal kicks

applied to Galactic X-ray binaries. It has long been assumed that black holes receive

smaller/negligible kicks compared to neutron stars, with typical magnitudes for each class

differing by more than an order of magnitude. To test whether this theory prevails and

given the updated astrometric measurements of compact objects, I determine the possible

natal kicks for 68 Galactic X-ray binaries, comprising both neutron stars and black holes.

I detail the comprehensive binary population synthesis used in tandem with ab initio

descriptions of the influence of natal kicks on a system’s parameters to understand its

history and formation. This methodology improves upon previous studies in various ways,

notably that the work does not rely solely on present-day space velocities.

The results show that the natal kick distributions of black holes and neutron stars are

extremely similar and formally indistinguishable, at least for Galactic compact accreting

binary systems. I propose that black holes can receive large natal kicks and that kicks

for all remnant types are consistent with being drawn from a common distribution, with

no strong dependence on remnant mass.

These results demonstrate that similar physics drives kicks, irrespective of remnant

type and suggest an as yet unidentified evolutionary channel in which both classes of

system receive moderate natal kicks. I discuss the implications of this result in the context

of supernova physics and the inferences that can be made regarding the physical drivers

of these natal kicks. Additionally, the consequences of strong natal kicks being applied to
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black holes are investigated in the context of gravitational wave astronomy. If double

compact objects suffer similar kicks, these results will improve merger rate predictions

for gravitational wave detectors. I find that, perhaps counterintuitively, merger rates do

not scale down monotonically with natal kick, likely due to enhanced mergers in highly

perturbed and eccentric systems.

Chapter 3 concerns the newly emerging field of non-interacting black holes; I outline

the discovery (and controversy) surrounding Gaia BH1, the first astrometrically identified

non-interacting black hole, and give an overview of the plausible evolutionary pathways

(and the associated inconsistencies with observations). Thereafter, I searched the Gaia

catalogue for systems that resemble Gaia BH1 in order to identify other non-interacting

black holes. Deriving the radial velocity curves of 6 candidate black holes, using high-

resolution optical spectra, show that these systems are better characterised as ordinary

stellar binaries. The astrometric solutions presented in Gaia DR3 are inconsistent with

observations, and I discuss the repercussions of this, in terms of systems which have

already been identified, and those which remain undetected.

In Chapter 4 I explore the potential of advanced X-ray spectrometers to constrain

the mass function of the compact object in X-ray binaries. Fe K line fluorescence is a

common feature in the spectra of luminous X-ray binaries, with a Doppler-broadened

component from the inner accretion disc extensively studied. If a corresponding narrow

line from the X-ray irradiated companion can be isolated, this provides an opportunity

to further constrain the binary system properties. Here, I model binary geometry to

determine the companion star’s solid angle and deduce the iron line’s equivalent width,

finding that for systems with a mass ratio q > 0.1, the expected Kα equivalent width is

2–40 eV. Simulations using XSPEC indicate that new microcalorimeters, such as XRISM’s

Resolve will have sufficient resolution to be able to produce Kα emission line radial

velocity measurements with precision of 5–40 km s−1. The caveats to this are identified

and explained, the primary one being that this method is dependent on the successful

isolation of the narrow line from the broad component, and the observation of clear

changes in velocity independent of scatter arising from complex wind and disc behaviour.

Despite this method remaining untested, there is huge potential to apply it to bright

X-ray sources, thereby expanding the sample of well-measured black hole masses to

include binaries for which optical and infrared measurements are not viable.

Finally, Chapter 5 provides a summary, detailing the progress that has been made,

and areas suitable for further research.
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Chapter 2

Interpreting the velocities of compact

objects

Despite sometimes appearing as a great and dark void, our Galaxy is a dynamic, ever-

changing entity. This constant motion is the result of innumerable complex and multi-

layered mechanisms, which, if understood, offer insight into the fundamental physics that

drives the universe.

In this Chapter, the high-precision astrometry provided by Gaia (see Section 1.6.3

and, for further detail, Section 3.2) is used in tandem with the most up-to-date system

parameters for Galactic compact objects (specifically those in X-ray binaries) to infer the

natal kicks imparted at formation. Applying the same methodology, including detailed

population synthesis and a thorough description of the impact of natal kicks on a system,

to both neutron stars and black holes means any discrepancies are likely to be genuine,

rather than the result of different analytical approaches.

There appears to be no statistically significant difference in the distributions of natal

kicks applied to black holes compared to neutron stars. The natal kicks applied to each

type of compact object span similar ranges, and can be well-described with a gamma

distribution with mean 147 km s−1. The distribution of natal kicks applied to compact

objects provides crucial information on the plausibility of formation mechanisms, and the

implications of the results presented here are discussed in Section 2.2. Crucially, there is

evidence for a formation channel resulting in moderate to large natal kicks being applied

to black holes, which is currently at odds with hydrodynamic simulations.
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2.1 Constraining natal kicks

2.1.1 The sample of compact objects

As outlined in Section 1.5, the peculiar velocity of astronomical objects has been studied

for decades. Pulsars have been identified as a class of objects that often have high peculiar

velocities, of order hundreds km s−1. This has been cited as evidence that neutron stars

are subject to strong natal kicks (an additional impulse imparted to the compact object

upon its formation). Whether black holes experience the same natal kicks, however, is

more contentious. Whilst studies of high velocity pulsars (and other neutron stars) are

numerous [e.g. 189; 66; 125; 284; 133], investigations into the peculiar velocity of black

holes are less extensive; a handful of studies have been conducted for individual systems

[e.g. 303; 90; 308; 161; 70], and only a few studies consider samples of black holes [e.g.

245; 211].

Each of these studies employs a range of methodologies to examine and explain

the peculiar velocities of compact objects, meaning a thorough comparison between

neutron stars and black holes is subject to extensive caveats. Additionally, the present-

day peculiar velocity of a compact object is often used as a proxy for the velocity of

any natal kick, neglecting the influence of mass-loss during the supernova (SN) and the

varying characteristics of each system. For example, it is elementary that a more massive

system will achieve a smaller velocity when subject to the same force (i.e. natal kick) as

a smaller system.

Zhao et al. [318] (hereafter referred to as Zhao23) compiled a catalogue of 89 Galactic

compact objects (both neutron stars and black holes) and their peculiar velocities, derived

from the most up-to-date astrometry from Gaia DR3. Present-day peculiar velocities were

calculated following the method presented by Reid et al [240]. Additionally, estimates of

birth peculiar velocity were calculated by tracing the systems motion through the Galaxy

and identifying the peculiar velocity of the system when it crossed the Galactic plane -

the idea being that, if systems were formed in the Galactic plane, this provides a better

estimate of birth peculiar velocity, as they have not been subject to deceleration due to the

Galactic potential [72]. However, given that this is subject to the assumption of formation

within the Galactic plane1, and the fact that older LMXBs may have experienced multiple

plane crossings over their history, the peculiar velocities used in this study are those from

1Although, Brandt and Podsiadlowski [30] report that the spatial distribution of X-ray binaries
is in good agreement with models assuming formation in the Galactic plane, and does not require a
population of progenitors existing at greater scale heights.
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the present day. These values are, in all cases, lower than estimates from Galactic plane

crossings, meaning inferences on natal kicks are, broadly speaking, more conservative.

Presenting evidence for an anti-correlation between the peculiar velocity and total system

mass, Zhao23 proposed that peculiar velocities are consistent with a two-component

Maxwellian distribution (σ1 = 23± 3 km s−1 & σ2 = 107± 10 km s−1)

One source of post-SN velocity is symmetric mass-loss [214], where mass is instantly

ejected from the compact progenitor by the supernova, resulting in a recoil kick to the

system. Considering this in tandem with Kepler’s laws, one can derive an expression for

the velocity imparted to the binary system:

υMLK = 213× m

M⊙

∆M

M⊙

(
Pcirc

day

)− 1
3
(
Mtot

M⊙

)− 5
3

km s−1, (2.1)

where m and Mtot are the luminous companion and post-SN total system masses, ∆M is

the mass lost from the compact object progenitor due to SN, and Pcirc is the post-SN

circularised orbital period (see Appendix A for derivation).

Equation 2.1 yields an estimate of the post-SN velocity of a system purely perturbed

by symmetric mass loss, subsequently referred to as the mass-loss kick velocity (υMLK).

These are sometimes referred to as Blaauw kicks [24]. Comparing these to the peculiar

velocities yields an estimate of the natal kicks (or, the very least, provides an inference

on the extent to which an additional source of momentum is necessary).

Using the calculations presented by Nelemans et al. [214], one can estimate the

magnitude of the systemic velocity that would result from the mass-loss kick for each of

their systems, and compare this to the observed peculiar velocity, in order to identify

systems for which mass-loss alone was insufficient to explain the systemic velocity. These

systems may therefore have received a non-zero natal kick (though the mechanisms

associated with these kicks remain ambiguous).

High natal kick candidates can be identified as follows. For each binary, the maximum

velocity associated solely with mass-loss (υMLK) can be estimated and compared to the

calculated υpec. From the virial theorem, it follows that a system that loses more than

half its total mass due to the supernova will be disrupted; therefore the present-day Mtot

of the system provides an upper limit of ∆M . Provided there has been no significant

change in Porb due to mass transfer, magnetic braking, etc., Pcirc may be substituted by

Porb.

Where systems have a υpec higher than υMLK, it can be inferred that an additional

source of momentum may have been imparted — an additional kick related to mechanisms
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other than instantaneous mass ejection. Figure 2.1 shows the estimated υMLK compared

to the measured υpec for the Zhao23 sample.

However, the above calculation provides only estimates, based on broad assumptions

about supernovae progenitors. Whilst these estimates are a good litmus test for systems

that may require additional kicks, they are far from rigorous. In practice, there are usually

many viable progenitors for any particular combination of present-day peculiar velocity

and binary parameters. That is, the observed properties of a compact binary system

permit a range of kick velocities. In order to infer the true kick velocity distribution, it is

necessary to determine this range for each observed system. This requires the combination

of accurate and precise observations with theoretical binary evolution models.

Here, detailed population synthesis is carried out to identify evolutionary channels

and progenitor properties of all interacting objects included in the Zhao23 catalogue

(with the addition of the newly dynamically confirmed black hole system Swift J1727.8–

162 [252]). The aim is to use the observational constraints of known compact object

systems, including their peculiar velocities, to constrain their evolutionary histories and

the magnitude of any natal kicks they may have received. Whilst a number of previous

studies have studied the natal kicks of individual systems or populations of pulsars, this

is the first study of a large sample of compact object binaries including both neutron

stars and black holes.

There are 89 compact object binaries presented in Zhao23; of these, 9 are non-

interacting systems & 8 do not have well-constrained companion masses or orbital

periods. There are 4 pulsars and 1 NS-LMXB for which constraints on their formation

history are indeterminate; J1431–4715; J1622–0315; J1628–3205; J2039–5617; & Ser X–1.

These systems have the lowest total mass within the sample; each hosts a neutron star

and a sub-solar companion, 0.1 ≤ M2 ≤ 0.2M⊙, with orbital periods 2–12 hours. These

systems proved difficult to replicate through standard population synthesis channels

- likely due to their low system mass and low mass ratio (0.05–0.15) making it more

difficult for them to survive mass-transfer & common envelope intervals without merging.

Population synthesis identifies the likely evolutionary history of the 67 remaining

interacting compact objects, alongside the newly characterised black hole LMXB, Swift

J1727.8–0127 [252]. The final sample comprises: 20 black holes in X-ray binaries (15

BH-LMXB & 5 BH-HMXB); 33 neutron stars in X-ray binaries (14 NS-LMXB & 19

BH-HMXB); and 15 neutron star pulsars (14 NS-LM-PSR & 1 NS-HM-PSR) (see Table

2.1). For a detailed discussion of the sample, observational and astrometric measurements,

selection effects, and peculiar velocity calculations, see Zhao23. With a total sample
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Figure 2.1: Observed peculiar velocity compared to estimated mass loss kick:
Ratio between present-day system velocity and estimated mass-loss kick velocity as a
function of total system mass for Zhao23 sample. Coloured markers indicate 68 systems
for which there are synthesised populations, their types distinguished by marker shape
and colour (blue circles: black holes, green squares: neutron stars, orange diamonds:
pulsars).

High mass Low Mass Total
Black Holes 5 15 20
Neutron Stars 19 14 33

Pulsars 1 14 15
Total 40 28

Table 2.1: System types: Summary of the compact object systems used in this study,
differentiated based on compact object type and the nature of the companion star.

size of 68 systems, this study is the largest of its kind and the first to apply the same

methodology, including detailed population synthesis, to neutron stars and black holes.

Comparing the characteristics of the black hole, pulsar, and neutron star populations

within the sample shows no obvious systematic bias - i.e. each population spans a range

of distances, orbital periods, companion mass, apparent magnitudes, and Galactic scale

heights, with no evidence of populations being distinguished by anything other than their

system classification (see Figure 2.2).
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2.1.2 Population synthesis

Binary population synthesis provides a powerful means to understand the evolution and

formation of compact objects within binaries. This relies on the assumption that isolated

evolution is the dominant channel through which binaries form (i.e. systems were born in

stellar binaries as opposed to existing for an undetermined amount of time as single stars

before becoming coupled as the result of dynamical interaction (referred to as dynamical

capture). However, the simulations are independent of the Galactic position, meaning

formation outside of the Galactic plane (in a globular cluster for example) does not affect

the results of simulations (although may affect inferences on natal kick velocities, as is

discussed later in Section 2.1.8).

Compact Object Synthesis and Monte Carlo Investigation Code (cosmic)

is a binary population synthesis code adapted from Binary Stellar Evolution code

(BSE) to include modified and updated evolution prescriptions and parameters [34].

Synthesised populations were generated and analysed, to generate populations of binaries

that evolve to resemble each system following the first supernova (i.e. with masses and

orbital periods consistent with the observed values within 1-σ), referred to henceforth as

‘system analogues’ (for examples, see Table 2.2).

2.1.2.1 Assumptions & Prescriptions

The initial parameter space covered in the search for analogous systems is as follows:

0.5 ≤ M1 ≤ 80M⊙; 0.05 ≤ M2 ≤ 80M⊙; 10
−3 ≤ Porb ≤ 104 days. Factors such as

differing descriptions of common envelopes & magnetic braking were kept constant in all

simulations, using canonical estimates common in binary population synthesis. Given

the complexity and uncertainty surrounding binary evolution, simulations for this study

do not explore all possible evolutionary scenarios and formation channels.

Initial eccentricities for all systems were set at zero; this is a fair assumption given that

tidal forces will act to circularise binaries quickly (within a few million years), particularly

closely separated binaries such as these. Note that whilst evolutionary uncertainties such

as common envelope efficiency, rates of mass-loss from stellar wind, and changes in Porb

associated with magnetic braking may all impact the evolution of simulated binaries, the

focus of this study is the effect of kicks.

Stellar winds are modelled based on theoretical predictions of radiation-driven mass

loss (where mass-loss rates scale with metallicity depending on temperature) and Lu-

minous Blue Variable mass loss [296; 294]. Wind velocities and accretion rates are kept
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consistent with those employed by StarTrack, as described in Belczynski et al.[18], and

accretion rates are Eddington limited.

Descriptions of mass transfer are motivated according to the process used by Hurley

et al. [138]. The critical mass ratio determining the onset of unstable mass transfer is

consistent with standard BSE (Binary Stellar Evolution) codes and includes distinct

conditions in the case of giant stars [138; 132].

The common envelope phase is based on the standard αλ model (as described in

Section 1.2), characterised by an ejection efficiency parameter α = 1.0. The binding

energy factor, λ, is calculated following the method presented by Pols et al. [232].

Simulations consider mergers unavoidable in the case of unstable mass transfer, in which

the core-envelope boundary is ill-defined (this is often considered a ‘pessimistic’ CE

scenario). Magnetic braking (the loss of angular momentum due to the interaction

between stellar material and magnetic fields) adheres to the prescription of Ivanova and

Taam [141].

For comparative purposes, further simulations were carried out under different as-

sumptions. Two other descriptions of stellar winds were employed: 1) the standard model

used in BSE, presented in Hurley et al. [138], where winds are a function of stellar

spectral type; 2) the prescription used in StarTrack, where mass-loss is a function of

temperature & metallicity [18]. In additional sets of simulations, stellar metallicities

were drawn randomly from 0.01–10 times solar metallicity, and eccentricities adhere to

the distributions proposed by Sana et al. [251], where the the probability of a given

eccentricity is P(e)∼ e−0.42.

The results of these simulations are largely consistent with the primary investigation.

The main differences concern the likelihood of producing given systems, as well as the

evolutionary timescales. The inferences made on natal kicks are robust to these changes,

given that the properties of each system at the instant of supernova are similar across all

simulations, as is the ejected mass.

For example: The ratio between a system’s peculiar velocity and the estimated velocity

due to the mass-loss kick indicates that H 1705-250 (amongst other systems) was likely

subject to a strong kick upon formation - although as discussed, this is merely conjecture.

Population synthesis supports a ‘standard’ binary evolution channel for H1705-250. The

more massive component of the initial binary evolves, eventually breaching its Roche

lobe and resulting in mass transfer; it then undergoes a core-collapse supernova, leaving

behind a black hole. At SN, the black hole progenitor (a stripped Helium star) likely had
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a mass of 9.25 – 11.5M⊙, and the companion had a mass of 0.25 – 0.45M⊙.

Simulations indicate that the compact progenitor loses ∼ 4M⊙ as a consequence of

the supernova - 40% of its initial mass. Substituting this value into Equation 2.1 yields

an improved estimate of the mass-loss kick, at υMLK ≈ 16 km s−1 (though the momentum

imparted by mass-loss is treated fully when considering plausible natal kicks, see Section

2.1.8). It is apparent that the momentum imparted to the surviving system from the

mass ejection in the H 1705-250 system cannot explain the high system velocity observed

in isolation. An additional source of momentum, due to natal kick related to mechanisms

other than mass ejection, is required.

On the other hand, in the case of IGR J00370+6122, an NS-HMXB, the magnitude

of the estimated mass-loss kick is comparable to the observed peculiar velocity, and there

is little reason to assume a natal kick must have been imparted upon formation. With a

progenitor mass M1,i ≤ 2M⊙, the ejected mass lies in the range 0.14 ≤ ∆M ≤ 0.73M⊙,

and is unlikely to invoke a systemic velocity of more than 10 km s−1. Whilst this is

smaller than initial estimates (as well as the nominal peculiar velocity), a natal kick is

not required if one attributes the small discrepancy to an intrinsic Galactic dispersion.

Table 2.2: Examples of the output of population synthesis: The expected progenitor
parameters and mass loss for 5 X-ray binaries within this sample. The estimated kick
velocity associated purely with mass loss based on broad assumptions is indicated in
comparison to those calculated from detailed population synthesis.

Name Type υpec υMLK,est
υpec

υMLK,est
M1,i dM ⟨υMLK,sim⟩

[km s−1] [km s−1] [M⊙] [M⊙] [km s−1]

Cyg X-1 BH-HMXB 22.3± 2.9 107± 5.1 0.2 19-25.9 0.5-2.9 3
H 1705-250 BH-LMXB 221.2± 109 24± 6.1 9.2 9.5-11.3 3.6-4.4 8
Her X-1 NS-LMXB 125.5± 10.9 66.5± 4.6 1.9 1.4-5.1 0.14-3.3 61
J00370 NS-HMXB 23.4± 8.1 21.8± 6.7 1.1 1.4-2 0.14-0.73 7
J1417-4402 NS-LM-PSR 98.5± 19 20.6± 1.9 4.8 2.3-3.7 0.6-1.6 6

2.1.3 Natal kick MCMC algorithm

The influence of a given natal kick on the binary system parameters is described as

follows [30; 156; 138]:
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υ2
sys =

(
υNK

MCO

MCO +M2

)2

+

(
υr

M2 (M1 −MCO)

(M1 +M2) (MCO +M2)

)2 (
α2
S + α2

C

)
+2 υNK υr

MCOM2 (M1 −MCO)

(M1 +M2) (MCO +M2)
2 (P +Q)

(2.2)

apost−SN =

(
2

r
− υ2

NK + υ2
r − 2 υNK υr (P +Q)

G(MCO +M2)

)−1

(2.3)

epost−SN =

√
1− r2 ((υNKsin(θ))2 + υNKcos(ϕ)sin(θ)− (υr αS)2)

G anew(MCO +M2)
(2.4)

Here, υNK and υr are the natal kick vector and initial orbital velocity vector; αS =√
a2(1−e2)
r(2a−r)

; αc = − e sin(M)√
1−e2 cos(M)2

; P = cos(ϕ) cos(θ)αs; Q = sin(ϕ) cos(θ)αc. The polar

angle θ refers to the angle between the natal kick and the orbital plane, and the azimuthal

angle ϕ denotes the angle between the direction of motion of the progenitor star and the

natal kick vector. M1, MCO & M2 denote the masses of the compact object progenitor,

the compact object, and the companion star, respectively. a refers to the semi-major axis

at the instant of supernova, r refers to the binary separation at the instant of supernova

(i.e. r = a [1− e cos(M)]), e and M are the initial eccentricity and eccentric anomaly, θ

and ϕ describe the direction of the kick. For full derivation, see Appendix B.

For each of the 68 simulated systems, 2000 simulated analogues were drawn (specifically

focusing on their binary parameters at the time of the supernova). Each of these simulated

binaries is then subject to various kicks, encompassing a range of magnitudes and

directions, and the resultant systemic velocity, orbital separation, and eccentricity are

calculated. By comparing these values to those observed, one can determine if a given

natal kick is plausible. When considering the observed peculiar velocity, an assumed

intrinsic Galactic dispersion velocity of 40 km s−1, (based on observations of late type

stars) is subtracted in quadrature from the nominal value, to account for system velocities

not associated with natal kicks (e.g. perhaps due to interactions with other celestial

bodies, or perturbations in the Galactic potential).

Each of the 2000 binaries drawn from these simulations is subject to 2500 kicks,

uniformly spaced between 0 ≤ υNK ≤ 1000 km s−1, and for each of these magnitudes, a

natal kick is directed in 50 random directions (i.e. random configurations of θ & ϕ drawn

from a uniform distribution between −1 ≤ cos(θ) ≤ 1 and 0 ≤ ϕ ≤ 2π). This means each

simulated binary undergoes 125,000 different kicks, and each of the 68 systems is subject
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to 250 million test runs. These kicks are agnostic to the underlying physical mechanisms

and are intended to maximise coverage of parameter space.

A kick is determined to be plausible if; 1) the system survives supernova (i.e. is

neither disrupted nor merged); 2) the resultant systemic velocity is consistent with the

observed peculiar velocity (once Galactic dispersion velocity is subtracted) within the

errors quoted in Zhao23; 3) the resultant masses and orbital period are consistent with

those observed, within 10%. Consistent errors for masses and orbital periods are used to

avoid potential bias introduced by differing observational uncertainties between systems

(for example, errors in compact object mass range 0.01 ≤ σM1

M1
≤ 0.6).

Subtracting an assumed intrinsic Galactic dispersion velocity ensures that any scatter

in stellar velocities not associated with natal kicks is accounted for (for example, the

velocity of systems that formed within stellar clusters may be partially attributed to the

peculiar velocity associated with those clusters, as is seemingly the case for Cyg X–1

[237]). These natal kicks are, in general, lower limits - for example, the minimum natal

kick Cyg X–1 could have received is calculated as 36 km s−1 when considering its nominal

peculiar velocity of 22+4.6
−2.9 km s−1, but the system could have formed without a natal kick

if its systemic velocity is due to an intrinsic velocity dispersion of objects within the

Galactic disc.

In practice, the stellar dispersion velocity is a function of Galactic location. Where the

velocity dispersion of the Galactic disc is ∼ 40 km s−1 [52], the dispersion in the Galactic

halo is larger: 50–120 km s−1 [14; 35]. When examining evidence for natal kicks in a

sample of black holes, Nagarajan et al.[211] use the local stellar dispersion velocity for

each system, quoting values from 40 < V68% < 125 km s−1. Here, the Galactic dispersion

velocity is the same for each system. This choice is justified given that the primary

focus here is on the comparison between the kicks applied to black holes vs neutron

stars - applying the same corrections to each system makes for a more meaningful direct

comparison, however, it must acknowledged that the natal kick estimates for individual

systems are subject to error based on this assumption. Within this sample, there is no

obvious difference in Galactic location or scale height between the neutron star and

black hole populations (see Figure 2.2), and, therefore, consistency between each system,

whilst technically erroneous, is arguably more appropriate for the nature of this study.

Additionally, whilst 40 km s−1 describes the velocity distribution of late-type stars, this

may be an over-estimate for the velocity dispersion for compact objects, which may have

been slowed due to interactions with other celestial bodies and the interstellar medium.

Table 2.3 summarises the results for 63 out of 68 systems.
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Figure 2.3: Individual natal kick constraints: Natal kick magnitudes for all 68
systems (upper panel) and those that can form without a natal kick (lower panel). Marker
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errorbars indicate minimum & maximum values. The nature of the compact object is
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2.1.4 Systems with irreproducible systemic velocities

The results for the remaining 5 systems are presented in Table 2.4. The evolutionary

pathways for each of these systems have been successfully identified, as well as the natal

kicks which would result in the observed masses, orbital period, and eccentricity; however,

no natal kicks could replicate the observed peculiar velocity (corrected for Galactic

dispersion). Therefore, plausible natal kicks are defined as those that would result in the

observed orbital period, eccentricity, and a systemic velocity υsys ≤ 40 km s−1.

These systems are; HD 97760; IGR J08408–450; MWC 656; 2S 0114+650; 4U 1700+24.

Given that this group includes both black holes & neutron stars, high-mass & low-mass

systems, their inclusion is unlikely to significantly affect inferences on populations and

the primary findings of this work. The fact that these systems prove difficult to explain

may be attributed to the fact that the present-day observed peculiar velocity (or indeed,

the inferred peculiar velocity when the system crossed the Galactic disc) may not be

equivalent to the systemic velocity imparted upon formation.

It should be noted that the mass of MWC 656 is controversial; whilst this sample is

based on an unseen companion mass of 4.1M⊙ [56] it has been suggested this system

does not host a black hole, but rather a neutron star or white dwarf, with mass < 2.4M⊙

[147] - this may explain the difficulties in successfully explaining the evolutionary history.

Table 2.3: Natal Kick Constraints: Natal kick constraints for 63 compact objects

based on uniform priors, including the mean mass-loss-kick, the minimum and mean

allowed natal kick magnitudes, and the 68% confidence intervals (ETI). All velocities are

in km s−1.

Name Type υpec υMLK υNK

Min Mean 68%

1A 0535+262 NS-HMXB 45± 4 18 0 44 25 - 63

1E 1145.1–6141 NS-HMXB 56± 10 33 0 139 82 - 196

2A 1822–371 NS-LMXB 254± 33 32 182 258 227 - 286

2FGL J1019.0-5856 NS-HMXB 31± 3 3 13 43 29 - 56

2S 0921–630 NS-LMXB 38± 7 4 0 3 1 - 6

2S 1145–619 NS-HMXB 16± 4 1 24 40 31 - 46

4U 1254–69 NS-LMXB 155± 18 36 68 184 161 - 210

4U 1538–52 NS-HMXB 77± 10 45 0 286 106 - 433
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4U 1543–475 BH-LMXB 99± 15 28 37 93 75 - 111

4U 1636–536 NS-LMXB 165± 13 35 88 182 159 - 207

4U 1700–37 NS-HMXB 71± 11 43 163 504 360 - 652

4U 1735–444 NS-LMXB 60± 31 32 0 42 13 - 71

4U 2206+543 NS-HMXB 28± 4 4 0 33 10 - 56

A 0620–00 BH-LMXB 44± 7 15 0 14 4 - 23

Aql X–1 NS-LMXB 42± 12 8 0 38 11 - 65

B1259–63 NS-HM-PSR 25± 8 2 0 26 8 - 43

BW Cir BH-LMXB 352± 99 11 267 366 297 - 442

Cen X–3 NS-HMXB 102± 4 54 246 530 407 - 673

Cen X–4 NS-LMXB 419± 69 15 372 447 398 - 500

Cyg X–1 BH-HMXB 22± 3 3 0 5 2 - 9

Cyg X–2 NS-LMXB 164± 9 13 173 192 185 - 200

GRO 1655–40 BH-LMXB 162± 6 35 162 192 182 - 201

GRS 1124–684 BH-LMXB 119± 15 7 86 118 106 - 130

GRS 1915+105 BH-LMXB 32± 15 0 0 3 1 - 4

GX 1+4 NS-LMXB 189± 8 22 176 289 272 - 310

GX 301–2 NS-HMXB 58± 4 23 221 407 305 - 503

GX 339–4 BH-LMXB 166± 35 22 109 172 144 - 201

H 1705–250 BH-LMXB 221± 109 8 92 221 144 - 298

HD 259440 NS-HMXB 10± 3 1 24 47 41 - 56

Her X–1 NS-LMXB 125± 11 61 0 127 22 - 274

IGR J00370+6122 NS-HMXB 23± 8 7 29 50 40.76 - 58

IGR J17544–2619 NS-HMXB 44± 4 10 33 211 119 - 305

J0348+0432 NS-LM-PSR 62± 12 14 30 43 36 - 49

J1012+5307 NS-LM-PSR 84± 12 3 62 79 70 - 89

J1023+0038 NS-LM-PSR 131± 6 25 145 182 169 - 194

J1048+2339 NS-LM-PSR 158± 35 26 125 230 191 - 271

J1306–4035 NS-LM-PSR 121± 17 24 82 201 168 - 230

J1311–3430 NS-LM-PSR 109± 16 27 90 208 171 - 248

J1417–4402 NS-LM-PSR 99± 19 6 72 98 82 - 115

J1653–0158 NS-LM-PSR 178± 9 49 246 404 315 - 481

J1723–2837 NS-LM-PSR 110± 11 18 126 174 154 - 192
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J1816+4510 NS-LM-PSR 165± 26 3 143 173 154 - 193

J2129–0429 NS-LM-PSR 201± 24 12 192 232 209 - 252

J2215+5135 NS-LM-PSR 118± 17 26 40 156 130 - 185

J2339–0533 NS-LM-PSR 64± 13 23 0 33 6 - 63

LS 5039 NS-HMXB 88± 3 64 0 102 24 - 202

LS I +61 303 NS-HMXB 9± 4 3 20 43 32 - 53

MAXI J1305–704 BH-LMXB 58± 22 8 0 38 16 - 62

MAXI J1820+070 BH-LMXB 72± 16 10 13 59 45 - 74

MXB 1659–298 NS-LMXB 260± 204 30 102 359 254 - 468

RX J0146.9+6121 NS-HMXB 12± 4 1 0 17 5 - 30

Sco X–1 NS-LMXB 168± 10 16 158 177 168 - 186

SS 433 BH-HMXB? 44± 16 40 0 24 7 - 41

Swift J1727.8–1613 BH-LMXB 207± 7 21 201 218 211 - 224

Swift J1753.5–0127 BH-LMXB 110± 57 16 20 111 68 - 150

V404 Cyg BH-LMXB 45± 3 4 2 21 15 - 26

V4641 Sgr BH-HMXB 92± 7 37 0 72 49 - 93

Vela X–1 NS-HMXB 59± 7 39 0 157 61 - 247

X Persi NS-HMXB 18± 8 1 11 34 23 - 44

XSS J12270–4859 NS-LM-PSR 131± 21 21 131 196 167 - 226

XTE J1118+480 BH-LMXB 143± 11 5 118 136 128 - 144

XTE J1550–564 BH-LMXB 79± 32 1 28 67 41 - 93

XTE J1814–338 NS-LMXB 171± 51 26 144 186 167 - 200

2.1.5 Natal kick constraints

The output of modelling for each system, including the mean & minimum natal kick

for each of the 68 systems (20 black holes [BH] & 48 neutron stars [NS]; 25 high-mass

[HM] & 43 low-mass [LM]), are summarised in Tables 2.3 & 2.4 and Figure 2.3. These

summarise plausible kicks for each system. Together with scatter in these estimates, these

form the distribution of kicks as a whole (see Section 2.1.6).
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Name Type υpec υMLK υNK

Min Mean 68%

2S 0114+650 NS-HMXB 22± 2 11 0 98 26 - 172
4U 1700+24 NS-LMXB 39± 9 21 0 18 3 - 34
HD 96670 BH-HMXB? 24± 9 49 55 102 83 - 121
IGR J08408–4503 NS-HMXB 39± 5 33 9 143 61 - 229
MWC 656 BH-HMXB? 26± 13 25 0 18 6 - 30

Table 2.4: Natal Kick Constraints: Kick constraints for 5 compact objects based on
uniform priors, including the mean mass-loss-kick, the minimum and mean allowed natal
kick magnitudes, and the 68% confidence intervals (ETI). These values are based on
scenarios in which the post-supernova systemic velocity does not exceed υsys ≤ 40 km s−1

(rather than using the observed peculiar velocity to provide constraints). All velocities
are in km s−1.

Figures 2.3, 2.4, 2.5, & 2.6 show the natal kick constraints for all 68 objects in the

sample. There is no identifiable correlation between the masses of the system (compact,

companion, or total) and the magnitude of its natal kick (see Figure 2.7). That the

magnitude of the natal kick does not appear to be related to the total system mass may

raise suspicion, given that there is a correlation between observed peculiar velocity and

total system mass [318], however, this is to be expected. The systemic velocity obtained

by a system from a given natal kick has a strong dependence on both component masses

(particularly the ratio between the companion mass and the total system mass - it is for

this reason that many NS-HMXBs appear to be consistent with a broad range of natal

kicks, spanning > 100 km s−1 in some cases). This further highlights the limitations in

using present-day peculiar velocity as a proxy for natal kick velocity (see Figure 2.8).

It is possible to constrain the direction of the natal kicks, with respect to the exploding

progenitor star (see Figures 2.5 & 2.6). Here, the polar angle θ refers to the angle between

the natal kick and the orbital plane, and the azimuthal angle ϕ denotes the angle between

the direction of motion of the progenitor star and the natal kick vector (projected onto

the orbital plane). In the case of black hole systems, both the azimuthal and polar angles

of the natal kicks are uniformly distributed (i.e. there appears to be no strong preference

for particular kick directions), however, neutron star systems show a strong preference for

kicks aligned with the orbital plane. The preference for natal kicks to be closely aligned

with a binary’s orbital plane was also demonstrated by Kotko et al. [170]. 60% of neutron

star systems have | cosϕ| ≥ 0.75, compared to just 35% for black holes. Given that these

natal kicks span a range of magnitudes, this cannot be explained by the relationship

between kick direction and magnitude. The relative impact of the direction of a natal

45



CHAPTER 2. INTERPRETING THE VELOCITIES OF COMPACT OBJECTS

kick is related to the component masses and is greater for systems with lower compact

object and progenitor mass. Whether this is sufficient to explain the stark contrast in

the distribution of natal kick angles is unclear - it may be that the direction of natal

kicks is substantially different for black hole systems vs neutron star systems (i.e. higher

mass vs lower mass progenitors).

2.1.5.1 Negligible natal kicks

At least 23 Galactic X-ray binaries may have formed without a natal kick: 8 black holes and

15 neutron stars - a substantial fraction of each population. The mean peculiar velocities

of these systems range from 12–92 km s−1, but simulations show that their kinematics

can be accounted for, or at least moderated, by the known Galactic velocity dispersion of

40 km s−1 for field stars [52] and their mass-loss kicks (‘Blaauw’ kicks). These mass-loss

kicks have magnitudes up to 60 km s−1, and their properties are described individually in

Table 2.5 at the end of this chapter.

Whilst neutron star formation is often associated with significant natal kicks, that

some neutron stars may have formed without any meaningful kick has been demonstrated

in previous studies [e.g. 140; 221]. Additionally, evidence of neutron star-neutron star

mergers in stellar clusters may imply small natal kicks, as larger kicks are more likely to

have ejected the neutron stars from the cluster. The findings of this study reinforce the

argument that strong natal kicks are not inherent to neutron star formation, and serve

to further reduce evidence of dichotomous kick distributions between black holes and

neutron stars.

A larger fraction of high-mass systems may have formed without a natal kick, as was

proposed in Zhao23 - however, the mean natal kicks for many of these systems are still

substantial. Only two pulsars, B1259–63 (PSR J1302–6350) and J2339–053, may have

been formed without a natal kick - this is primarily due to the fact that their peculiar

velocities are uncharacteristically low for pulsars (45 km s−1 & 64 km s−1 respectively).

Furthermore, these statements are ultimately conservative assessments of the simulations,

considering only the minimum natal kick required and do not necessarily indicate the

most probable scenario (i.e. for 7 of these 24 systems (2 black holes and 5 neutron stars),

fewer than 5% of kicks are less than 10 km s−1).

Despite the lack of any statistically significant correlation between natal kick magni-

tude and system mass, it is worth noting that the two most massive black holes in the

sample (Cyg X-1 & GRS 1915+105) are subject to the smallest natal kicks of the black

holes, and only rivalled by the NS-LMXB 2S 0921–630 when considering all compact
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Figure 2.4: Density plots for all systems: Mirrored density plots of natal kick
distributions for individual sources in both linear (L) and logarithmic (R) scales. The
nature of the compact object is indicated by colour (blue: black holes, green: neutron
stars, orange: pulsars).
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Figure 2.6: Natal kick angles compared to magnitude: Angles of supernova explosion
compared to natal kick magnitude. Strong natal kicks must be directed in the orbital
plane, whereas weaker natal kicks may result in successful binaries regardless of kick
direction.
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objects. Whether this is coincidental, or evidence of a mass dependence beyond current

detection capabilities is uncertain; further studies of natal kicks and observations of

higher mass black holes (such as Gaia BH3, and those expected to be astrometrically

identified by Gaia in DR4 and beyond) may be able to address this.

2.1.5.2 Large natal kicks

5 out of 20 black holes require kicks υNK ≥ 100 km s−1, compared to 17 out of 48 neutron

stars, and for an additional two black holes, the natal kicks exceed 100 km s−1 at 95%

confidence. Their properties are described individually in Table 2.6 at the end of this

chapter. They appear to show no commonality in primary or companion mass, orbital

period; the requirement for a large natal kick is dominated by their peculiar velocities.

That these systems require substantial kicks contradicts the idea that black holes may

only form with low kicks. Conversely, the fact that a number of neutron stars can form

without strong kicks provides a counterpoint to the view that such systems are always

associated with substantial kicks.

2.1.5.3 Relation to peculiar velocity

Whilst a system’s peculiar velocity is heavily influenced by the magnitude of the natal kick

imparted following the supernova, the relationship is not strictly linear, with substantial

scatter between the two (Figure 2.8). System mass scales inversely with peculiar velocity

[318], but there appears to be no significant dependence between mass and natal kick.

These findings demonstrate that peculiar velocity, whilst providing some insight into

the kinematic history of a system, is not a suitable proxy for natal kick magnitude.

Aspects such as the mass lost from the progenitor, the direction in which the kick is

applied, and the orbital separation & mass ratio of the initial binary, play a substantial

role in determining the characteristics & velocity of the system post-supernova. These

inferences are not obviously changed under different baseline assumptions regarding

physical processes that may impact binary evolution, including progenitor metallicity,

common envelope prescriptions, and various descriptions of mass transfer via stellar

winds.

2.1.5.4 Neutron star kicks vs black hole kicks

To compare the distributions of natal kicks for black holes and neutron stars, 10 million

tests are carried out, in which one possible natal kick from the kick distribution for each
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of 68 systems is randomly sampled. These are then subject to two-sample Kolmogorov-

Smirnov testing between the 20 natal kicks associated with black holes and the 48

natal kicks associated with neutron stars. They appear to be entirely consistent with

one another (i.e. p-value ≥ 0.05, ≥ 95% of the time). In other words, there exists

no statistically significant evidence that black hole and neutron star natal kicks are

inherently different in magnitude.

The salient result is that kicks applied to black holes are entirely consistent with those

applied to neutron stars; i.e. there is no statistically significant evidence for an intrinsically

different kick distribution between the two populations. Both types of systems can receive

large (υNK > 200 km s−1) or very small (υNK < 5 km s−1) kicks. The distribution of kicks

applied to neutron stars vs black holes share many qualitative, as well as quantitative,

similarities (see Figure 2.9); both range from 0 to several hundred km s−1; the mean

values for natal kick are 102 & 146 km s−1 for black holes and neutron stars respectively;

and the 90% confidence intervals are 2–300 km s−1, 6–400 km s−1. Standard statistical

tests show that the natal kick distributions for both samples are entirely consistent with

each other; therein lies the verdict that the natal kicks imparted to neutron stars and

black holes are drawn from the same distribution.

2.1.6 Parameterisation of the natal kick distribution

The probability density (PDF) of a Gamma distribution is given by Equation 2.5:

PDF (υNK) =
1

Γ(α)
βα (υNK)

α−1 e−β (υNK) (2.5)

Here, the distribution is parameterised by its mean ⟨υNK⟩ = α/β and its skewness

s = 2/
√
α. Γ(α) is the Gamma function; Γ(n) =

∫∞
0

e−ttn−1dt.

α & β can be fit using Maximum Likelihood Estimation and using KS-tests to quantify

goodness of fit.

The results can be described with a Gamma distribution, with mean ⟨υNK⟩ =

147+29
−26 km s−1 and skew s = 1.01+0.04

−0.04 (see Figure 2.10). Though this is far from a

thorough statistical description of the data, it describes the magnitude of the natal kicks

> 95% of the time and is well-suited for implementation in future population synthesis

models.
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Figure 2.9: Inferred distribution functions of natal kicks for black holes vs.
neutron stars: Ensembles of natal kicks are simulated from each of the distributions
for individual sources, each iteration corresponding to a possible physical scenario. The
histograms here denote the mean and one standard deviation amongst these ensembles.
The blue solid line indicates the distribution of natal kicks for black holes, and the green
dashed line represents neutron stars. Arrows denote bins consistent with being upper
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2.1.6.1 Statistical Sensitivity

Given the small number statistics on which these distributions are based, one might

assume the number of systems is insufficient to distinguish different distributions between

black holes and neutron stars.

First, suppose that the natal kick distributions for both neutron stars and black holes

are characterised by the same shape, but with divergence in a single parameter: i.e. a

single Maxwellian with mean σ ranging from 0–500 km s−1, or a Gamma distribution

with mean ⟨υNK⟩ ranging from 0–500 km s−1. KS testing can be used to quantify the

similarity (or lack thereof), by repeatedly drawing 20 and 48 random numbers from

two distributions and determining the number of instances in which they would appear

consistent with one another (N(p−value> 0.05)). These results are summarised in Figure

2.11.

Even with the small number of systems, different underlying distributions would be
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Figure 2.11: Fraction of scenarios in which the distributions of black holes and neutron
stars would be observed to be consistent with one another (according to standard KS
tests), assuming both neutron star and black hole kick distributions can be described by
a single component Maxwellian (left) or a single component Gamma distributions (right)
with two different means (σ & θ respectively).

distinguishable, provided that both rms σ be ≥ 10% of each other if both distributions

are Maxwellian, or θ be ≥ 15% of each other in the case of two Gamma distributions.

This supports the notion that both neutron star and black hole natal kicks are drawn

from similar distributions and that the magnitude of natal kicks does not vary drastically

between the two populations.

2.1.7 Comparison to previous studies

2.1.7.1 Individual Systems

Past studies have investigated specific systems to determine the magnitudes of their

natal kicks [303; 90; 308; 21; 161; 70], or samples of particular types of systems (e.g.

BH-LMXBs [244]; NS-HMXBs [86]; black holes located in the Galactic disc [211]). The

results for individual systems in comparison to those presented in other studies are

summarised at the end of this chapter in Table 2.7 (and Figures 2.12 & 2.13). The

results are consistent with predictions for previous studies in the majority of cases, with

a reasonable scatter associated with different methodologies.

One of the most recent comprehensive studies of natal kicks was conducted by Fortin

et al. [86]. They used a similar MCMC algorithm, based on uniform priors, to determine

plausible natal kicks for 35 NS-HMXBs; 14 of those systems are included in this study.
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While the results are comparable, there do exist some discrepancies. For a handful

of systems, the mean natal kick estimated by Fortin et al. [86] lies outside the range

calculated using the methods described earlier.

The largest difference is the result for the NS-HMXB 4U 1700–37. Fortin et al. [86]

predict a natal kick velocity of υNK = 79+113
−56 km s−1 for 4U 1700–37, which is significantly

smaller than the values quoted here (163 ≤ υNK ≤ 964 km s−1). The maximum kick

determined in that study (∼ 190 km s−1) is only just coincident with the lowest estimates

presented here - only 0.5% of natal kicks are below 200 km s−1. This can be attributed to

differences in M1,pre−SN & Porb,pre−SN between both studies. The quoted values for initial

mass and initial orbital period are 7.5+1.4
−1.6M⊙ and 2.9+0.9

−0.7 days in the study conducted by

Fortin et al., whereas targeted simulations predict a progenitor mass of ∼ 5.5M⊙ and a

pre-supernova orbital period of 1.5 days. Whilst these differences may seem small, they

are significant enough to result in different system evolution, notably systemic velocity

(see Equation 2.2) - indeed, the second term in Equation 2.2 describes the contribution

of mass loss from the progenitor (and is the driving influence in determining the systemic

velocity for NS-HMXB, where MCO/(MCO +M2) is small) and varies by almost a factor

of two when considering the different parameters2.

The story is similar for other systems: 2FGL J1019.0-5856; 4U 2206+543; GX 301–2;

IGR J00370+6122; and LS I +61 303. In all cases, differing estimates for the initial

primary mass and orbital period result in varying contributions from mass loss and

therefore different constraints on natal kicks. Whilst the mean natal velocities are not

consistent it should be noted that, for many of these systems, the range of plausible natal

kicks determined by each study overlap.

2.1.7.2 Distributions

In addition to estimates of natal kicks for individual systems, there exist a variety of

theoretical distributions of natal kicks, many of which are used in population synthesis

codes such as cosmic or StarTrack. Here, each prescription is briefly discussed in

comparison to these results (see Figure 2.14).

Hobbs et al. [133] provide the most common kick prescription quoted and used in

many population synthesis models. They assume kicks are drawn from a Maxwellian

distribution with σ = 265 km s−1. No similarity between this distribution and those derived

24U1700-37 is not without controversy; accurate K-velocities are unknown and the mass presented
by Falanga et al. [82] is determined from the eclipse duration and studies of the donor star and differs
starkly from the previous estimates [61] (1.96M⊙ vs 2.44M⊙). This means there is a high level of
uncertainty, and it may be argued that the neutron star is more reminiscent of the smaller Cen X-3.
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(distribution of neutron star kicks, black hole kicks, and combined) can be recovered.

Therefore, this study suggests this case is unlikely, at least in the context of the types

of Galactic systems used in this study (i.e. interacting binaries). This prescription is

often adapted to account for different supernova mechanisms, with mean σ = 265 km s−1

for core-collapse supernova, but being lower for electron-capture supernova (ECSN)

(σ=30 km s−1). Neither the single component Maxwellian nor a double component

accounting for variation according to supernova type is a suitable description of these

results.

Bray and Eldridge [32] present a simple linear relation, depending on the ratio of

ejecta to remnant mass, with varying constants - each of these relations is inconsistent

with these updated findings, with a particular mismatch arising due to the fact that the

linear relation assumes a non-zero minimum natal kick. However, it should be noted that

their study focused on neutron stars, and may still be relevant for isolated neutron stars

& pulsars.

Giacobbo and Mapelli [108] offer two kick prescriptions, also using a Maxwellian

distribution & scaling with a) ejecta and final mass, and b) purely ejecta mass. Whilst the

former is statistically inconsistent with these results, the latter is deemed more plausible;

KS-testing (following the method described above) evinces a statistically significant

(p-value≥ 0.05) similarity can be recovered ≃ 50% of the time.

Fortin et al. [86] study the peculiar velocities of 44 neutron stars, and propose that

natal kicks (at least in the case of neutron stars) are drawn from a Gamma distribution,

with mean 116 km s−1. This relationship is generally consistent with the above findings;

statistically similar ≃ 60% of the time.

2.1.8 Caveats

The primary limitation of this study is that it only considers compact objects that exist

within interacting binaries. The number of observed quiescent compact objects (black

holes) is growing [249; 78; 79; 99], largely due to the success of astrometric missions like

Gaia (additionally, microlensing is expected to become a useful method of detecting such

black holes) - however, numbers remain small for the time being. The best constrained

compact object systems involve interaction between the compact object and a companion

star - this observational constraint introduces an inherent bias. Certain types of systems

are more likely to be interacting (i.e. particular orbital periods/separations, companion

mass & nature etc.) and so one cannot assume these inferences apply to the full spectrum

of compact objects in the Galaxy.
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Estimates of the natal kicks involved in non-interacting systems are becoming more

viable; it is generally agreed that Gaia BH1 & Gaia BH2 received low-moderate kicks

(∼ 0–50 km s−1)[78; 79; 170; 211]. Whilst the sample size remains too small to draw any

meaningful conclusions, these results are consistent with the general distribution seen

in interacting compact object binaries. However, the nature of these systems remains

contentious and the small number which have been identified are controversial (for further

discussion, see Chapter 3); it is currently unknown whether they represent a small subset

or substantial fraction of Galactic black holes. One might assume that given these systems

are more widely separated, they are likely to have received higher kicks. However, the

relationship between kick velocity and post-supernova separation is not strictly linear

- factors such as the initial configuration of the binary, the component masses, initial

eccentricity, and the mass lost during the supernova all contribute to the evolution of the

system. It is therefore difficult to make inferences on how these non-interacting systems

contribute to the overall distribution of natal kicks and to quantify the bias induced by

considering only interacting binaries.

Given that current data are limited to systems that must remain bound following the

supernova of the primary, it is entirely possible the sample is missing a population of

(likely fast-moving) isolated compact objects that could be the result of high natal kicks.

The existence of high-velocity (runaway) stars may be suggestive of companion stars that

were ejected from the binary due to the supernova, though this is far from categorical.

This sample is also limited to the lower-mass regime of black holes, where MBH <

30M⊙. At higher masses, including the higher end of systems identified with LIGO/Virgo,

black holes may undergo different formation channels and supernovae mechanisms,

including direct collapse and pair-instability supernovae [235]. That being said, the

purpose of this study is not to to create a complete sampling of compact objects in

binaries, but rather to present a more representative comparison between neutron star

and black hole systems.

Another potential concern is that X-ray binary observations are biased against higher-

mass black holes. Jonker et al. [154] argue that these heavier black holes are more likely to

lie closer to the Galactic plane, and are therefore more obscured than their counterparts

at greater scale heights. This effect is expected to be significant for LMXBs with smaller

and fainter companion stars. It is a fair assessment that systems in the Galactic disc

are more difficult to identify - there is, in fact, a slight dearth of black holes at scale

heights |Z| ≤ 0.1 kpc. However, this is not exclusive to the black holes. Of the 18 systems

that exist within 0.1 kpc of the Galactic plane, 2 are black holes and the remaining 16
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are neutron stars. However, all but one of the neutron star systems have high mass

companions (M2 ≥ 7.5M⊙), suggesting the challenges associated with observing LMXBs

in the obscured Galactic disc are just as applicable to neutron stars (see Figure 2.15).

Additionally, the natal kick distributions for the systems close to the Galactic plane span

a range of magnitudes (15 ≤ ⟨υNK⟩ ≤ 500 km s−1), further highlighting that systemic

velocity and, consequentially, Galactic location are not directly proportional to natal kick

velocity. For these reasons, whilst further observations of LMXBs in the Galactic disc

are, of course, desirable, the potential biases introduced by their absence are unlikely to

affect the results presented here.

As discussed, population synthesis is intrinsically limited based on the assumptions

made. Specifically, the assumption of binary formation via isolated evolution (i.e., these

compact objects were formed in binaries, rather than through the dynamical capture of

another star at some unknown stage of the system’s evolution).

It is currently unclear how many massive stars exist in triples or higher-order systems.

It has recently been proposed that V404 Cygni is part of a hierarchical triple, with a third

companion existing approximately 3500AU from the inner binary [38]. This has been

used as evidence for a low natal kick since it is theorised that the tertiary component

would be ejected in the case of a strong natal kick. This is consistent with this study;

the natal kick applied to V404 Cygni is within the range 0 ≤ υNK ≤ 30 km s−1. It has
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also been proposed that HD96670 exists as part of a triple system [111]. This system’s

observed systemic velocity is consistent with zero (once accounting for Galactic dispersion

velocity), however natal kick constraints that result in a systemic velocity less than

30 km s−1 are elusive (see Table 2.4). This may highlight the issues with neglecting the

impact of a third companion in determining the system’s evolution.

However, the dynamics and evolution of a triple system are far from trivial, and

one cannot simply scale up the physics of binary evolution to incorporate this third

component - this is particularly the case when considering the dynamics associated with

natal kicks. Interactions between the three components will influence the evolution of the

system (e.g. eccentricity excitations associated with Lidov-Kozai oscillations [179; 171]),

and may even impart some momentum to a system, increasing its peculiar velocity and

inaccurately suggesting a higher natal kick. A comprehensive investigation into how a

tertiary component may influence the observed characteristics, particularly the peculiar

velocity, is beyond the scope of this study - nevertheless, should more evidence of triples

within the sample come to light this may necessitate a revision of the above analysis.

2.2 Implications for natal kick mechanisms

A variety of potential mechanisms behind natal kicks have been put forward including;

recoil due to baryonic ejecta [24; 31; 214]; anisotropy in gravitational attraction due to

asymetrically ejected mass [143; 309]; and, asymmetric neutrino emission (related to the

hydrodynamic processes within the SN) [58; 73; 3; 175; 219].

That black holes and neutron stars receive comparable natal kicks is in tension

with previous schools of thought, and has broad implications, particularly for supernova

physics. Previous studies of supernovae, notably those involving advanced hydrodynamical

simulations, predict substantial natal kicks only for neutron stars, with black holes

typically being subject to kicks of only a few km/s. [65; 45; 144; 274].

These hydrodynamical simulations suggest natal kicks are the result of, and proportion-

ate to, asymmetries in the explosion (both neutrino and baryonic matter). Rayleigh-Taylor

instabilities are a well-established phenomenon occurring within supernovae [129; 42; 146].

Burrows and Hayes [40] demonstrated that even small anisotropies (< 0.1%) can grow

during collapse (and further perturbed as stellar rotation interacts with convection

processes) and result in substantial natal kick velocities (500 km s−1) via the rocket effect.

Studies focused on neutron stars have reported that lower-compactness progenitors expe-

rience smaller recoil kicks (100–200 km s−1) than their higher-compactness counterparts
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- this may be attributed to the later explosions in the latter instance: any post-shock

turbulence have more time to develop and grow to sufficient strength & Mach number,

reducing the sphericity and eliciting stronger natal kicks [45].

Much of this discussion hinges upon the relative contribution of anisotropic emission of

matter vs neutrinos to any recoil velocity, which remains an ongoing point of contention3.

In the case of black holes, natal kicks are expected to be predominantly associated with

neutrino emission, with typical values being only a few km s−1 [65; 144]. In contrast, the

hydrodynamically-driven kicks applied to neutron stars are predicted to exceed 100 km s−1

in the majority of cases [144; 274]. The results of these simulations are summarised in

Figure 2.16.

3Early simulations suggested radiating neutrinos contributed at most 16% to overall anisotropies,
though more recent results have argued for neutrinos being the presiding influence - to the extent that,
if net neutrino emission is directed in opposition to matter recoil, neutron star recoil may be aligned
with the associated mass ejecta.
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2.2.1 Success of the explosion

The success of the explosion is a decisive factor in predicting the magnitude of natal

kicks. There exist numerous simulations in which black hole progenitors (range 12-15M⊙)

do not explode, resulting in minimal matter kicks, and neutrino kicks being dominant

(though still smaller than those applied in explosive models). Direct-collapse supernova

(sometimes referred to as “silent” or quiescent supernovae) may be associated with

specific mass regimes (progenitor or remnant) and have often been touted as the primary

mechanism through which black holes form. Given the substantial number of black holes

that appear to have received kicks beyond those which are predicted for direct-collapse

supernova, this assumption ought to be revised.

2.2.1.1 “Channel 1”

Whilst this ‘silent’ scenario can lead to 5-15M⊙ black holes [45; 46] (i.e. within the

relevant mass regime in this study), it is not the only scenario by which black holes

may form. When presenting the results of these simulations, Burrows et al. [46] propose

four distinct black hole formation channels, distinguished by the characteristics of the

formative supernova and the rigour of the associated explosion, with the silent supernova

being but one.

In the majority of cases, natal kicks imparted with black holes are expected to be

small. However, Channel 1 is predicted to result in natal kicks > 1000 km s−1. This

scenario involves a highly asymmetric and vigorous explosion with substantial mass loss

and remnant masses within the lower-mass gap (or slightly higher if the black holes

experience fallback). Two of the models in Burrows et al., 2023 & 2024, undergo this

channel. These models are defined by ZAMS masses of 19.56M⊙ and 40M⊙, and receive

natal kicks of 1300-1900 km s−1 and 550-1500 km s−1 respectively. The large ejecta mass

means a binary would likely be disrupted, and therefore this channel cannot easily explain

this population of X-ray binaries (though could plausibly generate isolated black holes).

In contrast, simulations by Janka and Kresse [144] involving a model with a ZAMS

mass of 40M⊙ yield natal kicks < 5 km s−1. It may be the case that the parameter space

and conditions in which Channel 1 occurs are extremely narrow, which would explain

the lack of observations of black holes associated with natal kicks > 1000 km s−1.

In any case, the differences between the predicted natal kicks associated with neutron

stars or black holes are substantial (regardless of whether the natal kicks associated with

black holes are consistently low or, perhaps, bi-modal, depending on the specific details
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of the supernova). That the results point to similar kick distributions and a significant

number of black holes with moderate natal kicks may be indicative of formation channels

beyond those identified through models of supernova.

2.2.1.2 Fallback

The success of an explosion during core-collapse supernovae is not dichotomous. Even if

black hole progenitors do not explode as vigorously as their neutron star fellows, there

exists a realm in which the progenitor exhibits non-negligible mass-loss and are perhaps

subject to baryonic asymmetries. Prior studies have proposed that black holes formed

via fallback (where some of the material lifted during the supernova is not sufficiently

energetic to escape and falls back onto the compact object, further increasing its mass)

will involve smaller kicks than neutron stars [96; 143]. Fryer et al. [96] proposed that

natal kicks are moderated by the amount of matter that falls back onto the proto-neutron

star according to Equation 2.6.

υNK = (1− ffb)
√
υ2
x + υ2

y + υ2
z (2.6)

Here, ffb is the fraction of matter that falls back onto the compact object, and

υx, υy, υz are three velocity components drawn from some ‘intrinsic’ kick distribution

(e.g. the Maxwellian distribution from Hobbs et al. [133]). The amount of fallback is

expected to be significant for black holes, and therefore natal kicks would be smaller than

those applied to neutron stars (and will be non-existent in the case of direct collapse

supernovae). This is in conflict with the above findings and is perhaps suggestive of an

incomplete understanding of fallback formation channels or related to the ambiguity

surrounding an ‘intrinsic’ natal kick distribution (i.e. the natal kicks prior to modulation

via fallback). That being said, both the mass and fraction of matter which may be totally

ejected or fallback onto the black hole are dependent on the progenitor mass as well as

the final mass, and it is therefore difficult to make inferences on the entire population of

black holes based on the (relatively) low mass ones included in this study.

2.2.2 Electron Capture Supernovae

Whilst most X-ray binaries are considered to be the result of core-collapse supernovae,

electron capture supernovae (ECSN) may be responsible for some neutron stars. These

ECSN involve an ultra-stripped progenitor and very little ejecta mass (0.01–0.2M⊙) and

weaker natal kicks (a few kilometres per second) [216; 231; 277; 140]. ECSN are unlikely
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to be responsible for any of the neutron stars in this study. Only a handful of systems in

this study experience mass loss < 0.2M⊙; 5 NS-HMXB & 1 NS-LMXB. Whilst the ejecta

mass could suggest that these systems were formed via ECSN, only 2 of the 6 systems

may be formed without a natal kick; the remainder require natal kicks υNK > 20 km s−1,

(averaging around 45 km s−1). It may be that low ejecta mass is not necessarily a smoking

gun for ECSN, and that these systems could have experienced core-collapse supernovae.

Alternatively, it may indicate that ECSN result in smaller, but non-negligible, natal kicks

- this would be at odds with hydrodynamical simulations.

2.3 Natal kicks in gravitational wave astronomy

Natal kick distributions are intertwined with gravitational wave astronomy. Further

simulations were undertaken to investigate the impact that black hole natal kicks will

have on double compact object merger (and related gravitational wave) rates. Using

cosmic, six Galactic populations of compact object binaries were simulated assuming a

variety of different kick distributions: a) and b) Hobbs et al. [133] (Maxwellian), both

with and without mediation by fallback; c) and d) Giacobbo & Mapelli [108] equations

1 & 2 (where υNK ∝ Mejected/MCO and υNK ∝ Mejected); e) Bray & Eldridge [32]

(υNK ∝ Mejected/MCO). Additional simulations were carried out, under the assumption

that natal kicks are drawn from a Gamma distribution with mean 147 km s−1. Across

the simulations, the natal kicks span 0 ≤ υNK ≤ 2000 km s−1. These simulations are

normalised to a Galactic population of 10 billion stars, and are based on the assumption

that these descriptions of natal kicks are valid for systems in the LIGO/Virgo mass

regime.

2.3.1 Simulated Galactic populations

The Galactic population is synthesised according to the following: the mass of the primary

is dictated by a power-law initial mass function (IMF) with three breaks, as described by

Kroupa [174]; this differs slightly from the IMF employed for the StarTrack simulations

(two breaks), with marginally different exponent α for M ≥ 0.5M⊙ and the inclusion of

the lowest mass regime (M < 0.08M⊙): The exponent αi takes values of:

α0 = −0.3 for M ∈ [0.01, 0.0.08]M⊙

α1 = −1.3 for M ∈ [0.08, 0.5]M⊙

α2 = −2.3 for M ∈ [0.5, 1.0]M⊙
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α3 = −2.3 for M ∈ [1.0, 150.0M⊙

The mass of the secondary component is randomly sampled from a uniform distribution

q ∈ [M2,min/M1, 1], where M2,min is determined such that the pre-main sequence lifetime

of the secondary star does not exceed the full lifetime of the primary star (if each were

to evolve as a single star). Orbital periods and eccentricities adhere to the distributions

proposed by Sana et al. [251] where P(logPorb)∼(logPorb)
−0.55 and P(e)∼ e−0.42. The

binary fraction is considered constant, at 0.5 (although in practice the binary fraction is

a function of mass and Galactic position [174; 200; 29]).

Evolutionary prescriptions and assumptions are all consistent with those used in

prior simulations (see Section 2.1.2). More detailed study, including comparing the

results under a broader range of evolutionary channels (e.g. initial mass functions,

stellar wind descriptions, magnetic braking, supernovae mechanisms), will enhance the

validity of these predictions, and potentially provide useful information regarding how

the population of compact objects identified through gravitational waves may contribute

to the understanding of binary evolution.

Within the populations, gravitational wave sources are defined as systems that exist

as double compact object binaries (DCO; BH-BH, BH-NS, or NS-NS - merger events

associated with white dwarfs are excluded) and go on to merge within a Hubble time,

(here meaning 13.7Gyr after the initialisation of the binary).

2.3.2 Predictions

The expected number of DCO mergers and associated gravitational wave signals varies

significantly depending on the assumed distribution of natal kicks - for instance, if natal

kicks are indeed drawn from the proposed Gamma distribution there will be nearly

twice as many DCO mergers compared to the numbers predicted using the distribution

presented by Hobbs et al. [133]. However, neither the number of compact object mergers

(NGW) nor the fraction of double compact object binaries that will eventually merge

(NGW/NDCO) vary linearly with natal kick velocity (Figures 2.17 & 2.18).

Systems subjected to high natal kicks are more often disrupted by either the first

or second supernova (as expected) (up to ≥ 99%; typically due to the first supernova),

resulting in fewer DCO binaries. However, if binaries survive both supernovae without

being disrupted (i.e. perhaps due to more moderate kicks being imparted by the first

supernova), a greater proportion will merge, resulting in gravitational wave emission, if

the second natal kick is large (≥ 100 km s−1). This could be attributable to the fact that
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these large kicks result in highly eccentric orbits, such that the periastron separation is

sufficiently close that gravitational waves act to circularise the orbit rapidly, resulting in

closely separated binaries which are conducive to mergers. For Figure 2.17, both the first

and second natal kicks are binned in log-uniform space, width of 0.1dec, and determine

the number of systems that form DCO binaries, and the number which will merge within

a Hubble time to emit gravitational waves. That higher natal kicks may be favourable for

producing gravitational waves (subject to other conditions) is perhaps counterintuitive;

nevertheless, this is what the simulations predict.

These are predictions of the intrinsic number of events which may occur and do not

directly translate to the expected number of observations by gravitational wave missions

such as LIGO/Virgo/Kagra & the upcoming LISA. Quantifying the numbers of these

systems which may be observed, (and, consequently, the likelihood of being able to

discern natal kick magnitudes based purely on gravitational wave data) depends on a

broad range of factors including specific information about the merging systems, inclusion

of realistic star-formation rates within a suitable cosmological evolutionary model, and

the limiting sensitivities of gravitational wave detectors.

Small effective spins have been measured in the LIGO population [e.g. 84] and this

has been used in favour of dynamical binary formation channels. However, strong natal

kicks in black holes could instead also be a natural means to explain the small effective

spins (subject to uncertainties on the physics of binaries in the strong gravity regime,

such as the efficiency of tidal synchronisation [48; 271]). Given that findings suggest

systems which have been subject to strong natal kicks can remain coupled and go on to

merge, such kicks may offer an explanation for the distribution of spins within the LIGO

population.

2.3.3 Natal kick estimates in GW sources

Wong and Gerosa [307] present inferred natal kick magnitudes from LIGO/Virgo sources,

finding a velocity dispersion σ = 105+44
−29 km s−1. This is consistent with the findings

presented here, and whilst it would be premature to assert that natal kicks applied

to these populations are consistent with those in the X-ray binary regime, the lack

of a significant discrepancy is promising. That being said, the model was trained on

population synthesis simulations using a Maxwellian distribution of natal kick velocities

0, 25, 50, 70, 130, 200, 265 km s−1 so the inputs are likely at least partially responsible

for the order of magnitude agreement,
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Figure 2.17: Fraction of DCOs that will merge as a function of natal kick
velocity: The fraction of simulated double compact object (DCO) binaries which will
merge within a Hubble time to emit gravitational waves (see colour-bar) as a function of
the first and second natal kick. Dark navy shading indicates regions where no DCOs merge;
grey regions indicate parameter space without simulated DCOs. The one-dimensional
projection of the effect of the first and second natal kicks are indicated in the upper and
right panels respectively.



1 10 100 1,000

υNK [kms−1]

-4

-3

-2

-1

0

lo
g 1

0
[N

sy
s/
N
b
in
]

-3

-2

-1

0

First Kick

1 10 100 1,000

υNK [kms−1]
-3

-2

-1

0

Second Kick

lo
g 1

0
[N

G
W
/N

D
C
O
]

Disrupted
Pre-DCO Mergers

Surviving DCO
GW Sources

Figure 2.18: Outcome of double compact object systems for various natal kicks:
Upper: Number of systems which are disrupted due to the supernovae (grey), merge prior
to forming double compact objects (orange), and double compact object systems (blue)
as a function of natal kick velocity. Darker blue indicates those systems which will merge
and emit gravitational waves within a Hubble time. Lower: Fraction of double compact
object binaries which will merge within a Hubble time as a function of the first (middle
panel) and second (lower panel) natal kick.



CHAPTER 2. INTERPRETING THE VELOCITIES OF COMPACT OBJECTS

Belczynski et al. [21] find that LIGO observations are inconsistent with very high

natal kicks (υNK ≥ 400 km s−1). A significant obstacle in constraining the magnitude of

natal kicks from gravitational wave populations is that these systems have, by definition,

been subject to two natal kicks (although one or both of them may be negligible).

Disentangling the effects of two distinct natal kicks is non-trivial, and these findings

suggest that gravitational wave sources may favour different natal kick distributions for

different supernovae (see Figures 2.17 & 2.18).

There has been discussion around whether kicks may be able to explain the spin-orbit

misalignment distribution, however, this is generally thought to be unlikely, as kicks would

have to have very large and likely unphysical velocities [48]. Additionally, Belczynski et al.

[21] studied the likely evolution of the merger that caused GW160914, proposing that

it involved no natal kicks, however, the binary is believed to have exhibited spin-orbit

misalignment prior to the merger. Given that accretion processes can only serve to reduce

misalignment, this may indicate dynamical capture evolution. Evidence for strongly

misaligned spins is supported by spins observed in X-ray binaries being typically large,

however preliminary evidence from the study of merger signals indicates effective spins

are near-zero [84]. Belczynski et al. [22] found that efficient angular momentum transfer

in binary systems may reduce near-effective spins, but the exact mechanisms of this are

unknown. Studies appear to favour isotropic spins as an explanation of these results, and

Callister et al. [48] suggests there may be an anti-correlation between binary mass-ratio

and effective spin.

2.3.4 Kicks due to gravitational recoil

It should be noted that compact object mergers may be accompanied by a ‘recoil’ kick,

associated with the loss of linear momentum through radiating gravitational waves [e.g

17; 106; 290]. While the impact of these kicks on a merging system is likely to be governed

by similar underlying physics, these are unrelated to the natal kicks discussed herein.

2.4 Conclusions

The primary result of this study is that black holes and neutron stars appear to share

similar natal kick distributions (see Figures 2.9 & 2.14) which are well-described with a

Gamma distribution of mean 147+29
−26 km s−1 (see Equation 2.5 and Figures 2.14 & 2.10).
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In the absence of a comprehensive and established description of the physical drivers

of kicks and their expected direction & velocity, the Gamma distribution of mean ≈
147 km s−1 provides a robust observationally motivated model, suitable for implementation

in population synthesis studies and related modelling. At the very least, it seems wise to

draw natal kicks from a common distribution, regardless of the nature of the compact

object.

Studies of supernova mechanisms and the associated natal kicks have propounded

the idea that neutron star natal kicks are primarily attributed to asymmetries in bary-

onic matter, whereas black hole natal kicks are dominated by neutrino emission, and,

consequently, smaller. Whilst the specific drivers of these natal kicks and their relative

contribution cannot be exactly constrained, the fact that evidence shows black holes can

receive kicks consistent with those imparted to neutron stars upon formation points to

an incomplete understanding of some supernovae processes. Specifically, there is evidence

that the dominant channel for black hole formation is one that imparts moderate kicks

(a few 10s to 200km s−1).

It has been suggested that a delayed explosion may be more conducive to larger

natal kicks [94; 255] - if this holds true for black holes, this may be responsible for

the larger natal kicks they are subject to. However, it is these delayed supernovae that

are expected to populate the observed mass gap between 3-5M⊙, the validity of which

remains contentious.

Whilst hydrodynamic simulations and theoretical studies of black hole formation

are valuable, the high-precision kinematic observations of the Galactic population have

proved, once again, that these must be complemented by data. A reckoning regarding

the disparate behaviour of natal kicks for black holes and neutron stars now seems

unavoidable. Any future work constraining the mechanisms behind natal kicks ought to

be consistent with the possibility of equivalent natal kicks for neutron stars and black

holes.

The legitimacy (and precision) of these constraints will be reinforced with further study;

in particular, extending the above analysis to populations of non-interacting compact

objects will remove some of the biases associated with X-ray binaries. Additionally,

any velocity constraints provided by gravitational wave sources will further clarify the

intrinsic distribution of natal kicks across various mass regimes.
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ID υpec υNK,lit υNK,mean υNK,68%

1E 1145.1–6141 56± 10 50+85
−32 [86] 139 82 - 196

2FGL J1019.0–5856 31± 3 85+109
−39 [86] 43 29 - 56

4U 1538–52 77± 10 76+112
−53 [86] 286 106 - 433

4U 1700–37 71± 11 79+113
−56 [86] 504 260 - 652

4U 2206+543 28± 4 87+85
−35 [86] 33 10 - 56

A 0620–00 44± 7 20-43 [244] 14 4 - 23

B1259–63 25± 8 57+44
−21 [86] 26 8 - 43

Cyg X–1 22± 3 <75 [308]; 0-60 [21] 5 2 - 9

GRO 1655-40 162± 6 30-50 [206]; 40-140 [303]; 0-210 [21]; ≥62[211] 192 182 - 201

GRS 1124-684 119± 15 ≥48 [211] 118 106 - 130

GRS 1915+105 32± 15 0-75 [21]; 0 [71] 3 1 - 4

GX 301–2 58± 4 136+194
−68 [86] 407 305 - 503

H 1705–250 221± 109 415-515 [244]; 295 [70] 221 144 - 298
IGR J00370+6122 23± 8 132+121

−51 [86] 50 41 - 48

IGR J08408–4503 39± 5 235+170
−91 [86] 143* 61 - 229

IGR J17544–2619 44± 4 142+161
−57 [86] 211 119 - 305

LS 5039 88± 3 162+202
−94 [86] 102 24 - 202

LS I +61 303 9± 4 88+57
−31 [86] 43 32 - 53

MAXI J1305–704 58± 22 30 [161]; ≥0[211] 38 16 - 62

MAXI J1820+070 72± 16 ≥0 [211] 59 45 - 74

Swift J1727.8–1613 207± 7 220+40
−50 [252]; ≥77 [211] 218 211 - 224

Swift J1753 110± 57 110+69
−37 [315];76-243[5] 111 68 - 150

V404 Cyg 45± 3 0-45 [21]; <5 [38]; ≥0[211] 21 15 - 26

V4641 Sgr 92± 7 123 [250]; ≥23 [211] 72 49 - 93

Vela X–1 59± 7 59+92
−41 [86] 157 61 - 247

X Per 18± 8 17+25
−11 [86] 34 23 - 44

XTE J1118+480 143± 11 80-310 [90]; 93-106 [244]; ≥36 [211] 136 128 - 144

Table 2.7: Literature Comparison: Comparison between υNK values determined in
this study and those quoted in literature [206; 303; 71; 90; 308; 244; 21; 250; 5; 161; 70;
38; 211; 315; 252; 86] - all velocities are in km s−1. *The natal kicks derived for IGR
J08408–4503 are based on a system velocity υpec ≤ 40 km s−1 rather than the observed
peculiar velocity (Table 2.4).



Chapter 3

Searching for non-interacting black

holes

The mass of black holes underpins their entire existence, yet the distribution of stellar

mass black holes in our Galaxy remains unclear. One of the issues associated with

surveying black hole masses is that observations typically favour X-ray binaries, as their

strong X-ray emission makes them beacons for accretion in a sky full of ordinary stars.

This means any inferences on mass are subject to this selection bias and not necessarily

applicable to all black holes within the Galaxy.

Section 1.4 describes the methods for determining the mass of black holes. These

dynamical mass measurements, relying on observations of the radial velocity of the

companion star, are not contingent on any interaction. To that end, the spectra of the

luminous companion are just as useful in non-interacting systems. Any luminous stars

thought to be coupled to a black hole can be studied, their motion detected and described,

and the presence of a black hole may be confirmed or refuted.

In this Chapter, the state of the art astrometric mission Gaia is discussed, and its

potential in finding black holes is outlined. The confirmation of the first astrometrically

identified black hole [78] is discussed in Section 3.3, and this system acts as a blueprint

for further searches.

Six systems, identified as interesting through the same methods implemented by

El-Badry et al. [78], are subject to spectroscopic observations, and their radial velocities

constrained. Disappointingly, none of these systems appear to host compact objects and

the Gaia astrometric solutions appear to be poor fits to observational data. Section 3.4

describes these data and discusses the potential characteristics of each of these systems;

they are most likely stellar binaries comprising two small ≤ 1.5M⊙ stars. The implications
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for this in the wider context of the Gaia mission is outlined at the end of the Chapter.

3.1 Identifying black holes without X-ray emission

Whilst the energetic emission from X-ray binaries makes them attractive targets for

studies of black holes, they are not the only type of black holes within our Galaxy. Indeed,

their contribution to the overall population of Galactic black holes (expected to be of

order 100 million) remains unclear. There exists another group of black holes, also in

binaries, that are widely separated from their companion star such that they do not

interact. Their distance means there is no mass transfer, no related X-ray emission, and

no obvious evidence of a black hole at all.

One could be forgiven for wondering, without this X-ray lighthouse, how we can hope

to find them, let alone understand them. The answer, once again, lies in the dependable

motion that is intrinsic to physics. Despite not accreting matter, these black holes still

influence their companion stars; the laws outlined by Kepler and Newton are undeterred.

3.2 Gaia astrometric mission

The Global Astrometric Interferometer for Astrophysics (Gaia) is a European Space

Agency observatory mission designed to use high-precision astrometry to create a detailed,

three-dimensional map of our Galaxy [97]. Whilst not the first astrometric observatory,

Gaia is pioneering; Gaia Data Release 3 (DR3) included the full astrometric solution

(position, proper motion, distance) for over 1.4 billion sources, with magnitudes between

3 - 21, in addition to newly defined quality indicators [98]. The data release also included

astrophysical parameters for over 450 million sources, such as effective temperature,

colour, spectral type, and variability analysis.

However, it is well-established that huge swathes of stars exist in binaries; for these

systems, the above model is insufficient. In DR3 a new class of objects was introduced;

800,000 ‘Non-Single Solutions’.

3.2.0.1 Non-Single Solutions

Gaia DR3 included over 800,000 sources with ‘Non-Single Solutions’ (NSS); that is,

sources undergoing non-linear motion and orbital perturbations that were not adequately

accounted for by fits of single stars. There exist numerous alternative models [121], which

can be broadly characterised as follows:
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Acceleration: These sources are better described using quadratic or cubic models

than the linear models applicable for single stars, including γ⃗ to describe the curvature

of motion, in the equation:

b⃗(t) = b⃗0 + υ⃗(t− t0) +
γ⃗

2
(t− t0)

2 (3.1)

As is the case in Equation 1.12, b⃗ is the star’s barycentric position and υ⃗ is the

constant space velocity, with ‘0’ denoting the reference values.

These models are suited to longer-period binaries, and the abscissa w (defined as the

astrometric coordinate along the Gaia scan axis) is usually described with:

∂w

∂gα
=

∂w

2∂α

[
(t− t0)

2 − ∆T 2

3

]
∂w

∂gδ
=

∂w

2∂δ

[
(t− t0)

2 − ∆T 2

3

]
where gα and gδ are the acceleration in the RA and Dec components, and ∆T indicates

half the observing time across all transits of the star.

Variability Induced Mover (VIM): Photometric variability indicates the presence

of a binary. This variability may appear as fluctuations in the total brightness of the

source, or there may be additional observable motion of the photocenter. The equations

of motion for these sources are described using the brightness fluctuations:

∂w

∂Dα

=
∂w

∂α

[
F̃
F

− 1

]
∂w

∂Dδ

=
∂w

∂δ

[
F̃
F

− 1

]
where F̃ and F are the reference photometric flux (i.e. median of observed fluxes) and

the photometric flux of a given transit (observation). Dα & Dδ are the location of the

photocenter (RA and Dec components).

Orbital: Discovered by searching Gaia’s observations for periodic modulations that

may be associated with binary motion. For these systems, the movement of the sources’

photocenter displays elliptical variations around a common centre; these orbits are

expressed in terms of the Thiele-Innes coefficients (for derivation, see Appendix C):

w = wB + (cosE − e)

(
A
∂wB

∂δ
+B

∂wB

∂α

)
+
√
1− e2 sinE

(
F
∂wB

∂δ
+G

∂wB

∂α

)
(3.2)
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where wB is the abscissa of the barycentre, A,B, F & G are the four primary Thiele-Innes

coefficients, e is the eccentricity, and E the eccentric anomaly. From them, one can derive;

the orbit’s photocenter a0, the inclination i, the ascending node Ω and the argument of

periastron ω (not to be confused with the abscissa w). Along with the orbital period,

source distance, and eccentricity (where applicable) determined by Gaia, these provide a

complete description of a binary system, except for well-measured component masses.

These solutions led to the first astrometrically identified black hole: Gaia BH1 (see

Section 3.3).

Spectroscopic & Eclipsing: Binaries may be identified by Doppler variations in

stellar spectra indicating binary motion, or fluctuations in luminosity due to the eclipse

of one star by another.

3.2.0.2 Data Limitations

The process of deriving NSS for sources goes as follows: where the goodness-of-fit (GoF)

for a Single Star Solution is poor, the data is tried against a series of increasingly complex

models, until the GoF is acceptable. A source is rejected as a single star based on the

GoF and is then fit using an ‘Acceleration’ solution; if this is unsuccessful based on the

GoF, the next model tried is a ‘VIM’ model, followed by an ‘Orbital’ solution, and so on

until a good fit is found.

This means that there are likely solutions for which more parameters could be known,

with more complex solutions being fit (i.e. eclipsing or spectroscopic binaries). The

cascading nature of the model fitting, however, means the first (and therefore simpler)

suitable model was accepted, and this is how the source appears in the data set.

The Gaia data set includes estimates for mass, radius, luminosity, and age as derived

from Astrophysics Parameters Inference System (Apsis [9]) & Final Luminosity Age Mass

Estimator (FLAME [229]) models. The luminosity and effective temperature derived

from the Gaia data, and the metallicity given in the Gaia catalogue are used to place the

object on the Hertzsprung-Russell diagram, and evolutionary tracks are used to estimate

the masses, radii, luminosities, and ages of each of the Gaia sources. This method is based

on single stars and is therefore unlikely to be suitable for binary systems, which may

consist of stars at different stages of evolution, different sizes, temperatures, luminosities,

etc. Given that the Gaia data gives one set of parameters for the NSS source, it is

impossible to know with any certainty whether these astrophysical parameters pertain to

one of the objects within the binary, if both objects have identical parameters, or if the
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measurements are the result of combined observations of the two components. Therefore,

photometrically inferred parameters are, unfortunately, of limited use.

Nonetheless, these NSS sources provide a huge catalogue of (candidate) binary systems

and, consequently, a wealth of information on binary evolution. They may also be used in

the search for compact objects and for studying the evolution of these particular systems.

Such systems being identified using astrometry provides a unique opportunity to study

compact objects in non-interacting systems (i.e. where the luminous stellar companion is

sufficiently far from the compact object that accretion processes are absent). Expanding

the population of known compact objects beyond X-ray binaries to include such systems

is vital in developing theories of binary evolution, pre-supernova interactions, natal kicks

& related supernovae mechanisms, & expected gravitational wave populations.

Given that our Galaxy is expected to harbour of order 100 million stellar mass

black holes, the run-up to DR3 was characterised by huge excitement. Individual search

strategies aside, Gaia DR3 was sure to contain scores of black holes and a wealth of

information on compact objects and the binaries that host them.

3.3 Gaia BH1

3.3.1 Identification of Gaia Black Hole 1

In October 2023, El-Badry et al. [78] presented their findings of a 9.6± 0.18M⊙ black

hole, identified through analysis of the astrometric solutions in the Gaia NSS catalogue.

Specifically, they searched the catalogue of NSS systems with Orbital solutions for

systems with a large apparent semi-major axis (determined by the elliptical motion of the

photocenter) compared to their orbital periods, which indicate a large central component

(see Figure 3.1).

Using archival observations and dedicated spectroscopic follow-up of a handful of

promising black hole candidates, they characterised one system as a binary consisting of

a black hole and solar mass G-type star, with a semi-major axis of 1.4 au (corresponding

to an orbital period of 185 days, in good agreement the period presented in the Gaia

catalogue) and a moderate eccentricity (∼ 0.4); this has since been designated Gaia BH1.

As one of the first dynamically confirmed non-interacting compact object binaries,

Gaia BH1 marked a major advancement in the field and highlighted the promise of using

high-precision astrometry in the search for such systems. That being said, this system is
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not without controversy, and there remains significant discussion around the system’s

characteristics and the pathways through which it may have formed and evolved.

3.3.2 Evolution of Gaia BH1

The evolutionary history of Gaia BH1 is far from obvious; given the lack of observational

data, the evolution of non-interacting compact objects and any deviation from the channels

associated with X-ray binaries are poorly understood. The present-day orbital separation

implies previous interaction between the companion star and the large (≥ 20M⊙) black

hole progenitor. A sub-solar star is expected to be engulfed during a common envelope

phase of pre-supernova binary evolution, ultimately resulting in its destruction.

That the system apparently survived this common envelope phase seems only plausible

in the case of high-efficiency common envelope ejections. The ratio of the separation

between the two components of the binary before and after a common envelope phase is

described by the following:

αf

αi

=
Mc

M1

(
1− 2Me

αλrLM2

)−1

(3.3)

where M1 is the total mass of the compact progenitor (comprising core mass, Mc, and

envelope mass, Me), M2 is the companion mass, and rL denotes the Roche lobe radius.

Constants α & λ describe the fraction of the companion star’s energy that is used to eject

the black hole progenitor’s envelope and the binding energy of this envelope respectively.

The modelling presented in El-Badry et al. [78] implies a scenario where α ≈ 14 - the

physical interpretation of this is that an additional source of energy is required to eject

the envelope, which currently eludes explanation.

Since this initial publication, there have been a number of studies attempting to

understand the evolutionary channels through which this system formed. Kotko et al.

[170] suggest that a common envelope scenario is equally probable to formation due to

dynamical capture in a stellar cluster; the former does not require α > 10 due to the

apparently low binding energy of the envelope. The study by Kotko et al. [170] suggest

Gaia BH1 (and Gaia BH2) favour moderate natal kicks, 20-40 km s−1. Alternatively,

the common envelope conundrum was addressed by Generozov and Perets [104], which

proposed that if Gaia BH1 was part of a hierarchical triple system, the common envelope

phase could be avoided, although the presence of a triple was reported to be unlikely in

Nagarajan et al. [212].

As discussed previously, population synthesis software is a valuable tool in under-

standing the evolution of binaries. However, Gaia BH1 proved difficult to replicate with
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COSMIC from general populations; only a very targeted simulation was able to produce

systems resembling Gaia BH1, implying a narrow region of parameter space in which this

system may have formed. These simulations include two distinct evolutionary pathways,

both of which result in systems in which masses and orbital periods are (somewhat)

consistent with the observed values for Gaia BH1 (though the systemic velocity and

eccentricity remain troublesome).

Each of these evolutionary pathways is briefly summarised below. Table 3.1 shows the

system parameters at ZAMS, just prior to supernova, and after supernova for systems

analogous to Gaia BH1.

Table 3.1: Gaia BH1 progenitor properties: as identified through population synthesis
investigation using COSMIC.

Common Envelope Direct Supernova
ZAMS Supernova Post-SN ZAMS Supernova Post-SN

Primary Mass [M⊙] 25 19 5.1 22.1 18.1 8.2
Secondary Mass [M⊙] 1.7 1.8 1.8 0.7 0.8 0.8
Orbital Period [days] 2500 4.1 205 3250 4480 224

System Velocity [km s−1] 260 31

3.3.2.1 Common Envelope Channel:

In this scenario, the initial binary likely had a primary mass of around 25M⊙; a mass

ratio of around 14; and a period of 2500 days. The radius of the primary expands such

that it supersedes its Roche lobe, and mass-transfer begins (this has been considered

unlikely when considering the metallicity of the luminous star [78]). This shrinks the

period down to only a few days, and the majority of systems merge during this phase

(although it is not exactly clear if there is any definitive parameter space that causes these

mergers). The primary loses a significant amount of mass during this phase (which results

in smaller masses post-SN), some of which is gained by the secondary, and eventually

undergoes core-collapse SN.

Following the supernova, the fate of binaries is highly dependent on the natal kicks

they receive. Systems that evolve to be analogous to BH1 receive a natal kick in excess of

125 km s−1, resulting in system velocities well above 150 km s−1, as well as highly eccentric

orbits (0.75-0.95). Whilst other systems may survive if they receive smaller kicks, the

vast majority merge.

84



CHAPTER 3. SEARCHING FOR NON-INTERACTING BLACK HOLES

3.3.2.2 Direct Supernova Channel:

Though the common envelope phase is often considered synonymous with compact object

evolution, there exists a potential evolutionary channel involving no mass transfer prior

to the formation of the compact object [157]. This ‘direct supernova’ channel is thought

to be a viable pathway for LMXBs, and is characterised by widely separated binaries in

which neither star exceeds its Roche lobe. Survival of the binary is highly dependent on

the natal kick magnitude and direction - it must be fine-tuned such that the binary is not

disrupted (despite potentially significant mass loss from the compact progenitor) and, for

the case of Gaia BH1, result in an orbital period that remains wide enough to preclude

mass transfer. This formation channel appears to be feasible in the case of Gaia BH1.

Here, the initial binary hosts a primary star of mass of around 22M⊙; a mass ratio

of around 28; and a period of 3250 days. This widely separated binary evolves without

interaction; as the primary evolves into a giant and begins core helium burning there is a

decrease in orbital period (a few hundred-1000 days). Eventually, the primary undergoes

a core-collapse supernova; 82% of simulated systems were either widened or disrupted as

a result of the supernova. Of the remainder, it is only those that shrink to at least 60%

of their supernova orbital separation that go on to resemble Gaia BH1. As the newly

formed non-interacting black hole binary evolves, the orbit shrinks further to a period of

a few hundred days (i.e. that which we observe). As the orbital separation continues to

decrease, some of these systems will evolve to interact via Roche Lobe overflow.

This appears to be the preferred evolutionary channel, and it is only formation via a

direct supernova mechanism that allows for systems with a primary mass greater than

6M⊙, as the primary progenitor does not suffer the same mass loss as in the CE channel.

Whilst recreating systems with masses and orbital periods that are consistent with

the observed BH1 characteristics is possible (albeit challenging), the observed peculiar

velocity and eccentricity are at odds with predictions, and an evolutionary pathway

involving a moderate kick and eccentricity remains elusive.

If Gaia BH1 underwent a common envelope phase prior to supernova, then a kick of

greater than 125 km s−1 must have been imparted to the system for it to have survived

this phase and gone on to form the observed binary. This large kick results in a system

with a peculiar velocity in excess of 150 km s−1, which is far greater than the observed

value. Alternatively, if Gaia BH1 was formed via a direct supernova, the magnitude of

the imparted natal kick cannot have exceeded 50 km s−1, otherwise, the system would

have been disrupted due to its wide separation. The resulting peculiar velocity would be

closer to 30 km s−1, below the observed value of 75 km s−1.
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That the observed peculiar velocity of Gaia BH1 lies outside the regions of (apparently)

explainable peculiar velocities is puzzling, to say the least. The evolution of Gaia BH1

remains uncertain, and the system highlights how much remains to be understood about

binary evolution. It is apparent that the system can only be produced from a very narrow

range of initial conditions; however, whether the system interacts prior to the supernova

or not cannot be determined from the available data. The observed masses of the binary

components seem more akin to the simulated systems that do not experience a common

envelope phase, and one might naively assume this is a smoking gun for that evolutionary

pathway. However, the kinematics and eccentricity of the system cannot be reproduced

in either scenario. The uncertainty regarding how supernova kicks affect the system and

its future kinematics makes it difficult to ascertain which (if any) evolutionary channel

could result in a peculiar velocity similar to the measured value and whether it is fair to

rule out potential pathways based on the velocity measurements alone.

Finally, there is always the potential that the observed characteristics of Gaia BH1

are incorrect. The wide orbit means constraining system parameters via radial velocity

measurements alone is challenging. The initial fits to radial velocity data appear to rely

heavily on the Gaia astrometrically determined parameters, and it may be the case that

the eccentricity or even orbital period has been incorrectly measured. This can only be

addressed with more data and radial velocity measurements spanning the full nominal

orbital period; future observations are essential in understanding this system and its

history.

3.3.3 Gaia BH2

Following the identification of Gaia BH1, another candidate system from the same sample

was later identified as a non-interacting black hole. Gaia BH2 [79], is thought to be a

8.9 ± 0.3M⊙ black hole, accompanied by a solar mass red giant, orbiting with a period

of 1277 days, making it the longest-period binary to host a compact object discovered to

date.

This identification also relied upon combined astrometry and radial velocity observa-

tions; however, unlike Gaia BH1 the phase coverage is limited to only 10% of the assumed

orbit. The radial velocity curve used to characterise the central object relies heavily on

the orbital properties measured by Gaia, including the orbital period (which exceeds

the timespan of astrometric observations). Consequently, any inaccuracies in the Gaia

astrometry may impact the radial velocity fit and inferred black hole mass and one ought
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to bear this in mind when making inferences on black hole and binary evolution from

such a system.

3.3.4 Gaia BH3

In 2024, the Gaia collaboration published their findings of a 33M⊙ black hole existing in

a binary with an orbital period Porb = 11.6 yr, in advance of the larger data release.

3.4 Searching for non-interacting black holes

3.4.1 Astrometric searches

As of March 2025, Gaia BH1, Gaia BH2, and Gaia BH3 remain the only dynamically

confirmed black holes identified through the astrometry provided in Gaia DR3 (though

there exist several other candidates and samples which may yet prove to be compact

in nature). Searching the putative binaries for systems with large mass functions has

the highest success rate when searching for black holes; Gaia BH1 exists as a blurred

photograph of a needle, and the haystack remains formidable and enticing in equal

measure.

The NSS catalogue published by the Gaia collaboration includes 169,227 sources

flagged as Orbital or combined Orbital & Spectroscopic solutions. The inclusion of systems

where the NSS solution is somewhat more complex, flagged as one of OrbitalAlternative,

OrbitalAlternativeValidated, OrbitalTargetedSearch, OrbitalTargetedSearchValidated, in-

creases the sample size used by El Badry et al. by ∼ 1000. For a more detailed discussion

of the NSS processing pipeline and related astrometric solutions, uncertainties, and

implications, refer to Section 1.6.3.

3.4.1.1 Selection Criteria

As discussed in Section 1.4, the nominal orbital periods and semi-major axes may be used

to estimate the mass of the central object in the binary; the small number of systems

with a predicted mass M1 ≥ 1M⊙ are easily distinguishable by eye, existing above the

locus of sources (see Figure 3.1). Having identified systems which may host super-solar

components, these underwent ‘quality’ cuts with the aim of focusing on the systems most

likely to be of interest.
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Candidates were selected from the subsample provided that they met the following

criteria:

• Visibility Periods Used > 12

• Parallax > 0

• Parallax Over Error > 12

• Well-measured semi-major axis: a0/a0,error > 4

• 10 ≤ Porb ≤ 350 days

• Periods unlikely to be related to the Gaia scanning period: Porb − 2 < k × 63 <

Porb + 2 (where k is some integer and Porb is measured in days).

These cuts were chosen to: ensure the robustness of the data (i.e. from good parallax

and orbital elements measurements); discard candidates that would require long-term

observations to verify orbital periods; and to exclude those whose periods are likely to be

an artefact. This latter point is significant; Gaia BH1 was excluded from previous studies

Figure 3.1: Candidate non-interacting black holes: Sample of all Gaia NSS sources
with Orbital solutions described by the Thiele-Innes coefficients). The semi-major axis,
a0, is determined from the orbital motion of the photocenter and the distance. Systems
whose parameters suggest a massive central object are highlighted, and the 7 candidates
selected for follow-up observations are indicated as pink circles. Gaia BH1 & Gaia BH2
are indicated with a blue and green star respectively.
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Figure 3.2: Candidate non-interacting black holes: Sample of all Gaia NSS sources,
with the 7 candidates selected for follow-up observations indicated as pink circles, and
Gaia BH1 & Gaia BH2 are indicated with a blue and green star as before. Their positions
on the Hertzsprung–Russell diagram identify them as main sequence stars (with the
exception of Gaia BH2, accompanied by a red giant). None of the sources show significant
astrometric excess noise with respect rest of the NSS catalogue.

due to its orbital period being close to an integer multiple of the Gaia scanning law

(∼63 days). Previous papers have highlighted this as a potential source of contamination,

suggesting that systems with periods that fall close to the scanning law are likely to

produce seemingly high mass functions but be non-physical [121; 135]. Whilst subsequent

radial velocity campaigns have verified the orbital period of Gaia BH1, there remains

reason to be cautious when studying systems that may be influenced by this artifice.

Ultimately, these quality cuts are perhaps stricter than necessary, in order to identify a

handful of the best candidates for spectroscopic follow-up. Sources that were rejected

based on the above may still be good candidates for non-interacting black holes, and

may be subject to further investigation in the future.

The decision to exclude sources with orbital periods longer than 1 year was based on

a) the reliability of measured orbital periods which exceed the Gaia DR3 baseline and b)

considering the practicalities of follow-up observational campaigns. Gaia BH2 is subject
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to scrutiny, given that its orbital period is longer than the nominal Gaia DR3 baseline.

El-Badry et al., 2023 comment that Gaia BH2 suggests the Gaia baseline of 1000 days

does not preclude reliable analysis of binaries with periods in excess of 1000 days [79] 1.

However, given the extensive time coverage needed to confirm such long orbital periods

through radial velocity measurements (particularly for eccentric systems such as BH2),

Gaia BH2 and two other sources are excluded from the sample, leaving 12 sources. None

of these have been subject to significant previous study and there are no co-located X-ray

sources.

3.4.2 Observations

Whilst the astrometric solutions provide promising, high-precision constraints on the

properties of these binaries, dedicated radial velocity campaigns remain the most effective

and reliable way to identify and characterise the orbital period and component masses.

The Southern Africa Large Telescope (SALT) is a 9.2-meter telescope, the largest

in the southern hemisphere, optimised for spectroscopy in the 3200-9000 Å wavelength

range.

7 of 12 sources had declinations δ < +10◦, making them visible to the SALT

observatory - these are highlighted in Figures 3.1 & 3.2. These sources are summarised

in Table 3.2. These 7 candidates were then subject to an observing campaign using the

Robert Stobie Spectrograph (RSS) [39; 36]. The aim of this investigation was to use

high-precision optical spectra to constrain the radial velocities associated with orbital

motion and derive mass functions for each system, which could be used to identify

non-interacting black holes similar to Gaia BH1.

For this campaign, observations were carried out using the pg1300 grating, with a

resolving power 1200-2000 over a wavelength range of 4900-7000 Å, encompassing the

Hα line (6562 Å) as well as 5000–5900 Å region which includes typical metal lines (Mg,

Na, etc.).

Given the stars observed had magnitudes ranging 11-16, exposure times of 500s

translated to signal-to-noise ratios of ∼ 100. The rms of the wavelength calibration

ranged 0.1-0.2 across observations, and the orbital velocity of these stars was therefore

1They also comment that the fact Gaia BH1 & BH2 have orbital periods at both long- and short-
period edges of the observational sensitivity curve is suggestive of a bimodal distribution of non-interacting
binary periods, with a dearth of sources with Porb=1–3 yrs. Drawing conclusions on the intrinsic period
distribution of these binaries seems premature, given that there are only 2 robust candidates (neither of
which have radial velocity measurements encompassing all phases); future observations & candidates
will allow for a more developed understanding of period distributions.
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Figure 3.3: SALT spectra for candidate non-interacting black holes: Optical spec-
tra for 6 of 7 candidate non-interacting black holes, selected based on Gaia measurements
of orbital periods and semi-major axes.

measurable to within 10 km s−1, which is sufficient to understand the nature of these

systems and to determine the presence of a compact object for most configurations of

systems like Gaia BH1.

3.4.3 Radial velocity measurements

Optical spectra for 6 of 7 sources were obtained, the number of epochs for each source

ranging 4-10 (see Table 3.3). Typical spectra are shown in Figure 3.3.

Table 3.3: Summary of SALT observations: the date of observation (including

Heliocentric Julian Date, HJD); the ID of the source in question; the observed radial

velocity (Vr); and the heliocentric velocity (RV Helio), referring to the motion of the

source relative to the Sun.

Date HJD Source Vr RV Helio
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[km s−1] [km s−1]

01/05/2023 2460066.34 Gaia 6281 1± 3 3.57

01/05/2023 2460066.41 Gaia 5929 -3± 6 16.09

01/05/2023 2460066.43 Gaia 5959 -90± 4 19.14

02/05/2023 2460066.65 Gaia 4299 -48± 9 25.76

09/05/2023 2460073.63 Gaia 4299 -50± 5 25.39

09/05/2023 2460073.66 Gaia 5959 -80± 5 16.03

09/05/2023 2460074.36 Gaia 5406 -33± 5 -12.2

09/05/2023 2460074.42 Gaia 5929 -8± 4 13.25

10/05/2023 2460074.53 Gaia 4491 21± 2 13.2

15/05/2023 2460080.41 Gaia 5959 -2± 5 13.7

16/05/2023 2460080.66 Gaia 4299 -65± 4 24.33

16/05/2023 2460081.33 Gaia 5406 -16± 5 -13.46

17/05/2023 2460081.53 Gaia 4491 -5± 3 10.5

19/05/2023 2460084.30 Gaia 6281 -31± 3 -5.4

19/05/2023 2460084.37 Gaia 5929 -40± 5 9.45

23/05/2023 2460088.30 Gaia 5406 -22± 5 -14.52

26/05/2023 2460091.47 Gaia 4491 43± 7 6.66

27/05/2023 2460091.61 Gaia 5959 -24± 4 8.41

27/05/2023 2460092.35 Gaia 5929 -32± 4 6.18

01/06/2023 2460096.56 Gaia 4299 -61± 5 21.07

05/06/2023 2460101.48 Gaia 6281 -14± 3 -13.89

06/06/2023 2460101.55 Gaia 5929 -12± 4 -2.06

06/06/2023 2460102.33 Gaia 5959 -47± 4 3.89

11/06/2023 2460106.56 Gaia 4299 -32± 3 18.52

20/06/2023 2460116.23 Gaia 5406 -16± 5 -16.71

22/06/2023 2460118.41 Gaia 4491 0± 3 -4.54

24/06/2023 2460120.21 Gaia 6281 -4± 4 -20.83

24/06/2023 2460120.28 Gaia 5959 -60± 4 -4.52

01/07/2023 2460126.51 Gaia 4299 -35± 3 11.54

01/07/2023 2460127.40 Gaia 6281 3± 4 -23.57

02/07/2023 2460128.47 Gaia 5929 -21± 4 -8.34

04/07/2023 2460130.25 Gaia 5959 -44± 4 -9.02

06/07/2023 2460132.38 Gaia 4491 - -10.09

10/07/2023 2460136.46 Gaia 4299 -42± 4 7.64
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10/07/2023 2460136.47 Gaia 5929 -38± 4 -12.2

11/07/2023 2460137.36 Gaia 6281 7± 4 -26.18

13/07/2023 2460139.38 Gaia 4491 16± 3 -12.72

21/07/2023 2460147.35 Gaia 6281 -1± 4 -28.15

22/07/2023 2460148.33 Gaia 4491 20± 3 -15.75

01/08/2023 2460158.31 Gaia 6281 16± 4 -29.3

13/08/2023 2460170.27 Gaia 4491 14± 4 -21.63

13/08/2023 2460170.29 Gaia 6281 21± 4 -29.54

13/08/2023 2460170.39 Gaia 5959 -7± 4 -23.92

14/08/2023 2460171.26 Gaia 4491 -9± 4 -22.02

14/08/2023 2460171.28 Gaia 6281 5± 2 -29.44

19/08/2023 2460176.24 Gaia 4491 5± 3 -22.73

23/08/2023 2460180.38 Gaia 5959 -2± 6 -26.12

03/09/2023 2460191.35 Gaia 5959 -5± 4 -27.64

3.4.3.1 Determining Radial Velocities

Radial velocities may be deduced from spectra in various ways, with the most fruitful

results incorporating multiple techniques.

Line Fitting: Each of the spectra shows absorption features associated with various

metals and the Hα line (see Figures 3.3 & 3.4) - the latter is the strongest spectral

feature in all observations, with relative change in flux ∼ 40%, as shown in Figure 3.5.

These absorption lines may be fit as Lorentzians, and their centroids constrained and

compared to the nominal rest wavelengths. These lines may be fit independently of one

another or collectively (i.e. fit with consistent velocity variation regardless of wavelength)

- Figure 3.6 demonstrates line fitting techniques for spectrum. Whilst fitting individual

lines may offer more precise estimates of radial velocities (particularly in the case of

the well-defined Hα line), fitting all strong absorption features collectively is favourable,

offering radial velocity measurements that are less susceptible to inter-epoch variability

of individual lines, at the expense of somewhat larger errors.

Cross Correlation: Radial velocities can also be determined by cross-correlating

the observed spectra with either a template (of the same spectral type as the star in

93



CHAPTER 3. SEARCHING FOR NON-INTERACTING BLACK HOLES

Gaia 4299 Gaia 4491

Gaia 5406 Gaia 5929

5000 5250 5500 5750 6000 6250 6500 6750
Wavelength [Å ]

Gaia 5959

5000 5250 5500 5750 6000 6250 6500 6750
Wavelength [Å ]

Gaia 6281

N
or

m
al

is
ed

 F
lu

x N
orm

alised Flux

Figure 3.4: SALT spectra for candidate non-interacting black holes: Same as
Figure 3.3, with background continuum subtracted to better highlight absorption features
associated with the star. Background was subtracted by fitting the continuum to a
polynomial and subtracting this from the spectrum.

question) or a spectrum from some previous epoch of the same source - Figures 3.7 &

3.8 demonstrate cross-correlation analysis of one system (G6281). Whilst the former

provides a measurement of radial velocities compared to a stationary system at rest, the

latter offers only relative changes in velocity. Though this must be accounted for when

fitting radial velocity curves, it has the advantage of excluding any additional velocity

associated with the motion of the entire system around the Galaxy.

3.4.3.2 Validating wavelength calibration

The wavelength calibration for each spectrum can be validated by checking the observed

wavelengths (and consequently velocities) of telluric lines; that is, absorption features

associated with the composition of Earth’s atmosphere. These lines ought to be consistent

between epochs and exhibit no changes in centroid wavelength (within errors). The telluric

features present in all spectra showed no inter-epoch variation in wavelength, implying
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Figure 3.5: SALT spectra and Hα absorption line: Optical spectra of each of the
6 sources (left). Hα absorption feature around 6562.8 Å fit with a Lorentzian (right),
including the associated radial velocity (based on only this feature).
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Figure 3.7: Cross-Correlating Spectra: Upper panels show the entire spectrum and
some absorption features (associated with magnesium, sodium, and hydrogen) for three
observations of G6281, with inter-epoch shifts in velocity identifiable by eye. Lower panels
show spectra and line features after two epochs have been red-shifted according to the
results of the cross-correlation (i.e. by 32 km s−1 and -19 km s−1 respectively).

consistent wavelength calibration for each spectrum and, therefore, authenticating any

inferences made by studying absorption features associated with the visible star (e.g. see

Figure 3.9).

3.4.3.3 Resultant Radial Velocities:

The observed radial velocities and associated errors are summarised in Table 3.3. Errors

are generally well-constrained, typically averaging 5 km s−1.

3.4.4 Fitting orbital solutions

There exist numerous techniques to fit radial velocity curves to data. Joker is a publicly

available Monte Carlo sampler, developed to generate posterior samplings of Keplerian

orbits given radial velocity observations of stars [234], and is the method employed here.
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Figure 3.8: Cross-Correlating Multiple Epochs: 6 spectra from source Gaia 6281,
cross-correlated against a template epoch. The peak of the Gaussian indicates the best-fit
cross-correlation value, corresponding to the radial velocity shift from the template
spectrum (in this case, the first observed spectrum).
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Figure 3.9: Telluric lines: Epoch #5 of source Gaia 6281. Upper panels show absorption
features associated with Earth’s atmosphere (Fraunhofer lines at 6278 Å & 6869 Å).
Fitting these lines with Lorentizans results in radial velocities consistent with those
applied during reduction to account for heliocentric correction (see Table 3.3).
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3.4.4.1 Gaia solutions

The Gaia-derived astrometric solutions offer a prediction of the systems’ parameters and,

therefore, the expected radial velocity curves. These solutions (in particular, the tightly

constrained orbital periods) provide a natural starting point for fitting the data.

In practice, this involves using Joker to fit radial velocity curves and restricting

the parameter space such that the fits match the orbital periods measured by Gaia

(±3 days). Whilst the Thiele Innes coefficients also provide estimates of semi-major axis

(and, consequently, radial velocity semi-major amplitude) and eccentricity, these are not

used as priors for fitting.

The results of fitting radial velocity curves using the Gaia period estimates are shown

in Figures 3.10 & 3.11, and the mass functions derived from these fits are shown in Figure

3.12. Of six systems, the nominal orbital periods presented by Gaia are consistent with

observations for only three sources. Details of these fits are summarised below.

Gaia 4299: The radial velocities for each of the seven epochs are well-constrained, with

errors of order 10%. The Gaia orbital period of 31.5 days is consistent with observations,

as is the moderate eccentricity (0.4). The orbit is consistent with a semi-major amplitude

of 10-20 km s−1, resulting in a mass function f(M) ≤ 0.025M⊙. This is a far cry from the

predicted f(M) ≥ 20M⊙, and indicative of a poorly fit astrometric solution determined

by Gaia, albeit with a well-measured orbital period.

Gaia 5406: There are only four observations of this source, and the inter-epoch radial

velocity shifts are comparable to their associated errors. Nevertheless, it is possible to fit

a radial velocity consistent with Porb = 25± 2 days and e = 0.25± 0.1. The semi-major

amplitude of this velocity curve is less well-constrained, ranging 0 − 40km s−1. Even

the largest of these provides a mass function of only f(M) ≈ 0.1M⊙. Neglecting the

Gaia measured eccentricity, K2 may be up to 50 km s−1, though the higher eccentricities

required for these orbital solutions to be viable still lead to a mass function of only

f(M) ≈ 0.1M⊙. This is inconsistent with the astrometric solution presented in the Gaia

catalogue, which predicts a wider binary and a large mass function.

Gaia 5929: The radial velocity observations suggest the binary may indeed have

an orbital period of 54 days, as predicted by Gaia, with an eccentricity consistent with

the lower end of the expected range. The Keplerian velocity does not exceed 50 km s−1

(rarely does it exceed 25 km s−1) making it consistent with a low-mass stellar binary,

where 0.01 ≤ f(M) ≤ 0.1M⊙.

Gaia 6281: The longest-period source in this sample, the observations of Gaia 6281

corroborate the Gaia orbital period of 154 days, though fitting a radial velocity curve
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to this period requires an eccentricity > 0.4, which lies outside the range suggested by

Gaia. The best-fit parameters for this source indicate a mass function f(M) ≈ 0.1M⊙,

although it may be as great as 0.5M⊙ (as is discussed further below).

3.4.4.2 Fitting Alternative solutions

In the wake of apparently ill-matched Gaia orbital solutions (including poorly matched

orbital periods in some instances), the allowed parameter space for fitted radial velocity

curves is expanded; instead, orbital periods are restricted to 10 ≤ Porb ≤ 100 days

(maximum of 200 days for Gaia 6281) and further refined for each system based on the

outcome of these fits. The results of fitting radial velocity curves without using the Gaia

period estimates are shown in Figures 3.13 & 3.14, and the associated mass functions are

shown in Figures 3.15 & 3.16.

Gaia 4299: Whilst the Gaia observed orbital period can be used to fit radial velocities,

there is greater success and improved goodness-of-fit when increasing the range used in

the priors. Gaia 4299 is better described as a binary with an orbital period 60+20
−10 days

- that the likelihood peaks around an integer multiple of the Gaia orbital period (at

Porb ≈ 61 days is interesting, being an integer multiple of the nominal period of ∼ 30 days,

though this may be coincidental). Despite the longer period, the mass function remains

low, and the mass of the central component is unlikely to exceed 0.5M⊙.

Gaia 5929: Whilst the nominal period of 54 days is plausible, the seven radial velocity

observations suggest this system is more likely to have a slightly shorter orbital period;

42–50 days. As is the case with other systems, that the orbital period lies outside the

Gaia predictions provides food for thought when considering the challenges in fitting

complex astrometric solutions. Still, this minor variation in possible orbital periods does

little to affect the analysis of the system - Keplerian velocities remain low, and the mass

estimates suggest the binary comprises ordinary stars.

Gaia 5959: With radial velocity variations of ≈ 70 km s−1, there exist only a handful

of radial velocity solutions for the 10 measurements of this source when using the nominal

Gaia orbital period. The observations appear to favour a longer period binary, 100-125 days

(likelihood peaking around 112 days), with moderate Keplerian semi-major amplitude

(K2 ≈ 30) and low-medium eccentricities (< 0.5). This source, therefore, yields the largest

mass function, f(M) ≥ 0.15M⊙, with a predicted central mass 0.5 ≤ M1 ≤ 2M⊙.

This is still below the expected mass range for black holes, and therefore this system is

unlikely to host a compact object - that being said, questions arise as to the nature of
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Figure 3.10: Best-fit orbital solutions (Gaia priors): Results of fitting Kelperian
orbits to radial velocities, based on Gaia orbital period priors for Gaia 4299 and Gaia
5406. Upper panel shows possible solutions. Middle panels show distributions of orbital
period, semi-major amplitude velocity, and eccentricity for all possible fits (sources in
light blue indicate orbital solutions consistent with the Gaia observed eccentricities as
well as orbital periods).
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Figure 3.11: Best-fit orbital solutions (Gaia priors): Same as Figure 3.10, for sources
Gaia 5929 and Gaia 6281.
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Figure 3.12: Astrometric mass estimates: Upper panels: distribution of mass functions
for orbital solutions (consistent with Gaia). Lower panels: distribution of potential central
object masses under different assumed primary mass.
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this system when considering the unusually bright luminosity. 2

Gaia 4491: It is intriguing yet vexatious that, despite 10 observations (which happen

to be mostly uniform in time), Gaia 4491 eludes explanation through conventional radial

velocity fitting. The quality of constraints on radial velocity magnitudes are comparable

with the rest of the sample, yet this system cannot be easily described as a binary of

orbital period 32 days, or indeed any other Porb. Precise characterisation the orbit is

somewhat academic; the radial velocities span -10 km s−1 to +45 km s−1, so a large mass

function is unlikely.

3.4.5 Stellar binaries with two luminous components

Luminosity Predictions: The lack of evidence for large ’unseen’ companions implies

that these ought to be visible stars, though perhaps less luminous than the primary. One

can calculate the expected luminosity (and apparent magnitude) for a binary system as

a function of the component masses, as shown in Figure 3.17. Gaia photometry indicates

these systems have optical luminosities in the range 0.02-3 L⊙. If they comprise only

one luminous component, these would range 0.4-1.4M⊙, but assuming the standard

mass-luminosity relation, individual component masses may be estimated.

At a distance of > 1.6 kpc and with an apparent magnitude of 15, Gaia 6281 requires

at least one star greater than 1M⊙. Given that the mass function expresses the relative

masses of two components in a binary, this may be used in tandem with luminosity-based

mass constraints to further refine the possible parameter space (see Figure 3.18). Similar

mass estimates can be determined for Gaia 5929 and Gaia 5959 (NB For Gaia 4299 there

is no photometric information from Gaia, Gaia 4491 has no well-described orbit, and

Gaia 5406 encompasses such a vast range of parameters that errors on mass estimates

will be of little value).

If both components of the binary are contributing to the overall luminosity, their

masses may be limited as follows:

• Gaia 5929: 1.2 ≤ M1 ≤ 1.5M⊙, 0.3 ≤ M2 ≤ 0.6M⊙

• Gaia 5959: 0.5 ≤ M1 ≤ 0.8M⊙, 0.1 ≤ M2 ≤ 0.7M⊙

2These solutions were fit using only 8 of the 10 epochs - the signal-to-noise of the first spectrum
made both line-fitting and cross-correlation unreliable and analysis of the second suggested a Keplerian
velocity of -80 km s−1. Whilst this is of a similar magnitude to later epochs, it is in stark contrast to the
subsequent observation in which the system is consistent with rest wavelengths, with no Keplerian motion
along the line of sight. Preliminary analysis of the spectrum suggests improper wavelength calibration,
and though the offset measured by the telluric lines is not sufficient to explain such an apparently large
inter-epoch velocity shift, it is enough to leave the velocity errors too large to be meaningful, at least at
this stage.
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(b) Gaia 5929

Figure 3.13: Best-fit orbital solutions (uniform priors): Results of fitting Kelperian
orbits to radial velocities of Gaia 4299 and Gaia 5929, based on uniform priors for orbital
period. Upper panel shows possible solutions. Middle panels show distributions of orbital
period, semi-major amplitude velocity, and eccentricity for all possible fits.
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(b) Gaia 6281

Figure 3.14: Best-fit orbital solutions (uniform priors): Same as Figure 3.13, for
sources Gaia 5959 and Gaia 6281.



(a) Gaia 4299

(b) Gaia 5929

Figure 3.15: Astrometric mass estimates: Upper panel: distribution of mass functions
for orbital solutions (not necessarily consistent with Gaia). Lower panel: distribution of
potential central object masses under different assumed primary mass.



(a) Gaia 5959

(b) Gaia 6281

Figure 3.16: Astrometric mass estimates: Same as Figure 3.15, for Gaia 5959 and
Gaia 6281.
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• Gaia 6281: 0.9 ≤ M1 ≤ 1.3M⊙, 0.5 ≤ M2 ≤ 1M⊙

Mass-transfer: The estimated masses of each of the components of the binary leads

to an estimation of their stellar radii, as well as an estimated size of the Roche Lobe,

and predict whether the system is likely to be experiencing mass transfer. For mass

ratios between 0.3-4, the L1 Lagrange point ranges 0.2a ≤ RL1 ≤ 0.5a, and the stellar

radii range 0.55 ≤ R∗ ≤ 1.4R⊙, meaning each star fits well within its Roche Lobe and

mass-transfer is unlikely.

Stellar Spectra: When comparing the observed spectra with templates for stars of a

similar type (class, temperature, etc.) there appears to be no evidence of an additional

luminous component. There is also no evidence of contamination from another star when

comparing the Gaia colours and the colours from archival 2MASS observations. This

appears to rule out the possibility of a second luminous star of a different type than the

primary, although it may still be the case that the ‘unseen’ object is a star of the same

type as the luminous primary star.

The exception to the above is Gaia 4299: there is no photometric information on

this source in the Gaia catalogue (i.e. no colour, no magnitude, no temperature, etc.) and

it is, therefore, difficult to compare its spectra to an ‘expected’ spectrum. Comparing

these spectra to other stellar templates suggests there may be an additional luminous

component; however, without confirmation of the spectral type, this can’t be confirmed.

Resolvable binary: Combining the orbital period, distance, and mass estimates

suggests semi-major axes of:

• Gaia 5929: 0.28 ≤ a ≤ 0.33AU

• Gaia 5959: 0.36 ≤ a ≤ 0.57AU

• Gaia 6281: 0.6 ≤ a ≤ 0.78AU

In each of these instances, the separation < 0.01 arcsec - substantially less than

both the nominal resolving power of Gaia and predictions of the resolving potential

for binaries [320]. This raises an intriguing question - if the radial velocity data are to

be believed, then these are likely ordinary stellar binaries existing too close together

to be resolved as individual components. This implies they would appear in the Gaia

catalogue as single stars; the astrometry should show no evidence of this binarity. And

yet, binary characteristics and periodicities have been identified through the Gaia data

processing to a high level of precision. The question then becomes: why does Gaia identify
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Figure 3.17: Photometric mass estimates: Expected apparent magnitude for three
sources (Gaia 5929, Gaia 5959, and Gaia 6281), assuming two luminous components.
White dashed lines encompass regions consistent with the apparent magnitude for Gaia
G band.



Figure 3.18: Combined photometric & astrometric mass estimates: Expected
apparent magnitude for three sources (Gaia 5929, Gaia 5959, and Gaia 6281), assuming
two luminous components. White dashed lines encompass regions consistent with the
apparent magnitude for Gaia G band. Blue-shaded regions indicate parameter space
consistent with radial-velocity derived mass functions.
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a binary system, when the tight stellar binary is beyond its detection capabilities? If the

astrometric solutions are not associated with these stellar binaries, are they associated

with something else? One may speculate on the possibility that the Gaia data pipeline

has found something that we cannot yet define - but for now, these systems must be

attributed to teething problems in the astrometric fitting processes.

3.4.6 Conclusions

Where Gaia astrometry pointed to these 6 systems hosting a massive dark companion

(Figure 3.1), the subsequent radial velocity campaign proved that they are, in all likelihood,

ordinary stellar binaries (though the exact nature is not easy to confirm) - plausible

masses are summarised in Figures 3.12, 3.15, 3.16, & 3.18. This null-detection is not

without value, however. Whilst the aim was to identify and characterise a new sample

of black holes, the data instead provides an insight into the reliability and fallibility of

fitting astrometric solutions to binaries.

The precision astrometry provided by Gaia is unparalleled and opens the door for

the identification of new types of black hole systems. However, the best way of exploiting

the Gaia catalogue, particularly the Non-Single Solutions remains unclear.

Where the astrometrically measured orbital periods and semi-major axes were suc-

cessful in the identification of BH1 & BH2, other systems within the same parameter

space have been excluded as compact object sources (by both El-Badry et al. [78] and

the above study). This, in tandem with the (at times obviously) poorly-fit astrometric

solutions provided by Gaia highlights the uncertainty within astrometrically measured

parameters and that researchers must remain cautious.

Future studies of these systems in particular, both astrometric and radial velocity,

will hopefully shed further light on their specific characteristics, in turn supporting, or

refuting, various evolutionary channels.

3.4.6.1 Gaia Data Release 4

These findings are significant, not only for the catalogues presented in Gaia DR3, but

also in anticipation of Gaia DR4 (expected 2026). Astrometric fitting is a non-trivial and

the techniques used to describe multi-component systems are in their infancy.

Section 3.2 explained the cascading nature of astrometric fitting of non-single solutions

for putative binaries, which is perhaps one of the most obvious drawbacks of the current

pipeline - there may be numerous systems for which more data is available, and the
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binaries may be better characterised than the ‘first-past-the-post’ solutions presented in

the official catalogue. This is, of course, speculative; Gaia DR4 will include individual

epoch astrometry, allowing one to carry out fitting beyond that which is included in the

Gaia pipeline.

The next stage of the above investigation will be to study the updated information

provided by Gaia DR4; should the astrometric solutions remain unchanged, individual

epoch astrometry will be subject to intense scrutiny in the hopes of fitting an astrometric

solution that is consistent with the observed radial velocities.

That the present astrometry is at odds with the orbital characteristics derived from

radial velocity observations is troublesome, though the value in the former should not be

underestimated. The groundbreaking high-precision astrometry undertaken by the Gaia

mission is without equal and has enabled studies of stellar populations (both individual

and binary), stellar variability, globular clusters, Galactic structures, interstellar material,

and much more. The application of such rigorous observations to compact objects is just

part of the Gaia mission, and the work is far from over.

A positivist perspective would be that perhaps the lack of obvious black holes present

in the Gaia NSS catalogue is the result of underdeveloped astrometric fitting techniques

and that future data releases and investigations may reveal black holes in the numbers

predicted prior to DR3. Gaia BH1, Gaia BH2, & Gaia BH3 are pioneering and, though

not immune from the challenges associated with astrometric observation and analysis,

are only the first of what is sure to be a vast catalogue of black holes, interacting and

otherwise, identified with Gaia. Thus, with that in mind, the search continues.
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Chapter 4

Measuring masses with X-ray spec-

troscopy

As discussed in Section 1.4, the masses of compact objects provide extensive information

on their evolutionary history, their formation, the mass lost during supernova, the mass

gained through accretion, and has consequences for various areas of astronomy.

These masses are best measured through studies of the companion star (using the

mass function, Equation 1.9). Whilst radial velocity observations are commonplace in

the optical waveband (e.g. as is the case in Chapter 3), spectral features are also present

in the X-ray emission from interacting binaries. X-rays open up the possibility to probe

masses for sources which are otherwise too obscured in the optical, thereby expanding

the sample of black holes with mass measurements.

This Chapter discusses the potential to use cutting-edge X-ray spectrographs to

constrain radial velocity motions to high precision. The plausibility of this method

hinges on the equivalent width of the spectral feature in question (in this case, the iron

fluorescent line at 6.4 keV). This equivalent width describes the strength of the emission

line with respect to the underlying continuum (mathematically defined as the width of a

rectangle under the continuum with the same area as that of the emission line profile),

and is derived considering the geometry of an X-ray binary, including distortion of the

donor star, in tandem with the composition of the stellar surface and the nature of the

X-ray emission.

The equivalent width of the iron Kα emission feature is predicted to range 2-40 eV

(dependent on the binary’s mass ratio, inclination, and orbital phase). As shown in Section

4.7, the latest X-ray mission XRISM is sensitive to energy shifts within 5-30 km s−1, which

are sufficient to fit radial velocity curves and calculate mass functions; this method can
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be applied to systems that are more obscured in other wavebands, potentially mitigating

some of the biases of previous studies. Though there are caveats (discussed in Section 4.9),

the potential of this method is significant, and will likely contribute to our understanding

of the mass distribution of compact objects.

4.1 Measuring the masses of X-ray binaries

Whilst the catalogue of black holes with well-constrained masses is growing, there remain

numerous questions regarding the overall mass distribution of black holes, and the

implications therein. As mentioned previously, a perhaps disproportionate number of

black hole mass measurements come from LMXBs, due to their transient nature being

more conducive for radial velocity studies. Additionally, if one assumes formation in the

Galactic plane and a broadly consistent natal kick distribution for black holes, in follows

that heavier systems are likely to be less displaced due to a natal kick, leaving them

closer to their natal site and more affected by extinction. These heavier black holes may

therefore be harder to find (although smaller black holes in high-mass X-ray binaries are

also susceptible to this bias).

Enhancing the sample size of black hole masses will provide further evidence for

and against various mass distributions, the presence of a lower mass gap, and related

supernova processes. It is therefore wise to consider new ways of measuring the masses

of black holes. Once again, the movements of the Universe offer support.

Though these masses cannot be measured directly, radial velocity observations of the

companion star can provide constraints, both in non-interacting as well as interacting

(X-ray) binaries. Thus far, the majority of characterised black holes exist in the latter

(though this is not attributable to these being the dominant population of compact

objects, but rather reflective of the challenges associated with observing compact objects).

As described in Section 1.4, the mass function of a system can be expressed as:

f(M1) =
M3

1 sin
3i

(M1 +M2)2
=

Porb K3
2

2πG
(4.1)

whereM1 is the mass of the compact object,M2 is the observed mass of the companion,

K2 is the peak Keplerian velocity of the companion and Porb is the orbital period. By

reducing the assumed companion mass to 0, f(M1) provides a minimum mass for the

compact object.
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Mass functions have been derived for many XRBs, with the radial velocity curve typ-

ically relying on optical or infrared spectra, including absorption features and fluorescent

emission lines [e.g. 54; 202; 55; 127].

4.2 Opportunities in X-ray

Thus far, there have been limited attempts to extend this method to other wavelength

ranges. Zhang et al. [317] used the Doppler shift in X-ray absorption features associated

with an accretion disc to constrain the mass of the compact object and the inclination of

GRO J1655–40. This method was attempted again by Madej et al. [192] in 2014, though

the results appeared to be dominated by variability in the X-ray luminosity. In 2018,

Ponti et al. [233] used absorption features in the X-ray spectra of an LMXB to derive

radial velocity measurements and therefore constrain the mass of the companion. Their

findings are consistent with previous estimates from other methods, indicating promise

in the idea of expanding mass function methodologies to different wavebands.

XRB X-ray spectra also often exhibit emission features. In particular, the fluorescent

iron emission is prominent as a result of a high iron (Fe) abundance and fluorescence

yield. This emission occurs following photoelectric absorption of X-rays (greater than

7.1 keV) by an iron atom/ion, which causes the ejection of an electron from one of the

inner K shells - shells indicate the orbits that electrons follow around the atomic nucleus,

existing at different energy levels. A higher energy electron falls from the L shell, and

this transition results in the emission of the Kα line at 6.4 keV. In practice, there exist

two potential pathways by which the energy released by the transition may be emitted:

emission line photons or, more commonly, Auger electrons (electrons ejected having

received the excess energy). Strictly speaking, the iron Kα line comprises two distinct

energies, 6.404 keV & 6.391 keV [15; 257], however, this distinction is purely academic.

The Kα emission feature at a rest energy of ≈ 6.4 keV (or a wavelength of 1.9387 Å)

has been observed in a large number of XRBs. It is, therefore, a potentially valuable

means to derive system properties, especially the Doppler-broadened component that

arises deep within the potential well of the binary close to the compact object [12; 226;

195; 81; 105; 150]. Any narrow line component that might arise farther out from the core

(for example, from the X-ray irradiated surface of a companion star), with a full-width

half maximum (FWHM) of a few eV, is best suited to observations at high spectral

resolution [204; 50; 124].

Torrejón et al. [282] provide a comprehensive summary of Kα detections in bright
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XRBs using Chandra gratings, finding the narrow component to be present in all high-

mass systems (HMXBs), and a small number of LMXBs. They attribute the source of the

lines to the reprocessing of X-ray photons in cold stellar winds, arguing that this explains

the lack of observations in low-mass systems, which typically do not have substantial

stellar winds. The equivalent widths (EWs) of these are large, sometimes exceeding

200 eV, a fact that has interesting consequences for their origin, as will be discussed

herein. Conversely, Torrejón et al. [283] examine Chandra observations of QV Nor, and

present evidence that the main part of the Fe Kα emission comes from the illuminated

side of the donor, in agreement with the assumptions made here.

It is encouraging that narrow-line components have already been successfully isolated

and studied using gratings. But, thus far, observations have very likely found only the

‘lowest hanging fruit’, with other fainter and narrower components remaining to be

detected. This is set to change with major advancements in X-ray astronomy, including

the launch of XRISM in 2023 [313] & the highly anticipated launch of Athena [4] in the

next decade. With these, high-precision X-ray observations will be used to address a

number of underlying questions related to accretion processes and compact objects [e.g.,

101]. These will be enabled by novel microcalorimeter technologies, with an approximate

order-of-magnitude improvement in spectral resolution around the important Fe K band

energies ∼ 6–7 keV, relative to best current grating capabilities [50].

Micro-calorimeters rely on the conversion of high-energy incident photons into heat by

an absorber (with low heat capacity to prevent energy loss). They are advantageous over

grating spectrometers due to their being non-dispersive, meaning the energy resolution

remains largely consistent across the energy range (rather than being optimised for below

2.5 keV, such as XMM Newton). The XRISM Resolve spectrometer consists of a 36-pixel

micro-calorimeter array using silicon thermistors, providing an energy resolution 5-7 eV in

the 0.5-10 keV bandpass. XRISM was launched in September 2023, and achieved energy

resolution of < 5 eV. Iron emission lines were measured to within a handful of eV ([312]

- although this did not include the 6.4 keV iron line but rather higher energy emission

features (6.6-7.8 keV). The energetic (i.e. kinematic) accuracy has, thus far, fulfilled

expectations, and, with the mission now receiving proposals from the wider community,

it is fitting to present novel techniques to maximise the scientific output of this state of

the art instrument.

To determine whether the energy resolution is sufficient for mass function studies,

the expected equivalent width of the iron Kα line can be calculated by considering the

geometry of the binary system, accounting for the deviation of a companion star due to
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Roche lobe overflow, and determining the apparent solid angle of the companion star.

One can then estimate the intensity of the Kα line relative to the background continuum

and conduct simulations in XSPEC to determine the accuracy with which one may be able

to resolve the fluorescent line and measure radial velocities.

4.3 Equivalent width of iron Kα line

The potential in this method is subject to the strength of the fluorescent component

from the donor star in XRBs; determining the expected strength is non-trivial and is

dependent not only on the X-ray flux but also on the composition & characteristics of

the star and the geometric configuration of the system (including the observer). The

expected intensity profile of the Kα emission from the secondary star within a binary

system comprises three main terms; (i) the equivalent width expected from any part of

the companion’s surface, given the chemical composition of the reprocessing surface and

the X-ray continuum flux; (ii) the solid angle presented by the companion star to the

X-ray source; and (iii) the ‘geometric albedo’: a term encompassing the variations in

equivalent width associated with the viewer (i.e. changes with phase, inclination, etc.).

One therefore has:

EWobs = EWI × Ω(q)× α(q, i,Φ) (4.2)

where EWI is the equivalent width of the Kα line per unit area of reprocessing

material (see below, and also Sunyaev and Churazov [273]; Kallman et al. [155]). Ω is

the solid angle for a given system (a function of mass ratio, q), and α describes the

luminosity of the iron line directed toward the observer (a function of q, inclination i,

and orbital phase Φ). The X-ray source is considered to be a point-source, approximately

co-located with the compact object [301; 241]. Basko [12] presented a pioneering study

which computed the expected equivalent width of the Fe Kα line from donor stars. This

work is broadly consistent (the comparisons are further discussed below) but improves

upon it in various ways, e.g., considering changes in the shape of the companion star due

to the gravitational potential around the compact object rather than assuming a perfect

sphere and incorporating the effects of an accretion disc.
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4.4 Surface composition

The first of the terms in Equation 4.2 is a function of the composition of the reflect-

ing surface, the continuum flux, and other characteristics intrinsic to the system and

reprocessing material.

EWI = NHAFeY

∫∞
EK

E−2σphdE

I(6.4)
(4.3)

where NH is the hydrogen column density (NH = 1022–1024 atoms cm−2) [311; 282];

AFe is the iron abundance relative to hydrogen (2× 10−5) [194]; Y is the fluorescence

yield (typically 0.3) [172; 201; 225]; I(E) is the photon flux spectrum of the X-ray

source (assumed to be a power law, of form E−2 photons s−1 cm−2 keV−1); and σph is

the photo-absorption cross-section for the iron K-shell for photons of a given energy

(σph(E) = 3.5×10−20× E3
K

E3 cm2 atom−1) [118; 273; 194]. EK is the iron K-shell absorption

energy (≈ 7.11 keV), and EWI is typically of order 30–300 eV [12; 273; 204; 155; 282].

4.5 Geometry

4.5.1 The Roche potential

In closely separated binaries (e.g. many of the observed Galactic XRBs), the companion

star becomes distorted such that it can no longer be approximated as spherical. The

outer layers remain gravitationally bound to the gravitational centre of the star but

experience the effects of the compact object, leading to stars with a ‘tear-drop’ shape

[168], characterised by the Roche lobe.

The gravitational potential around the system (in the case of synchronous rotation)

at any point is given by:

Φ = −GM1

r1
− GM2

r2
− ω2

2

[(
x− M2

(M1 +M2)

)2

+ y2

]
(4.4)

This can be converted to spherical polar coordinates (centred on the compact ob-

ject (M1), with the x-axis directed towards the companion star (M2), and the z-axis

perpendicular to the orbital plane), and made dimensionless by dividing by GM1/a and

substituting in q = M2/M1, leaving:
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Φ(r, θ, ϕ) =
1

r
+ q

(
1√

1− 2r sin(θ) cos(ϕ) + r2
− r sin(θ) cos(ϕ)

)
+

q + 1

2
r2 sin2 θ (4.5)

The above describes equipotential surfaces with some constant potential Φ, for systems

of a given mass ratio, q, in terms of the orbital separation, a, as shown in Figure 1.2

[168]. θ describes the angle from the z-axis in the x-z plane, and ϕ is the angle from the

x-axis in the x-y plane. Figure 4.1 shows a distorted star whose surface is described by

the Roche potential, with RL1 indicating the most distorted part of the star as it extends

towards the compact object.

There is a point at which the contours of constant potential surrounding each mass

are in contact; the L1 Lagrange Point (see Figure 1.2). This is defined by the saddle point

in the potential equation, and is a point at which material will find it much easier to pass

between the lobes than to escape the surface entirely, and is thus the route through which

Roche lobe overflow occurs [92] (it is this accretion which results in the characteristic

X-ray emission from interacting compact object binaries). This can be found from the

minimum of the potential equation, where θ = π/2 and ϕ = 0. The differential of the

potential equation at this point gives:

dΦ = − 1

r2
− q

[
2r − 2

2(r2 − 2r + 1)
3
2

− 1

]
+ (q + 1)r (4.6)

Solving this for at a given q will specify the radius at which the L1 Lagrange point occurs

(RL, expressed in units of orbital separation). At this point, ΦL1 is the Roche potential

and defines the Roche lobe.

In a binary system, any matter outside the Roche lobe is gravitationally unbound

from the star and will be lost, meaning the physical surface of the companion star may

be defined by the Roche lobe or by another equipotential within [208]. This is described

with the ‘filling factor’: the ratio between the potential at the companion star’s surface

and the potential at the Roche lobe surface; F = Φ∗/ΦL1 .

In the case of the dimensionless potential equation:

ΦF = F

[
ΦL1 +

q2

2(q + 1)

]
− q2

2(q + 1)
(4.7)

Having found the potential that defines the surface of the star (either the potential

at the L1 point or the potential at some nearer point if F< 1) one can solve the Roche

potential equation to determine R (radius of the star) for any given θ and ϕ (angular
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Figure 4.1: Roche lobe filling star: Diagram of a star existing in an X-ray binary and
being distorted by the presence of a compact object indicating the coordinate system
and the location of the L1 Lagrangian point.

position from the centre of companion). This provides a complete picture of the geometry

of the distorted star, from which it is possible to determine the solid angle the companion

presents to the X-ray source.

4.5.2 Calculating the solid angle

The solid angle defines the field of view that a given object (in this instance, the companion

star) covers as viewed by some observer (in this instance, the X-ray source). Measured in

steradians, the solid angle is given by: Ω = A
r2

(where A is the apparent surface area of

the companion star and r is the distance from the compact object). Taking advantage

of the assumed symmetry about the x -axis, and setting θ = π/2 one can determine the

radius at any given ϕ (for all θ):
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ΦS =
1

r
+ q

(
1√

1− 2r cos(ϕ) + r2
− r cos(ϕ)

)
+

q + 1

2
r2 (4.8)

where ΦS is the potential at the stellar surface and q = M2/M1.
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Figure 4.2: Stellar ‘limbs’: Diagram indicating the location of the ‘limbs’ which define
the illuminated region of the star.

The above can be solved to find the radius at a given ϕ, and leads to:

Ω =
1

(r′)2

∫
R(ϕ)2 sin(ϕ)dϕ (4.9)

where r′ is the distance to the compact object (1-RL) and R (in units of orbital

separation) is a function of ϕ and q only.

The above integral can be carried out within the limits that define the reflective

region of the stellar surface - that is, the region of the star which will be irradiated. One

can identify these limits by considering the geometry of a point source emitting light

onto a star - the ‘limbs’ are defined by the point at which a line subtended from the

surface of the star to the point source (i.e. a compact object) is perpendicular to a line

from the centre of the star to the surface at that point, as shown in Figure 4.2 (Hamme

[122] and references therein); i.e. where cos(ϕ) = R(ϕ) (given that radii are expressed

in term of a and the distance between the stellar centre and the compact object is, by

definition, 1).

Therefore, the integral is from −ϕL to ϕL (where ϕL is typically 60-80◦, i.e. Figure

4.3). This gives us the surface area of the star that is illuminated by a source directly in

front of it and is, therefore, the maximum area of the star in which X-ray reprocessing

and Kα emission may occur.

4.5.3 Effects of the accretion disc

Where the above gives a description of the solid angle of the companion star in a binary,

the accretion disc surrounding the compact object must also be considered. An accretion

disc will have the effect of casting a shadow over the companion star, such that there is

a region on the surface that will not be irradiated by the X-ray source, and, depending
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Figure 4.3: Stellar limb angle: Contour plots indicated the location of the ‘limbs’ of a
companion star as a function of mass ratio and filling factor.

on the orbital phase, additional areas of the stellar surface will be obscured from the

observer (e.g. Figures 4.4 & 4.6).

Firstly, consider that a small region of the star will sit in the shadow of the accretion

disc and, consequently, not be irradiated by the X-ray source. This effect is minimal

for HMXBs, where the companion star is significantly larger than the accretion disc.

Conversely, the donors in systems where q < 0.01 are so much smaller that they are

totally in the shadow of the disc and see no X-radiation at all. This is dependent on

outer disc elevation or flaring angle, e.g. de Jong et al. [151] derives an average flaring

angle of 12◦ for LMXB. This effect can be approximated with some assumptions about

the nature of the disc. Using the equation from Frank et al. [92]:

DH
∼= Cs(GM)−0.5R1.5

D (4.10)

where DH is the disc height, Cs is sound speed (∼1000 km s−1 ), and M is set as 5M⊙.
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Figure 4.4: Effects of disc shadowing: Diagram showing the effects of an accretion
disc casting a shadow over part of the star, preventing iron fluorescence emission in this
region.

By substituting RD (radius of the disc) as 1-RL1
1 where RL1 is the radius at the most

elongated point of the star (the L1 point), this gives us the thickness of the disc at the

outer edge, toward the companion star (i.e. angle αD in Figure 4.4). The area of this

‘strip’ can be approximated and subtracted from the total solid angle, as follows:

Ω =
1

(r′)2

(∫ ϕL

−ϕL

R(ϕ)2 sin(ϕ)dϕ− 2R(ϕL)DH

)
(4.11)

One therefore has an expression for the solid angle presented to the X-ray source, and

the area which may undergo X-ray reprocessing (Figure 4.5).

4.5.4 ‘Geometric albedo’ α

The intensity of reprocessed flux from a companion star is a function of both solid angle

and albedo, the latter of which comprises the effects of molecular composition and the

angular distribution of radiation that is emitted from the surface [306; 62]. The effects of

molecular composition are included in EWI , however, this additional term describes the

geometric albedo, i.e. the effect that observation geometry has on the projected area of

the companion star, which will depend on q, inclination, and phase. With this in mind,

it is necessary to consider the angles between the Kα emitted flux and an observer.

The companion star is assumed to be a Lambertian radiating surface [310] (i.e.

emission from the surface of the star is isotropic at each small surface element), defined

by the normal to the surface element. The normal vector from any surface f(x, y, z) at a

1This assumes the disc extends from the compact object all the way to the surface of the star; this
is an overestimate, as the disc is typically truncated to around 2/3 of the orbital separation due to the
resonance processes [222].
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Figure 4.5: Expected solid angle: Contour plots indicated the solid angle presented to
the central X-ray source as a function of mass ratio and filling factor.

given point is given by ∇f . The unit normal vectors θN and ϕN are given by 1
|∇f |

∂f
∂θ

and
1

|∇f |
∂f
∂ϕ

respectively. Integrating both of these components over the illuminated surface

gives the proportion of Kα emission that reaches the observer:

α =

∫∫
SR

sin (θN) cos(ϕN) dϕ dθ (4.12)

All of the above can be adapted to consider the effects of inclination and orbital phase.

The apparent area of the irradiation (from the perspective of an observer) will change

with orbital phase; this effect is exaggerated by the distortion of the star and is dependent

on the inclination of the system (see Figure 4.6). In the case of a perfectly edge-on system,

the albedo will be unaffected by the accretion disc; at phase Φ = [0, 2π], the apparent

area to an observer will be equivalent to the solid angle presented to the X-ray source and

at phase Φ = π/2, there will be no X-ray flux directed towards an observer. In the event

of inclination i = π, the albedo and X-ray flux from the perspective of an observer will

remain constant regardless of orbital phase. Any intermediary inclinations will determine
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Figure 4.6: The impact of perspective: Diagram showing how the inclination of a
system impacts the emission directed toward an observer, as the disc acts as a barrier to
parts of the luminous and irradiated star.

how much of the reprocessing area is visible to an observer and how much is obscured

by the accretion disc. This effect can be incorporated by calculating the size of the disc

from the observer’s point of view and comparing this to the reflecting area. Figure 4.7

shows the ‘geometric albedo’ at phase 0 (i.e. superior conjunction) as a function of mass

ratio & filling factor, at two different inclinations.

The combined effects of the accretion disc and the distortion of the companion star

due to the Roche potential mean that the reprocessing area visible to the viewer (in

essence, α) will change with phase, resulting in a light curve with ellipsoidal variations

(Figure 4.8). This is a purely geometrical effect, however, there may be additional drivers

of further variation in equivalent width, such as changing ionisation levels or NH , as will

be discussed later.

4.6 Expected Equivalent Width

All of the above allows us to determine the expected equivalent width of the Kα line

produced from the companion star with respect to the continuum reflected off the disc

(Equation 4.2). The final outcome of the equivalent width for each orbital phase is based

on the mass ratio q, filling factor F , and inclination i only.

Figure 4.9 shows the fraction of the intrinsic equivalent width of the iron line which

will be directed towards an observer. Figure 4.10 shows the expected equivalent width of

the Kα line as seen by the observer for systems with an inclination of 90◦. The presence

of an accretion disc and the Roche distortion of the companion star result in significant

ellipsoidal variations of intensity as a function of orbital phase, as demonstrated in Figure

4.11. Such light curves of XRBs (specifically CygX-3, HerX-1 and 4U 1700-37) were first

calculated by Basko et al. [13].

This ranges from approximately 2–40% of EWI , depending on mass-ratio and phase;

unsurprisingly, for systems with a low q (i.e. q < 1, indicating a smaller companion star)

the smaller solid angle and reduced albedo mean ≤10% of the source emission is directed
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Figure 4.7: Geometric Albedo: Contour plots showing the geometric albedo of a system
with a given mass ratio and filling factor (as phase 0). Upper panel: inclination i = 90◦

(edge-on). Lower panel: inclination i = 0◦.
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Figure 4.8: Geometric albedo curves: Geometric albedo alpha as a function of orbital
phase for three different mass ratios: 0.1 (upper), 1 (middle), 10 (lower). Different
inclinations are distinguished by colour (see legend). At higher mass ratios (i.e. a more
massive companion star) the system experiences sinusoidal variations associated with
the partial obscuration of the accretion disc.



Figure 4.9: Equivalent width fraction: Contour plots showing the expected equivalent
width of the Kα line as a function of mass ratio and orbital phase.

Figure 4.10: Equivalent width: Contour plots showing the expected equivalent width
of the Kα line as a function of mass ratio and orbital phase (assuming EW0 = 150 eV)
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Figure 4.11: Equivalent width curve: Equivalent width of the iron Kα emission
feature as a function of phase for a typical HMXB (blue) and LMXB (green), for three
distinct inclinations (30,45,60 – distinguished by shade and line-style). At higher masses,
particular obscuration of the companion by the accretion disc leads to complex line
profiles. For LMXBs the accretion disc obscures at least half of the star at all inclinations
> 15◦, leading to equivalent widths with less inter-phase variation.

towards an observer, and the Kα EW is less than 15 eV (assuming EWI ≈ 150 eV). For

systems with q > 1, the observed EW is of order 15-40 eV, due to the significant stellar

surface area and solid angle, and EW may exceed 50 eV in the case of q > 5.

HMXBs (i.e. systems with q > 2) are expected to see EW up to 20-30 eV. The

distribution of XRB inclinations indicates a majority have i ∼ 30–60◦, meaning these

values decrease (to around 50–80% of their maximum value) but remain of the same

order of magnitude.

Figure 4.11 shows a plot of the observed EW for two distinct mass ratios (q=0.2

& q=5, representing a typical LMXB and HMXB, respectively), and at 3 different

inclination angles (i.e. 60◦, 45◦, and 30◦). These clearly show the ellipsoidal variations

with phase due to the distortion of the companion. Inclination has a greater effect on

systems with larger q, but the observed EW is expected to be of the same order of

magnitude, regardless of inclination.

XRB source emission can vary significantly in intensity. During quiescence, fluxes are

typically of the order 10−10 – 10−12 ergs cm−2 s−1, but during outburst, they can increase
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by 2 to 3 orders of magnitude, or even brighter in some instances [92]. The narrow-line

Kα emission from the companion star is expected to have an EW with respect to the

background continuum reflected off the disc of 2-50 eV. Whether this is sufficiently bright

to be resolved and used to constrain the mass function of the system can be investigated

by considering the nominal instrument specifications and testing the feasibility using

the publicly available response files (Redistribution Matrix Files (RMFs) and Ancillary

Response Files (ARFs))[148].

4.7 Efficacy of X-ray spectrographs

NASA’s HEASARC [213] provides various tools for research into high-energy astrophysics,

including XSPEC [2], which may be used to predict the expected output spectrum of

a given X-ray source observed by XRISM. This provides a useful tool to investigate

the potential validity of this method by simulating a source with a Kα fluorescent line

consistent with the predicted flux & equivalent width and estimating the errors in line

energy (and, therefore, radial velocity). Whilst they are only predictions based on the

response files for XRISM, these simulations indicate the potential validity of using the

Doppler shift in this line to find the mass function and thereby constrain the mass of the

compact object.

The X-ray spectrum from the stellar companion in an XRB is broadly described by

an underlying continuum flux, described by a power-law with index ∼ −2, and additional

Gaussian line features of varying strengths. The Kα emission is modelled as a Gaussian,

centred on 6.4 keV, with a width of 5 eV. The continuum flux in these models ranges from

F2−10 keV = 10−8 − 10−12 ergs cm−2 s−1, in order of magnitude increments. Two equivalent

widths are modelled for each of these fluxes: 20 eV and 5 eV.

Using the XRISM high-resolution (7 eV) response files [278; 148] and FAKEIT (an

XSPEC package used to simulate X-ray spectra), one can analyse these simulated spectra

and determine the fluxes at which the iron line may be detected and resolved, as well as

the associated errors in energy and velocity.

Figure 4.12 shows a contour plot with 1-σ and 2-σ confidence intervals in velocity

measurements (converted from line energy) against line-width, for four different flux

levels (10−8, 10−9, 10−10, and 10−11 ergs cm−2 s−1).

These simulations indicate that for higher fluxes (i.e. during outbursts, F2−10 keV ∼ 10−8

– 10−10 ergs cm−2 s−1), if XRISM is able to detect and resolve the narrow line, the errors

in energy will be 0.01 − 0.1 eV. This corresponds to velocity errors for the companion
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Figure 4.12: XRISM velocity confidence intervals: Contours showing the 1-σ (solid)
and 2-σ (dashed) confidence intervals for orbital velocity measurements from the KA
line, with different source flux.

star of 5–40 km s−1. In the best case scenario (outbursts of 10−8 − 10−9 ergs cm−2 s−1

and q > 4) XRISM may be able to resolve the Kα line with velocity errors within a

few km s−1. This relies on exposure times of 100 ks; but further simulations are carried

out with exposures of 50 ks and 20 ks, which show that if the X-ray flux is bright (i.e.

F2−10 keV = 10−8–10−9 ergs cm−2 s−1) velocity errors remain well-constrained.

The 1-σ, 2-σ uncertainties as shown in Figure 4.12 are given in Table 1. Note, higher

fluxes rely on exposure times exceeding 50 ks - this is therefore considered the limiting

flux for which XRISM may calculate radial velocity measurements:

F2−10 keV 1-σ 2-σ

ergs cm−2 s−1 km s−1 km s−1

10−8 2 3

10−9 5 9

10−11 19 24

10−12 40 46

Table 4.1: 1-σ and 2-σ errors in velocity for various X-ray fluxes, given 50 ks exposure

time.

Typical HMXB companion star velocities range from 10–100 km s−1, meaning radial

velocity errors may be of order 5-10%. However, given sufficient orbital phase coverage,
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it should still be sufficient to produce a radial velocity curve, from which the amplitude

and period can be determined.

4.7.1 Simulated radial velocity curves

Having calculated the equivalent width as a function of phase, one can simulate the

expected spectrum as would be observed by XRISM and determine the extent to which

the narrow component may be used to constrain energies and radial velocities.

Consider two HMXBs (as explained further later, these are the most promising

candidates for this technique), each with mass ratio q = 4 and orbital period Porb of

5 days, but different compact object mass and therefore different K2 values. Having found

the expected equivalent width of the Kα line as a function of phase, this is reduced by

20% to account for changes in flux at the peak line energy due to the complex profile of

the emission line (such as the Compton Shoulder, resulting from the down-scattering

of fluorescent photons [297; 248]). 10 epochs are chosen randomly over 4 orbital cycles,

and the expected strength and Keplerian velocity of the Kα feature are calculated.

Having introduced some scatter (mimicking small velocity changes associated with winds,

etc.), spectra were simulated and analysed with the intention of fitting the Kα line and

calculating the radial velocity measurements and errors. The results of these are shown

in Figure 4.13.

Where the flux of the X-ray source is 10−10 ergs cm−2 s−1, errors in velocity range from

10 to 30 km s−1 (changing as a function of phase in response to the modulation of EW).

For systems with a K2 of order 100 km s−1, these errors are small enough to produce good

radial velocity curves, with fits in good agreement with the ‘correct’ system parameters

(Figure 4.13). Where Keplerian velocities are smaller, ∼30 km s−1 (i.e. as would be more

typical for systems with larger companion star masses), these errors cast doubt on the

resultant radial velocity curves. Figure 4.14 shows a comparison between velocity errors

produced with XRISM and Athena response files, indicating the significant improvement

that Athena will provide, particularly for fainter fluxes and/or smaller velocities.

4.8 Discussion

These calculations indicate that if narrow, fluorescent X-ray emission lines from the

companion star can be isolated, they provide a viable method for measuring binary mass
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Figure 4.13: Simulated Radial velocity fits: Simulated radial velocity observations
of two sources (both with orbital period Porb = 5days.). Left panels: Simulated radial
velocities and errors (derived using XSPEC) (pink markers) and best-fit orbital solution
(fitting K and P only)(blue). The ‘correct’ solution is shown (grey). Right Panels: goodness-
of-fit (χ2) of orbital fits for K2 and Porb.

functions. This then makes it possible to investigate many systems that are too obscured

and/or faint to be studied in the optical.

The most viable candidates are those systems (mostly HMXBs) where the companion

star presents a significant reflecting surface to incident X-rays, i.e., the line EW increases

with mass ratio q, and where their inclinations are > 60◦, (particularly if the mass ratio

is smaller). This needs to be balanced against the fact that more massive systems will

have lower K2 values, and there could be other, more complex, emission components such

as stellar winds, as is discussed below. Hence, the ideal systems could be objects with

more intermediate mass ratios q and mid-spectral types. Exposure times of 100 ks yield

sufficient energy precision with XRISM, although shorter observations can provide useful

constraints, especially with Athena. Additionally, full orbital phase coverage is essential.

After the launch of XRISM and Athena, it would be prudent to validate observa-

tions of systems with already well-established optical ephemerides, e.g. GROJ1655–40

(q=0.4, P =2.6 days, K2=228 km s−1), CygX - 1 (q=1–2, P =5.6 days, K2=76 km s−1),
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Figure 4.14: Expected RV errors: Predicted uncertainties in radial velocities as a
function of flux and exposure time, for both XRISM (blue) and Athena (green)

or V404Cyg (q=0.1, P =6.5 days, K2=210 km s−1)2. These will provide a wealth of

information on the viability of isolating the narrow component of the Fe line and its

location since the binary solution is known from the optical. In the cases of the two

X-ray transient LMXBs (GROJ1655–40, V404Cyg), observing in quiescence is also

potentially valuable, as it would minimise potentially confusing emissions from the (still

present) accretion disc. Additionally, during quiescence, discs may have lower flaring

angles, thereby increasing the irradiated area of the companion [6]. This would, however,

be challenging, as the X-ray fluxes would be lower. If velocity errors from observations of

Kα are too large, other spectral features at lower energies (O, Ne, Fe-L at 0.5–1 keV)

associated with intrinsic coronal emission from the donor might also be detectable.

Two further XRB candidates of particular interest for an X-ray spectroscopic study

include CygX-3, and HerX-1. CygX-3 is an optically obscured, short period (4.8 hrs),

HMXB, comprising a (candidate) black hole and a Wolf-Rayet donor. Even though it is

X-ray bright, CygX-3’s ephemeris is well established, so phase-binning could be used to

search for weak, sharp features within the spectra. HerX-1 is eclipsing (1.7 day period),

and it exhibits a well-known 35-day super-orbital periodicity [178], which is attributed to

2System parameters from [53].
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the tilting and precessing of its accretion disc, which causes variable X-ray obscuration.

HerX-1 is also an X-ray pulsar, and falls into the rare category of ‘intermediate-mass

X-ray binaries’.

Findings of an expected equivalent width of 5–40 eV are in good agreement with

the first calculations of this effect [12]; e.g., for HerX-1 with a mass ratio q=1.8, a

calculated EW of ≈ 16 eV, sits very close to Basko [12]’s estimate of 14 eV. Interestingly,

Torrejón et al. [282]’s 2010 survey of Kα emission finds EWs (particularly for HMXBs)

are observed to be much higher, often a few hundred eV. This is potentially due to the

origins of the Kα emission in HMXBs being the stellar wind - if not confined to one

side of the binary system, the winds present a large solid angle through which X-ray

reprocessing and, therefore, Kα emission may occur.

4.9 Caveats

Having presented simulations and expectations, it is necessary to discuss some of the

limitations, caveats and assumptions that need to be kept in mind.

4.9.1 Resolving and locating the narrow line

This work depends on the X-ray spectrometer’s ability to isolate the narrow component

of the iron fluorescent emission. There is reason to be (cautiously) optimistic that this

will be feasible with microcalorimeters, as a narrow-line component has been isolated in

previous studies by Chandra HETG at the best spectral resolution currently available in

the Fe K band (∆E=40 eV). For comparison, some of the previous best studies with

CCDs, using XMM-Newton, have found narrow features in the X-ray spectra of HMXBs,

but with uncertainties in centroid energy of order 10 eV – corresponding to velocity errors

>200 km s−1 (and is consistent with estimates from XSPEC simulations - see Figure 4.12b)

[110]. The gains with XRISM (and later Athena) are vast, such that the narrow line

should not only be identified in a number of systems but also used to obtain velocity

information concerning these binary systems.

It must be noted that, while the companion star is the most likely site for a narrow

Kα component, other locations are known to be possibilities, e.g. stellar winds, inner

accretion disc structure, and the impact bulge due to the accretion stream. If present,

such components would make it harder to determine system masses. Using both velocity

and flux variability information as a function of phase would allow them to be physically
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located within the binary system, thereby allowing the detailed accretion geometry in

and around the disc to be constrained in ways not hitherto possible (see also Section 5.2)

Whilst the aforementioned simulations treat the fluorescent emission as a simple

Gaussian, for demonstration purposes, the actual line profile of the narrow component will

likely be more complex. The high-energy fluorescence photons may have some probability

of being Compton down-scattered to lower energies, resulting in a ‘red shoulder’ in the

Kα line profile [297; 248]. This has been observed in some HMXBs with supergiant

companions [282], and may be somewhat accounted for by reducing the EW of the

Gaussian peak by 10% when performing the more detailed radial velocity simulations in

Section 4.1. Models of the line’s complex structure suggest that the central line energy

should still remain constrained, and the peak flux will be 60–90% of the ‘expected flux’.

Attention to complexities in the line profile should be noted, both as a caveat to the

accuracy of the predicted emission strengths and radial velocity measurements and as an

opportunity to further understand the reprocessing material around the XRB.

4.9.2 Stellar metallicity

The Kα line’s EW is dependent on the stellar metallicity, and spectra are usually

fitted with solar-metallicity models. Given that the disc is accreted from a companion

likely to have close to solar abundances, it is unsurprising that previous studies into

XRB metallicities find iron abundances similar to, or slightly exceeding solar values

(i.e. [Fe/H]≈0.24 in neutron star binaries, and [Fe/H]≈0.09 in black hole binaries (e.g.

González Hernández et al. [112] and references therein), though metallicity can vary

between different generations of stars. Additionally, there is evidence that the formation of

the compact object via a supernova explosion can lead to significant amounts of processed

material being captured by the companion star, thereby leading to higher metallicities

[261]. It is, therefore, plausible that the companion star’s atmosphere will have sufficient

iron content to produce X-ray fluorescence. Nevertheless, this needs confirmation, and

such studies will provide information about the donor’s evolution.

4.9.3 Mass of the donor star

This work has focused on using the Kα line velocities to constrain f(M1). However, while

HMXB donors present a much larger solid angle to the X-ray source (assumed to be a

neutron star, as they dominate the HMXB population), the donors will typically have

lower velocities (∼ a few 10 km s−1 ), which may be comparable to their accompanying
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errors, making meaningful radial velocities difficult to extract. Figure 4.13 demonstrates

this effect, which is of course flux-dependent. A larger donor solid angle and resultant

stronger Kα emission in such systems means that the velocity errors will be better

constrained. Alternatively, on a longer timescale, Athena will have sufficient resolution

and greater sensitivity, with errors decreasing from order 15 km s−1 to ∼5 km s−1 at

F < 10−9 ergs cm−2 s−1.

Exposure times for these simulations ranged from 5ks to 50 ks. For short-period

XRBs, phase-binning will be required, and the periods are expected to be independently

known.

4.9.4 Complex dynamics within the stellar wind

One of the biggest uncertainties associated with this methodology is the fact that the

nature and impact of the stellar winds are still somewhat uncertain. There have been

many studies of wind structure in XRBs, with strong effects (particularly large X-ray

variability) indicating the presence of clumping [283]. This leads to deviations from the

expected radial velocity curves, with the effects being most prominent near phase 0, i.e.

inferior conjunction [116; 131; 177]. Previous studies of lower-energy lines (such as silicon

and sulphur) have been used to study the stellar winds in CygX-1 [207], but earlier

missions have lacked the high-energy resolution to extensively study the Kα line in the

same way.

With sufficiently long observing times, the Doppler scatter due to clumpy winds will

average out, and details of the complex wind structures will be of interest regardless.

Torrejón et al. [282] did not in fact detect any substantial changes in the peak line-

energy of their detected narrow line components that might have been expected due to

winds, which provides encouraging support that any motion will be dominated by orbital

mechanics. Instead, the maximum width (σ) of the unresolved narrow line components

(5 eV) placed a constraint on a plausible wind velocity of ν=800 km s−1. Chandra’s

resolution meant that line centroid energies in that survey were constrained with errors

of 6 eV, corresponding to 250 km s−1. One may therefore speculate that either the winds

do not inflict random scatter in the peak energy of the Kα emission or that scatter of

this type is of order < 250 km s−1 . This may still be comparable with orbital velocities,

and so it will only be known for certain how much of an impact this will have once

observations are carried out.

LMXBs generally have much weaker donor wind components, and so velocity mea-

surements should be less susceptible to variations that are not associated with donor
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orbital motions. Indeed, the success of Ponti et al. [233] in constraining the mass function

through the radial velocities derived from absorption features associated with the compact

object indicate that whilst more complex physics may be at play, this does not necessarily

preclude X-ray mass function measurements. This further highlights the prerequisite of

testing this technique on some well-characterized system (such as GROJ1655–40) in

order to determine whether the stellar wind presents a significant and/or systematic

hindrance.

4.9.5 Effects of ionisation

If there is any change in the ionisation state of the reflecting surface, the energy of

the fluorescent emission will change. This would cause a shift in peak energy unrelated

to orbital dynamics. Previous studies have used spectra of the fluorescent emission to

determine the ionisation states of the reprocessing material (e.g. Giménez-Garćıa et al.

[110] found that the peak energy of the Fe Kα fluorescent component was centred on

6.42 keV, and suggested that the reprocessing material must be in an ionisation state

below Fe xviii). Variations in the ionisation level and, consequently, peak energy could

complicate radial velocity measurements.

If X-ray sources become transiently bright or dim, this could affect the ionisation

of the stellar wind or companion star surface, resulting in variations in Kα line energy.

Additionally, the impact of the accretion stream on the edge of the disc results in a

“bulge” structure, and it has been suggested that this can cause ionisation instabilities,

creating patchy clouds of colder gas among the hotter medium [264]. However, if these

effects should be systematic and persist across the orbital cycle, this should not affect

radial velocity curve measurements, since the main observable of interest is the Doppler

variation with orbital phase.

While this remains to be tested, observations in quiescence may be more favourable

to avoid the complications associated with ionisation effects, as at the expense of a lower

source flux, systems will likely be subject to fewer changes in ionisation and continuum

flux during quiescence. Simulations demonstrate that observations of Kα emissions even at

low fluxes (10−11 - 10−12 ergs cm−2 s−1) could be used to constrain velocities to ±30 km s−1.

This will be challenging but would, obviously, be more effective with Athena, given its

larger collecting area.
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4.9.6 Instrumental systematics

In the absence of any observations at the time of writing, the above ought to be considered

a proof-of-concept and, as such, largely ignores any instrument-specific biases (although

it should be noted that microcalorimeters will be optimised for relatively faint sources).

High count-rate observations may suffer from other systematic issues such as cross-talk

[63], which would reduce the effective spectral resolution of some fraction of detected

events at bright fluxes, thus adversely impacting radial velocity variation searches.

This is another reason to attempt to exploit fainter quiescent states for this work

where possible. Ultimately, instruments on future facilities ought to be developed to

robustly handle high count-rates. Kammoun et al. [160] propose that, when observing

very bright sources, Athena’s X-IFU could make use of defocussing, where the telescope’s

point spread function (PSF) is spread over multiple pixels. In this way, spectra of bright

sources could be successfully reconstructed, thereby mitigating some of the instrumental

limitations.

On the subject of long-term investments in X-ray astronomy, at the time of writing,

the future of Athena remains uncertain. Descoping of the project would, obviously, have

a detrimental impact on mass function measurements. Mass measurements derived from

the above method provide an additional science case supporting the retention of the full

effective area of the microcalorimeter.

4.9.7 Orbital period

Finally, even in the best possible circumstances, exploiting these spectral data to extract

radial velocity curves is a non-trivial task. Firstly, multiple observations are obviously

required, and in most XRBs, the orbital period is likely to be already known (through

other data, usually optical, IR or radio), making broad phase coverage possible. One

advantage of X-ray observations is the possibility of co-adding multiple datasets into

phase bins, allowing maximum sensitivity for searching for narrow spectral features.

Furthermore, the number and cadence of observations will also impact the ease

with which a radial velocity curve can be extracted. When searching for periodicities

in photometric light curves, for instance, the influence of red noise cannot be ignored

[291]. Here, fitting is applied to spectroscopic data. Whilst the above simulations have

relied upon being able to fit sinusoidal curves to the data, depending on the number and

cadence of observations, the magnitude of statistical scatter in the data, and potential
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radial velocity scatter due to multiple intrinsic line components, a more detailed Fourier

period search will likely be required [253; 136].

These are important ultimate considerations. The goal here has been to investigate

the viability of detecting X-ray radial velocity changes in the first place; fitting the

ensemble measurements will be source-specific, which is beyond the scope of the present

work.

4.10 Disc origin and inversion of the mass function

Whilst the focus of this investigation is on using the X-ray fluorescence from the companion

star, there exists the potential for this method to be applied to reflection off disc emission

instead (with some modifications). This would be relevant if the narrow line originates

from the outer disc or from a disc wind anchored to the primary. In such cases, the mass

function is effectively inverted, and it may be possible to measure the Doppler shift in

the emission from the accretion disc in order to constrain the mass of the companion

star instead. The inverted mass function is expressed as follows;

f(M2) =
M3

2 sin
3i

M2
Tot

=
PorbK

3
1

2πG
(4.13)

The masses of companion stars are also often uncertain, as binary interactions can

complicate stellar evolution. Such an inversion could then provide an interesting and

independent validation of companion star parameters.

Conversely, an independent estimate of M2 (for example, from its spectral type),

could be used in tandem with the radial velocity curve from the outer disc of the compact

object to constrain the mass of the compact object. In this case, M1 is calculated:

0 = f(M2)× (M1 +M2)
2 −M3

2 sin
3i (4.14)

M1 ≤
√

M3
2 sin

3i

f(M2)
−M2 (4.15)

Both [233] and [317] use the Doppler motion of absorption features associated with the

accretion disc to infer system parameters (i.e. companion star mass and black hole mass &

system inclination respectively), making use of prior observations and well-defined system

parameters (i.e. [317] used the known phase of the companion to fit velocity curves for the

accretion disc). That this method has been validated with Chandra data demonstrates

the vast potential of X-ray spectroscopy as a way to probe system characteristics.
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4.11 Conclusions

Having demonstrated the theoretical validity of using X-ray spectroscopy to produce

radial velocity curves for binary systems and discussed several of the main caveats to

keep in mind, it is opportune that measurements of mass function be seriously attempted

with current and upcoming X-ray missions.

The companion star in X-ray binary systems can present a large solid angle, particu-

larly in systems where the mass ratio, q, exceeds 1. This leads to iron-line fluorescence

with an expected equivalent width of the Kα emission ∼ 2–40 eV, for systems with q > 0.1

- although with significant variations with phase, which are dependent on both mass

ratio and inclination (Figures 4.10 & 4.11).

Cutting-edge microcalorimeters, such as XRISM ’s Resolve, will be able to detect the

Kα iron line, and simulations indicate any deviation in centroid energy may be observed

with sufficient accuracy to constrain velocities within ∼ 5–30 km s−1. Given ample phase

coverage, the radial velocity curves of the companion star can be well-measured, providing

insight to the mass and nature of the compact object. Both LMXBs and HMXBs are

viable targets, however, the latter are arguably more suited to this study due to having

large stars and (usually) higher X-ray fluxes. This is in contradiction with optical and

infrared studies, which favour LMXBs in states of low X-ray flux, meaning studies in the

different wavebands are complementary.

This is subject to a number of caveats (including complexities within the stellar wind,

low companion velocity, and the usual systematic constraints associated with radial

velocity measurements). That being said, high-resolution observations of Kα emission

in XRBs may also develop an understanding of the behaviour of the stellar winds in

HMXBs.

Despite the above caveats, the potential gain in parameter space is huge, enabling new

system constraints on previously inaccessible sources (that are either too faint, obscured,

or otherwise difficult in the optical). The new era of high-resolution X-ray astronomy will

be a step change in terms of improved precision constraints on binary system parameters.

These advances should be exploited to address fundamental questions regarding the mass

distribution of compact objects and related aspects of stellar evolution, both with the

active XRISM mission and the upcoming Athena.
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Conclusions

The formation of compact objects is far from simple, governed by binary interactions,

supernova mechanisms, and their initial parameters (which are often poorly constrained).

Arguably, the two parameters most readily observed are mass and velocity, yet our

understanding of both of these fundamentals remains subject to much uncertainty. In our

dynamic universe, observations of the motion and kinematics of back holes are critical to

understanding black hole formation, evolution, and death.

The origin and characteristics of natal kicks imparted to compact objects, includ-

ing neutron stars and black holes, remains an active area of research, from both an

observational and theoretical perspective. In the absence of a definitive understanding

of natal kick drivers, this thesis finds the magnitudes of natal kicks for both neutron

stars and black holes are best described by a Gamma distribution with a mean kick

velocity of approximately 147 km s−1, which serves as a robust observationally motivated

prescription for use in population synthesis studies. Given that the observational evidence

does not decisively differentiate the distribution of natal kicks between neutron stars and

black holes, it seems prudent to draw kicks from a common distribution, irrespective of

the compact object in question.

Astrophysical studies have long hypothesized that the natal kicks received by neutron

stars predominantly arise from asymmetries in both mass ejecta and neutrinos during

supernova explosions, while black hole natal kicks are believed to be influenced by only the

latter, resulting in comparatively lower velocities. However, this dichotomy is inconsistent

with the observational data presented and analysed here. This new evidence suggests that

some black holes exhibit natal kicks comparable to those of neutron stars, indicating that

the separation of kick mechanisms may be overly reductive. This inconsistency points to

a gap in our understanding of the underlying supernova processes.
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One hypothesis posits that delayed supernova explosions, characterised by longer

explosion timescales, could impart more substantial kicks [94; 255]. If this model holds

true for black holes, it might explain the relatively larger kicks observed in some cases.

Notably, such delayed explosions are hypothesized to occupy the mass gap between

3-5M⊙, though the reality of this mass gap remains debated.

Despite significant advances in hydrodynamic simulations and theoretical modelling,

kinematic data from Galactic compact object populations continue to challenge theo-

retical expectations. High-precision observations, particularly those from astrometric

surveys, underscore the necessity of integrating observations with simulations to reconcile

discrepancies.

Future research ought to aim to establish models of natal kicks that not only accom-

modate the possibility of similar kicks for both neutron stars and black holes but remain

consistent with other observational constraints. Importantly, analysing non-interacting

compact object populations will help mitigate biases that arise from focusing predom-

inantly on X-ray binaries. The case is the same for extending natal kick studies to

gravitational wave sources, which will enhance our understanding of the natal kick

distributions across different mass regimes.

X-ray binary systems present a unique opportunity for studying the mass and nature

of compact objects through high-resolution spectroscopy. Chapter 4 calculated that

the companion star in such systems, particularly when the mass ratio exceeds one,

often exhibits iron-line fluorescence with an equivalent width of approximately 2–40 eV,

although this is subject to variations due to inclination and orbital phase.

This work demonstrates that modern microcalorimeters, such as those on XRISM’s

Resolve, offer the precision required to detect slight shifts in the iron-line centroid energy,

allowing for velocity constraints on the order of 5–10 km s−1, and the upcoming Athena

mission will allow for even more stringent measurements. This advancement has profound

implications for constructing radial velocity curves, particularly for high-mass X-ray

binaries where the X-ray flux is brighter. Unlike optical studies, which predominantly

focus on low-mass X-ray binaries, X-ray spectroscopy can thrive even when optical

measurements are unfeasible due to faintness or obscuration.

Despite these promising techniques, several caveats must be considered. Systematic

uncertainties associated with radial velocity measurements, complexities in stellar wind

dynamics, and low companion velocities pose significant challenges. Moreover, the narrow

line component from the donor remains elusive in many systems, complicating precise

mass determinations. Nevertheless, the transition to high-resolution X-ray spectroscopy
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marks a critical step forward in understanding the distribution and evolution of compact

objects.

Beyond X-ray binaries, the European Space Agency’s Gaia mission has revolutionized

stellar and compact object astronomy through its unprecedented precision in astrometric

measurements. Initially, Gaia Non-Single Solutions suggested the presence of massive dark

companions in a number of systems. However, subsequent radial velocity measurements

contradicted these data, and the analysis described in Chapter 3 indicates that these

candidates are likely ordinary stellar binaries. This outcome provides invaluable insights

into the complexities and limitations inherent in astrometric fitting. In particular, fitting

astrometry to binary systems remains fraught with challenges. The Gaia pipeline’s current

methodology, while groundbreaking, is not without flaws. Gaia DR4, anticipated in 2026,

is expected to provide individual epoch astrometry, allowing for more thorough modelling

by researchers.

Regardless of the discrepancies between Gaia orbital observations and follow-up radial

velocity campaigns, the potential of Gaia to discover compact objects remains immense.

A more optimistic interpretation would be that the current null results do not reflect the

absence of black holes but rather limitations in data interpretation. Future releases, with

improved astrometric algorithms, may indeed reveal the population of black holes that

theoretical predictions suggest. Individual epoch astrometry will allow researchers to

conduct their own astrometric fitting, which could be informed by radial velocity studies.

Additionally, the search algorithms & criteria developed for Gaia DR3 will be just as

applicable for further data releases, and updated astrometric solutions for individual

systems may lead to the identification of sources which do not currently present exotic

characteristics.

As both X-ray observational capabilities and astrometric precision continue to develop,

insights from Gaia and radial velocity studies from both space- and ground-based

telescopes will likely yield a comprehensive understanding of binary dynamics, and,

consequently, the nature of black holes.

While theoretical models provide a solid foundation, observations act as a necessary

guide. We are working in an era in which the kinematics of compact objects can be

constrained with extraordinary precision. In our energetic universe, these kinematics

are interconnected to a variety of processes fundamental to black hole formation. The

integration of astrometric data with spectroscopy will be crucial in unravelling the

enigmatic processes governing compact object formation and evolution. The search for

comprehensive models of both natal kicks and mass distributions remains challenging, but
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opportunities for development are abundant. X-ray binaries remain rich with potential,

and the work on extending our understanding of black holes to those which are not

accreting has only just begun.
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Estimating the velocity associated with mass loss (as in Nelemans
et al. [214])

Consider the mass ejected from a compact object progenitor (e.g. a helium star) upon
supernova. Conservation of momentum gives:

vsys = vHe
∆M

MBH +m

Where MBH and m are the masses of the black hole and stellar companion respectively
∆M is the mass of the eject, and the relative velocity of the helium star, υHE, is given by:

vHe =
2π aHe

Pi

where Pi is the initial orbital period - the system is assumed to be circular given the
efficiency of tidal forces in circularising binary orbits [16]. The separation between the
compact progenitor and the centre of mass aHe = a m

MHe+m
. This can be determined from

Kepler’s Third Law:

a =

[
P 2
i G (MHe +m)

4π2

]1/3
=

[
G (MHe +m)

4π2

]1/3
P

2/3
i

Substituting this, and considering that the re-circularised orbital period, Pr =

Pi

(
MHe+m
MBH+m

)2
gives the relative velocity of the progenitor as follows:
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vHe =
2π aHe

Pi

=
2π
(
a m
MHe+m

)
Pi

=
2π
((

G
4π2

)1/3
P

2/3
r (MBH +m)4/3 (MHe +m)−1 m

MHe+m

)
Pi

=
2π
[(

G
4π2

)1/3
P

2/3
r (MBH +m)4/3 (MHe +m)−2m

]
[
Pr

(
MBH+m
MHe+m

)2]
=2π

[(
G

4 π2

)1/3

P−1/3
r (MBH +m)−2/3m

]
= (2π G)1/3 P−1/3

r (MBH +m)−2/3m

Returning to vsys = vsys
∆M

MBH+m
:

vsys = vHe
∆M

MBH +m

= (2π G)1/3 P−1/3
r (MBH +m)−2/3m

∆M

MBH +m

= (G2π)1/3∆M mP−1/3
r (MBH +m)−5/3

≈ 213× m

M⊙

∆M

M⊙

(
Pre−circ

day

)− 1
3
(
Mtot

M⊙

)− 5
3

km s−1
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Determining the resultant systemic velocity from a given natal
kick

This derivation uses two frames of reference, shown in Figure B.1. I both frames, the
x- and y-axes are defined by the binary orbital plane; the x-axis intersects the compact
progenitor and the centre of mass of the binary, and the y-axis is parallel to the direction
of the orbital motion in the case of a circular orbit. One frame, Figure B.1a, is centred
on the system’s centre of mass, the other, Figure B.1b, centred on the exploding star
(the compact progenitor); the centre of each frame is considered at rest.

(a) Frame of reference centred on centre of
mass of the binary.

(b) Frame of reference centred on exploding
star (compact progenitor).

Figure B.1: Diagram showing the frame of references used in this derivation. In both
cases, the x- and y- axes are defined by the binary orbital plane, with the z-axis aligned
with the poles of the exploding star. The x-axis is directed between the exploding star
and the centre of mass of the system, and the y-axis aligned with the direction of orbital
motion in the case of a circular orbit. The right panel shows the angles (θ and ϕ) which
define the natal kick, υNK.
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Adopting the frame of reference centred on the centre of mass of the binary, the
relative velocities, υr, of both stars are confined to the x-y plane. At the instant of the
supernova, the velocities of the component stars (compact progenitor, M1, and companion
star, M2) are: −υrx

M2

M1+M2

−υry
M2

M1+M2

0

 and

υrx
M1

M1+M2

υry
M1

M1+M2

0


Directly following supernova (before orbital reconfiguration), the velocity of the

companion star is the same, but the compact object has been perturbed by a natal kick,
υk, and is now:

MCOυkx − υrx
M2

M1+M2

MCOυky − υry
M2

M1+M2

MCOυkz


Hence, systemic velocity is:

υsys =
MCOυCO +M2V2

MCO +M2

=
1

MCO +M2

MCO

υkx − υrx
M2

M1+M2

υky − υry
M2

M1+M2

υkz

+M2

υrx
M1

M1+M2

υry
M1

M1+M2

0


=

1

MCO +M2

MCOυkx −MCOυrx
M2

M1+M2
+M2υrx

M1

M1+M2

MCOυky −MCOυry
M2

M1+M2
+M2υry

M1

M1+M2

MCOυkz


=

1

MCO +M2

MCOυkx + υrx
M2(M1−MCO)

M1+M2

MCOυky + υry
M2(M1−MCO)

M1+M2

MCOυkz


The magnitude of the new systemic velocity may be calculated as:
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υ2
sys =

1

(MCO +M2)2


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M2(M1−MCO)
M1+M2

)2(
MCOυky + υry
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)2
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COυ
2
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υ2
sys =

1
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2
kx + υ2
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2 (M1−MCO)2
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+ 2υkxυxr
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)(
M2
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2
ky + υ2
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2 (M1−MCO)2
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(M1+M2)

)
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COυ
2
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υ2
sys =

1
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(MCOυk)
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(
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)
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(
MCOM2(M1 −MCO)

M1 +M2

)]
υ2
sys =

(
υkMCO

MCO +M2

)2

+

(
υrM2(M1 −MCO)

(MCO +M2)(M1 +M2)

)2

+

2(υkxυrx + υkyυry)
MCOM2(M1 −MCO)

(M1 +M2)(MCO +M2)2

υ2
sys =

(
υkMCO

MCO +M2

)2

+

(
υrM2(M1 −MCO)

(MCO +M2)(M1 +M2)

)2

+

2υr(υkxαS + υkyαC)
MCOM2(M1 −MCO)

(M1 +M2)(MCO +M2)2

where υkx = υksin(ϕ)cos(θ); υky = υkcos(ϕ)cos(θ); αS =
√

a2(1−e2)
r(2a−r)

; and αC =

− e sin(M)√
1−e2 cos(M)2

.

Given that the natal kick is defined in the frame centred on the exploding star, αS

and αC are terms representing the decomposition of the orbital velocity to two vector
components in the frame of reference centred on the exploding star (i.e. frame B.1b).
αS = sinΩ and αC = cosΩ (where Ω indicates the direction of orbital motion, as shown
in Figure B.2). This angle, Ω, is defined between x & y axes in the frame of the exploding
star, and is given by:

Ω = tan−1

(
b2

yae

)
(B.1)

where ae is the distance between the centre of the ellipse and the focal point(s); b is
the semi-minor axis

(
b = a

√
1− e2

)
; and y describes the position of the exploding star

along its orbit (y = b sin E, with E defining the eccentric anomaly).
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Figure B.2: Diagram demonstrating the decomposition of the orbital motion (υorb) to the
frame of the exploding star. In this frame, the x-axis extends from the exploding star to
the centre of mass of the system, and the y-axis indicates the direction of orbital motion
if the orbit were circular. The orbital velocity vector is separated into two constituent
vectors in the x- and y- axes, αS and αC , which can be calculated using the semi-major
axis, the eccentricity, and the eccentric anomaly.

tan(Ω) =
b2

yae

=
b2

ae (b sin E)

=
b

ae sin E

=
a
√
1− e2

ae sin E

=

√
a2 (1− e2)

a2e2 sin2 E

=

√
(1− e2)

e2 (1− cos2 E)

=

√
1− e2

e
√
1− cos2 E

Making use of the following trigonometric identities: cos (tan−1(x)) = (1 + x2)
−0.5

and sin (tan−1(x)) = x (1 + x2)
−0.5

, where x =
√
1−e2

e
√

1−cos2(E)
.

154



APPENDIX B. SYSTEMIC VELOCITY

(1 + x2)−0.5 =

[
1 +

1− e2

e2(1− cos2(E))

]−0.5

=

[
e2(1− cos2(E))

e2(1− cos2(E))
+

1− e2

e2(1− cos2(E))

]−0.5

=

[
e2(1− cos2(E)) + 1− e2

e2(1− cos2(E))

]−0.5

=

[
1− e2cos2(E))

e2(1− cos2(E))

]−0.5

=

[
e2(1− cos2(E))

1− e2cos2(E))

]0.5
αC =

esin(E)√
1− e2cos2(E))

x(1 + x2)−0.5 =

√
1− e2

e
√

1− cos2(E)
× esin(E)√

1− e2cos2(E))

=

√
1− e2

1− e2cos2(E))

=

√
a2(1− e2)

a2(1− e2cos2(E)))

=

√
a2(1− e2)

2a2 − 2a2ecos(E)− (a2 − 2a2ecos(E) + a2e2cos2(E))

=

√
a2(1− e2)

2a2 − 2a2ecos(E)− (a− aecos(E))2

=

√
a2(1− e2)

2a(a− aecos(E))− (a− aecos(E))2

αS =

√
a2(1− e2)

2ar − r2
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Converting the Thiele-Innes coefficients (A,B,F,G) into orbital
elements (a0, ω,Ω, i)

A number of candidate Gaia binaries are described with the Thiele Innes coefficients (see
Section 3.2). The Thiele Innes coefficients A,B,F, and G are expressed with a0 (semi-major
axis of photocenter), ω (angle of the ascending node), Ω (argument of periastron), and i,
the orbital inclination, by the following [23; 128]:

A = a0 [cos(ω) cos(Ω)− sin(ω) sin(Ω) cos(i)]

B = a0 [cos(ω) sin(Ω) + sin(ω) cos(Ω) cos(i)]

F = −a0 [sin(ω) cos(Ω) + cos(ω) sin(Ω) cos(i)]

G = −a0 [sin(ω) sin(Ω)− cos(ω) cos(Ω) cos(i)]

For clarity, let a = A
a0
, b = B

a0
, etc. and make use of the shorthand cos(ω) = cω, sin(ω)

= cω, and so on. Squaring all the equations gives:

a2 = c2ωc
2
Ω + s2ωs

2
Ωc

2
i − 2sωsΩcωcΩci

b2 = c2ωs
2
Ω + s2ωc

2
Ωc

2
i + 2sωsΩcωcΩci

f 2 = s2ωc
2
Ω + c2ωs

2
Ωc

2
i + 2sωsΩcωcΩci

g2 = s2ωs
2
Ω + c2ωc

2
Ωc

2
i − 2sωsΩcωcΩci

Summing these squares gives:

a2 + b2 + f 2 + g2 = c2ωc
2
Ω[1 + c2i ] + s2ωs

2
Ω[1 + c2i ] + c2ωs

2
Ω[1 + c2i ] + s2ωc

2
Ω[1 + c2i ]

= [1 + c2i ]
[
c2ωc

2
Ω + s2ωs

2
Ω + c2ωs

2
Ω + s2ωc

2
Ω

]
= [1 + c2i ]

[(
c2ω + s2ω

) (
c2Ω + s2Ω

)]
= 1 + c2i

Then consider:
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ag = − (cωcΩ − sωsΩci) (sωsΩ − cωcΩci)

= −cωcΩsωsΩ + c2ωc
2
Ωci + s2ωs

2
Ωci − sωsΩcωcΩc

2
i

= ci
(
c2ωc

2
Ω + s2ωs

2
Ω

)
− [1 + c2i ]cωcΩsωsΩ

−bf = (cωsΩ + sωcΩci) (sωcΩ + cωsΩci)

= cωcΩsωsΩ + c2ωs
2
Ωci + s2ωc

2
Ωci + sωsΩcωcΩc

2
i

= ci
(
c2ωs

2
Ω + s2ωc

2
Ω

)
+ [1 + c2i ]cωcΩsωsΩ

Summing the above gives:

ag − bf =
[
ci
(
c2ωc

2
Ω + s2ωs

2
Ω

)
− [1 + c2i ]cωcΩsωsΩ

]
+
[
[1 + c2i ]cωcΩsωsΩ + ci

(
c2ωs

2
Ω + s2ωc

2
Ω

)]
= ci

[(
c2ωc

2
Ω + s2ωs

2
Ω

)
+
(
c2ωs

2
Ω + s2ωc

2
Ω

)]
= ci

[(
c2ω + s2ω)(c

2
Ω + s2Ω

)]
= 2ci

Defining U = A2 +B2 + F 2 +G2 = a20 (1 + cos2(i)) and V = AG−BF = 2a20 cos(i)
leads to:

0 = a20
(
1 + V 2/a40

)
− U

0 = a20 + V 2/a20 − U

0 = a40 − Ua20 + V 2

a20 =
U ±

√
U2 − 4V 2

2

a20 =
U ±

√
U2 − 4V 2

2

a0 =

[
U ±

√
U2 − 4V 2

2

]0.5

Having found a0, determining i from the above is trivial. For ω and Ω, one can make
use of the trigonometric product identities, as follows:
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b− f = (cωsΩ + sωcΩci) + (sωcΩ + cωsΩci)

= [1 + ci] (cωsΩ) + [1 + ci] (sωcΩ)

= [1 + ci] (cωsΩ + sωcΩ)

= [1 + ci]s(ω+Ω)

a+ g = (cωcΩ − sωsΩci)− (sωsΩ − cωcΩci)

= [1 + ci] (cωcΩ)− [1 + ci] (sωsΩ)

= [1 + ci]c(ω+Ω)

b+ f = (cωsΩ + sωcΩci)− (sωcΩ + cωsΩci)

= [1− ci] (cωsΩ)− [1− ci] (sωcΩ)

= [1− ci] (cωsΩ − sωcΩ)

= [1− ci]s(ω−Ω)

g − a = − (sωsΩ − cωcΩci)− (cωcΩ − sωsΩci)

= [ci − 1] (cωcΩ) + [ci − 1] (sωsΩ)

= [ci − 1] (cωcΩ + sωsΩ)

= [1− ci]c(ω−Ω)

ω and Ω can be solved simultaneously:

b− f

a+ g
=

[1 + ci]sω+Ω

[1 + ci]cω+Ω

= tan(ω + Ω)

b+ f

g − a
=

[1− ci]sω−Ω

[1− ci]cω−Ω

= tan(ω − Ω)

ω =
arctan

(
B−F
A+G

)
+ arctan

(
B+F
G−A

)
2

Ω =
arctan

(
B−F
A+G

)
− arctan

(
B+F
G−A

)
2

All orbital elements may now be determined from the Thiele Innes coefficients as
required.
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shifts of the thermal wind absorption lines in low-mass X-ray binaries. Monthly

Notices of the Royal Astronomical Society, 438(1):145–155, Feb. 2014. doi: 10.1093/

mnras/stt2119.

[193] J. Magorrian, S. Tremaine, D. Richstone, R. Bender, G. Bower, et al. The Demog-

raphy of Massive Dark Objects in Galaxy Centers. The Astronomical Journal, 115

(6):2285–2305, June 1998. doi: 10.1086/300353.

177



BIBLIOGRAPHY

[194] A. Majczyna, J. Madej, P. C. Joss, and A. Różańska. Model atmospheres and X-ray
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