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Abstract

The LIGO/Virgo collaborations have recently announced the detection of GW190425, the second
gravitational wave observation from a double neutron star merger. The total mass of the binary is sig-
nificantly higher than any previously measured double neutron star at 3.4f8€’M@, possibly indicating
the existence of a new population. We propose that GW190425 may have formed via unstable case
BB mass transfer, where the progenitor ~ 4 — 5M¢ helium star and neutron star binary experienced
a common envelope event that brought the binary to a short < 1 hr orbital period. Subsequent su-
pernova of the helium star formed a heavy 2M neutron star, likely in a significantly eccentric orbit.
Using recently developed posterior reweighting methods, we constrain the eccentricity of GW190425
at 10 Hz to be e < 0.007 with 90% confidence. We simulate unstable case BB binaries and find
that their orbits circularise to e < 10™* by the time they reach the Advanced LIGO/Virgo frequency
band. While we are currently unable to determine whether GW190425 formed via this scenario, future
detectors which can observe at lower frequencies may be able to measure significant eccentricities of
double neutron star inspirals and distinguish their formation scenarios.
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Chapter 1

Introduction

On the 25th of April 2019, Advanced LIGO/Virgo made the second detection of gravitational waves
(GW) originating from a double neutron star (DNS) inspiral (The LSC and Virgo, 2019). GW190425
is particularly interesting for several reasons. The total mass of GW190425 has been inferred to be
3.4J_r81£13M@, which is significantly larger than the observed Galactic DNS population. Out of the 18
known Galactic DNS only 17 have mass measurements, of which the most massive binary has a total
mass of 2.875 + 0.0014M. Only 10 of the observed Galactic DNS will merge in a Hubble time and
the total mass of GW190425 is inconsistent with this population at a 50 level (The LSC and Virgo,
2019).

Secondly, the component spins for GW190425 are considerably high with a 90% credible region
on X in the range [0.008,0.011], which is possibly higher than the fastest-spinning Galactic DNS
J1946+2052 (The LSC and Virgo, 2019; Stovall et al., 2018). This spin is higher than those predicted
for a Galactic DNS at merger (Zhu et al., 2018), though it must be noted that zero-spin can not
be ruled out for the event (The LSC and Virgo, 2019). The combination of these two unanticipated
features of this event raises questions of what astrophysical processes led to this DNS merger; of most
interest is the formation channel for GW190425.

Unlike the first DNS merger detection GW170817, the GW190425 signal was a single-detector
event as it was only deemed significant in the Livingston detector of Advanced LIGO. Though, the
signal was later found in the Virgo detector at a low significance with a signal-to-noise ratio of 2.5, this
data was later used in parameter estimation. The false alarm rate for the signal was one in 6.9 x 104
years. The sky localisation for the detection was = 235 times less precise than GW170817 and an alert
was sent ~ 43 minutes after detection. No significant multimessenger counterparts, such as gamma-ray
bursts, to GW190425 have been observed to date possibly due to the broad sky-localisation for the
event (The LSC and Virgo, 2019).

As the merger rate implied by GW170817 is in tension with the merger rates predicted by nu-
merical & n-body simulations, previously it has been conjectured that GW170817 may have been
a statistical coincidence where the single detection provided an overestimation on the merger rate
(Belezynski et al., 2018; Chruslinska et al., 2017). However now with the detection of a second DNS

merger this is unlikely, and the observational merger rate has increased to 1090:%%0 Gpc 3yr—! (from

SOOféggo Gpc3yr~! in Abbott et al. (2019)), highlighting a need for a greater understanding of how
these binaries form (The LSC and Virgo, 2019).

There are two predominant formation scenarios for compact binaries, which not only includes the
formation of DNS but also binary black holes (BBH) and neutron star-black hole binaries (NS-BH). In
the dynamic formation scenario, two compact objects form individually in a dense stellar environment
such as a globular cluster, and the two compact objects are later brought together via dynamical
interactions to form a binary. There are numerous subchannels for how these dynamic interactions
take place, including gravitational wave captures around super-massive black holes (O'Leary et al.,
2009), the formation of triples (Antonini et al.,, 2017; Rodriguez et al., 2018b,a), and captures in
dense stellar environments (Banerjee, 2017a; Samsing et al., 2019). However, the dynamical formation
process favours the formation of more massive binaries and thus tends to form BBH rather than DNS
(Banerjee, 2017b).
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Isolated binary evolution is thought to be the main channel for DNS formation. It involves an
isolated field binary which undergoes a series of mass transfer stages and supernovae, as well as a
common envelope where the two stars are contained within a slow rotating cloud of gas (Sparks
& Stecher, 1974; Paczynski, 1976; Dewi et al., 2002; Beniamini & Piran, 2016; Tauris et al., 2017;
Vigna-Goémez et al., 2018).

In the era of gravitational wave astronomy, inferring the parameters of these merging binaries may
provide clues to their formation history. For instance, the mass distribution of merging binaries likely
differs between formation channels and may allow us to distinguish between them (Schwab et al., 2010;
Stevenson et al., 2015). The spin of each star in a binary can also inform us of its formation history.
An isolated binary is likely to form with spins aligned to its orbital angular momentum (Boss, 1988),
whereas dynamically formed binaries may have isotropic spins (Rodriguez et al., 2016; Stevenson et al.,
2017).

The orbital eccentricity e, is a source parameter which has excellent potential to distinguish between
formation scenarios. Eccentric binaries circularise as they evolve due to the emission of gravitational
radiation (Peters, 1964), and as a result it is expected that the orbits of DNS that form as isolated
binaries will become circular by the time they are detected by Advanced LIGO/Virgo. Hence, the
observation of a gravitational wave with significant eccentricity (e = 0.1) would provide strong evidence
that the binary formed dynamically.

While the total mass of GW190425 is inconsistent with the Galactic DNS population, the compo-
nent masses are consistent with the overall population of neutron stars (including those not in binaries).
The more massive neutron star of GW190425 was measured at 1.61 — 2.47M, where the maximum
mass for a single non-rotating neutron star has been found to be 2.0701 M < Mys < 2.6701 M at
90% confidence (Alsing et al., 2018). It is challenging to explain the high mass of this system through
standard isolated evolution, since the formation of these massive neutron stars are accompanied by
large supernova kicks that are expected to disrupt binaries (Michaely et al., 2016). As the dynamical
formation scenario is less restrictive on neutron star mass than the more delicate isolated evolution
scenario, the high total mass of GW190425 could be explained through dynamical formation.

While the dynamical formation scenario can aptly explain the high mass of GW190425, the implied
merger rate from GW190425 is far greater than the expected dynamical DNS merger rate (Bae et al.,
2014; Belezynski et al., 2018). Hence, in this Thesis we propose how such a massive DNS could
have formed via isolated binary evolution that involves an unstable case BB mass transfer stage. To
evaluate this scenario we recover the eccentricity of GW190425, by following the work of Romero-Shaw
et al. (2019) who have recently shown that all of the events in the first Gravitational-Wave Transient
Catalogue (GWTC-1) of LIGO & Virgo have eccentricities consistent with zero. We also simulate
unstable case BB mass transfer DNS with parameters similar to those of GW190425 for comparison.

We begin this Thesis with a description of orbital eccentricity and how it relates to gravitational
waves in Section 1.1. In Chapter 2 we discuss the two predominant formation channels for DNS for-
mation - dynamic and isolated evolution - followed by an explanation of how the supernova explosions
that form NS can create eccentric binaries in Section 2.2.2. In Section 2.3 we discuss the contribution
of each formation scenario towards the total DNS merger rate. Section 2.4 proposes how GW190425
may have formed via unstable case BB mass transfer as an isolated binary.

In Chapter 3 we first estimate the parameters that describe the GW190425 gravitational wave signal
using Bayesian inference, and likelihood reweighting method to measure the eccentricity of the binary
in Section 3.1. In Section 3.2 we present the expected eccentricities of DNS formed via unstable case
BB mass transfer, and compare them to the recovered eccentricity of GW190425. Finally, in Chapter
4 we discuss our findings as to whether GW190425 is in-fact an unstable case BB mass transfer binary,
as well as prospects and challenges in using eccentricity to identify these DNS populations with the
next generation of gravitational wave detectors.

1.1 Eccentricity of Binary Inspirals

Eccentricity is an intrinsic parameter of a binary which describes the ellipticity of the orbit. An eccen-
tricity e = 0 corresponds to a circular orbit, and as e — 1 the orbit becomes increasingly elongated.
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As gravitational systems lose energy from the emission of gravitational radiation, the semimajor axis
and eccentricity of a binary decay over time (Peters, 1964). This leads to an inspiral, where the two
compact objects become closer over time in an increasingly circular orbit. As the semimajor axis
of the orbit decreases, the orbital velocities increases and consequently the orbital period of the two
compact objects decreases which is reflected in the gravitational waves as an increasing frequency. The
crescendo of this orbital frequency is reflected in the gravitational wave frequency as a chirp. This
chirp ends with a merger between the two compact objects, forming a supramassive neutron star or a
black hole which may momentarily ringdown and continue to emit gravitational waves. Peters (1964)
provides an expression that calculates the semimajor axis of the binary at a given eccentricity

coe2/19 [ 121 2]2822%
ale) =

=] 1+ —e (1.1)
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where ¢ is found by solving the initial conditions of the binary a(eg) = ay.

As eccentricity decreases with time, it is a convention to state the eccentricity of a gravitational
wave signal at a mean wave frequency of 10 Hz. Hence, it is useful to have an equation that relates a
change in gravitational wave frequency to the shift in eccentricity (derived in Appendix A)
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Equation 1.2 is useful when we have an eccentricity ey at an initial reference frequency fy which we
wish to shift to another reference frequency f, e.g. the conventional 10 Hz. But as it is difficult to
find an inverse for f(e), we use numerical root-finding methods to find the value for e that solves
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The eccentricity of a binary inspiral is imprinted onto the gravitational wave signal detected by
Advanced LIGO/Virgo. A greater amount of gravitational energy is released when the two compact
objects of an eccentric binary are closest, compared to the energy released when they are farther
apart, modulating the gravitational wave signal. Eccentricity is currently not included in the wave-
forms used in current template-based gravitational wave searches at Advanced LIGO and Advanced
Virgo (Abbott et al., 2019). Computationally efficient and complete inspiral-merger-ringdown ec-
centric waveform models are not currently available. The current quasi-circular waveform templates
employed at these detectors have been shown to be capable of detecting slightly eccentric waveforms
e < 0.1, but are ineffective at detecting binaries with higher eccentricities (Brown & Zimmerman,
2010). Using the inspiral-only EccentricFD waveform approximant, Lower et al. (2018) determined
that the current generation of gravitational wave detectors will be sensitive to eccentricities e = 0.05 at
10 Hz for GW150914-like events, showing that Advanced LIGO/Virgo will be able to distinguish these
signals from instrumental noise. Past interferometer data has been revisited with waveform templates
comprising of an eccentric inspiral waveform stitched with a quasi-circular merger template, but no
new gravitational wave events were discovered (The LSC and Virgo & Salemi, 2019). Romero-Shaw
et al. (2019), whose method we follow in this work, revisited GWTC-1 with a newly developed like-
lihood reweighting scheme for including higher order modes in gravitational wave inference (Payne
et al., 2019). Romero-Shaw et al. (2019) find upper limits on eccentricity for all GWTC-1 events of
0.02 to 0.05 with 90% confidence.




Chapter 2

DNS Formation Channels

The formation scenario for DNS systems is a topic of contention as it is difficult to explain how two
large stars are able to form compact objects in a tight enough orbit to merge within the age of the
universe as a result of gravitational radiation. (Mandel & Farmer, 2018).

It should be noted that while we focus here on presenting the formation scenarios for DNS, the
same scenarios apply to BBH as well as NS-BH binaries.

2.1 Dynamical Formation

The dynamic meeting scenario involves the merger of two compact objects which did not form in the
same binary, but rather formed independently and were later brought together through interactions
in dense stellar environments. Within the dynamical formation scenario there are several subchannels
including gravitational wave captures around supermassive black holes (O’'Leary et al., 2009), isolated
and globular cluster triples (Antonini et al.; 2017; Rodriguez et al., 2018b,a), and captures in dense
stellar environments (Banerjee, 2017a,b; Samsing et al., 2019).

In dense regions, such as globular clusters or star clusters, interactions between massive objects
are common and lead to behaviour such as mass segregation where heavier objects, generally black
holes, sink towards the centre of the cluster (Sigurdsson & Hernquist, 1993; Zwart & McMillan, 2000).
Single neutron stars can pair up with other neutron stars within the globular cluster core, forming
DNS with short merger times (Zevin et al., 2019). As this channel involves neutron stars forming
separately from each other, there is reduced constraint on parameters such as mass when compared
to other formation channels.

Binaries which form through dynamical interactions can have a wide range of eccentricities at 10
Hz, as these systems can merge quickly enough such that they retain eccentric orbits before they
circularise due to the emission of gravitational waves. As we will see in Section 3.2, binaries that
form through the isolated binary evolution channel will completely circularise before 10 Hz, hence an
observation of a significantly eccentric e 2 0.1 gravitational wave is a strong indicator of dynamical
formation.

Rodriguez et al. (2018b,a) simulated N-body interactions in globular clusters where three- and
four-body encounters led to about half of BBH mergers within a cluster, where ~ 10% of these
mergers had significant eccentricities e 2 0.1 at 10 Hz. However this does not necessarily carry over to
DNS systems as the N-body simulations conducted by Banerjee (2017h) found that energy injection
by black holes will inhibit two-body interactions of less massive objects, meaning that neutron stars
are prevented from effectively participating in exchange interactions where a neutron star in a binary
is often replaced by an intruding black hole. Dynamic encounters of isolated field triples may form
highly eccentric binaries (1 —e) < 1075 at 10 Hz (Antonini et al., 2017), but again this is primarily
thought to occur with BBH for the aforementioned reason.

Antonini & Perets (2012) studied the evolution of binaries in the environment of supermassive
black holes at the galactic center. Kozai-Lidov oscillations occur in these triples, comprised of an
inner binary and outer supermassive black hole, in which the eccentricity and inclination of the DNS
binary can significantly change in a periodic manner (Kozai, 1962; Lidov, 1962). Antonini & Perets
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(2012) found that ~ 10% of these DNS have eccentricities of e > 0.1 at 10 Hz, about 0.5% have
eccentricities larger than 0.5, and ~ 0.1% have very large eccentricities e &~ 1. Though, these events
were found to be rare with ~ 1 per 10 Myr per Milky-Way-like Galaxy, as we will see in Section 2.3.

2.2 Isolated Binary Evolution

It is generally considered that isolated binary evolution is the dominant channel in DNS formation,
responsible for at least 14 of the known Galactic DNS (Vigna-Gomez et al., 2018). Isolated binary
evolution begins with two orbiting zero age main sequence (ZAMS) stars, where one of the stars begins
to grow in size as it transitions out of its hydrogen fusion phase. The larger star may overflow its
Roche lobe, the volume in which matter is gravitationally bound to the star, resulting in mass being
accreted onto the smaller star. This mass transfer continues until the hydrogen envelope of the larger
star is stripped off, leaving a helium star (He star) also known as a Wolf-Rayet star. Sometime later
this He star undergoes a supernova, collapsing into a neutron star.

After some time the secondary star also begins to exit its main sequence, where it grows in stellar
radius and overflows its Roche lobe. This interaction is dynamically unstable and the hydrogen
is stripped off the secondary star into a common envelope where now a neutron star and He core
are engulfed in a cloud of hydrogen (Paczynski, 1976). Dynamical friction is imposed on the two
nuclei, decreasing their orbital velocities and bringing them closer together with a shorter orbital
period (Sparks & Stecher, 1974; Dewi et al., 2002; Vigna-Goémez et al., 2018). Angular momentum is
transferred from the binary onto the surrounding envelope causing it to decrease in density, potentially
resulting in the ejection of the hydrogen envelope (Tauris et al., 2017).

The resulting system is a tightly bound neutron star and He star binary. Depending on the
conditions, the binary may undergo a series of mass transfer stages. For example, case A mass
transfer occurs while the hydrogen core is still burning, whereas if the helium core is burning when
the mass transfer is initiated then it is known as case BA (see e.g. Dewi & Pols (2003)). Case BB
mass transfer occurs if the helium core has finished burning but before the ignition of carbon (Dewi
et al., 2002; Dewi & Pols, 2003). Here we will focus on case BB mass transfer which is of particular
interest for attempting to explain GW190425.

2.2.1 Case BB Mass Transfer

Case BB transfer can be stable or unstable. Stable case BB mass transfer occurs when the He star
overflows its Roche lobe as a stable flow of almost pure helium onto the companion neutron star
(Delgado & Thomas, 1981; Dewi et al., 2002). Mass is transferred from the He star and is accreted
onto the neutron star, also increasing its angular momentum, causing the recycled neutron star to spin
up (Tauris et al., 2017).

Unstable case BB mass transfer, illustrated in Figure 2.1, occurs when the companion to the
neutron star is a high-mass He-rich giant (Panel A) (Belczynski et al., 2002). Helium is pulled from
the helium star at a rate faster than it can be accreted onto the neutron star, creating a helium
common envelope that surrounds the neutron star and a carbon-oxygen core (Panel C) (Belczynski
et al., 2002). Angular momentum is transferred from the neutron star and carbon-oxygen core to
the surrounding medium, which can eject the helium envelope leaving a tight neutron star CO core
binary (Panel D). Using population synthesis code COMPAS, Vigna-Gomez et al. (2018) found that
these unstable case BB mass transfer binaries achieve orbital periods approximately log-uniformly
distributed between 0.1 — 1 hr (Figure A.1 in Appendix).

The resulting binary is tight enough for it to likely survive the supernova of the carbon-oxygen
core (Panel E). As the carbon-oxygen core has been stripped of its helium envelope, it is expected
that the final supernova in an unstable case BB binary will be an ultra-stripped supernova. It may be
possible for these binaries to inspiral with significant eccentricities acquired from the supernova kick
(Vigna-Gomez et al., 2018) (see Section 2.2.2).

Ivanova et al. (2003) simulated the stellar evolution of 60 He-NS binaries with helium star masses
between 2.5 — 6My with a 1.4Mg NS, finding that all binaries throughout this mass range can ex-
perience a common envelope, but this depends on the orbital period at the time when mass transfer
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initiates. They found that these common envelope binaries can form DNS with merger timescales
< 10 Myr, consistent with the findings of Belezynski et al. (2002). The simulations by Ivanova et al.
(2003) also show that a heavy He-NS binary can survive the common envelope in an unstable case
BB mass transfer, with one of the simulated binaries retaining a 3.01Mg helium star post-common
envelope.

NS He star
)
A
CO core
B
%" He envelope/
« .9
>
D
supernova
°oH
E
&4 - gravitational
e e wave
-— - emmission
F P
merger
remnant
G

Figure 2.1: Illustration of unstable case BB mass tranfer leading to a DNS merger. Credit: Carl Knox
(unpublished).
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2.2.2 Supernova kicks

For decades it has been noticed that neutron stars have velocities much greater than their progenitors
(e.g. Gunn & Ostriker (1970)). When a star undergoes a supernova, the asymmetric distribution of
mass during the collapse gives the neutron star a kick. These kicks are presumed to provide neutron
stars with their high velocities. The distribution of kick velocity magnitudes is often described by a
Maxwell-Boltzmann distribution, where the three degrees of freedom corresponds to three-dimensional
space. The magnitude of this kick depends on the type of supernova, where core collapse supernovae
(CCSN) are thought to produce large kicks with Maxwellian dispersion o, = 265kms~! (Hobbs et al.,
2005; Hansen & Phinney, 1997). Another supernovae type is ultra-stripped supernovae (USSN) which
are thought occur in case BB mass transfer binaries as a result of the removal of hydrogen and helium
envelopes, leaving an ultra-stripped core that undergoes iron core collapse with an extremely fast
explosion (Tauris et al., 2013, 2015). Electron capture supernovae (ECSN) occur as a result of inverse
B-processes which remove free electrons from the star, causing a reduced electron degeneracy pressure
that allows the star to collapse (Rakavy et al., 1967; Finzi & Wolf, 1967). Both ECSN and USSN are
thought to produce small kicks with Maxwellian dispersion o, ~ 30kms~! (see, e.g. Podsiadlowski
et al. (2004) for ECSN, and Pfahl et al. (2002) for USSN). Supernova kicks are thought to disrupt
many binaries, providing the star with an orbital velocity greater than its escape velocity. Binaries
which are not unbound by the kick are likely to acquire significant orbital eccentricity, as demonstrated
by the vast non-zero eccentricity area in Figure 2.2 (reproduced from Chaurasia & Bailes (2005)).
Following Brandt & Podsiadlowski (1995) we define the dimensionless mass of the binary
= T (2.1)
m7 + ms

where my and mg are the masses of the progenitor binary, m/} is the mass of the star post supernova.
We also define dimensionless kick velocity o as

g — ik (2.2)
Vorbit
The resultant orbital eccentricity after the supernova is
e= {1 —m (2 —m (1 + 29 cos ¢ cos +f12>>
(2.3)

X ((1 + ¥ cos ¢ cos§)? + (Tsin 9)2”% ,

where ¢ is the angle between the direction of the star’s velocity vector and the kick vector, 8 is the
angle between the orbital plane and the kick.
The orbit acquires a new semimajor axis a’ from the supernova kick, which is given by

a = Lll (2m<1+26cos¢cos0+ﬁ2))}l. (2.4)

Chaurasia & Bailes (2005) explore the implications of binary orbits acquiring eccentricity as a result
of supernova, kicks, finding that ~ 6% of bound binaries will coalesce ~ 10* times faster than unper-
turbed circular binaries. Figure 2.2 shows the eccentricity of the orbit after a supernova kick which is
constrained to the orbital plane (# = 0), plotted in radial-tangental velocity space. Importantly, the
area of the low valued eccentricity regions is comparatively tiny, where a disruption to the binary that
adds a radial velocity component will introduce significant eccentricity to the orbit.

While these binaries may acquire significant eccentricities from the supernova kick, these DNS
circularise from the emission of gravitational waves as they age, and may have negligible eccentricities
when they merge as a result (as we will see in Section 3.2).

2.3 Merger Rates

The formation rate of dynamic DNS is comparatively low to the isolated binary channel. Bae et al.
(2014) performed N-body simulations of BBH and DNS binaries formed in globulars, determining

11
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Figure 2.2: Contour map of orbital eccentricity in radial-tangental velocity space. A kick to an initially
circular binary (0,+1) would likely introduce a significant radial velocity component that gives the
binary an eccentric orbit. The boundary of velocity magnitude /2 represents the escape velocity,
whereafter e > 1. Reproduced from Chaurasia & Bailes (2005).

merger rates of 2.5 and 0.27 in each globular cluster per Gyr, respectively. From this they determined
a dynamic DNS merger detection rate of 0.0024 yr—! at Advanced LIGO/Virgo. This detection rate is
much higher for globular BBH mergers at 15yr~!, which can be explained by the effect black holes have
on inhibiting dynamical DNS formation (see Section 2.1). DNS mergers are predicted to produce short
gamma-ray-bursts (GRB), and based on numerical simulations, ~ 10 —30% of short-GRBs originating
from globular clusters may originate from these mergers (Grindlay et al., 2006). In their numerical
simulations, Grindlay et al. (2006) found a Galactic globular DNS merger rate of 0.04 Myr~!, though
they highlighted large uncertainty due to unknowns about production rates and GRB beaming angles.
Dynamically formed binaries surrounding supermassive black holes were shown by Antonini & Perets
(2012) to have significant eccentricities, with ~ 10% of these DNS have eccentricities of e > 0.1 at
10 Hz. However they found the merger rates for these binaries to be as little as ~ 1 per 10 Myr per
Milky-Way-like galaxy.

To evaluate the merger rate of isolated evolution binaries, Chruslinska et al. (2017) employed
population synthesis to investigate 21 isolated binary evolution models, finding that only three are
consistent with current observational constraints. These three models require either the application
of simultaneous changes in the treatment of common envelope such as angular momentum loss and
supernova kick behaviour, or the models require a significant increase in the occurrence of core collapse
supernovae that allow for DNS to form from small supernova kicks. Interestingly, when calculating
the merger rates for BBH under the same models, each rate exceeds that of the observational limits.
Chruslinska et al. (2017) believe that this may suggest that the common envelope in DNS evolution
may be fundamentally different to the common envelope in BBH formation, or that the supernova
kick magnitudes for black hole kicks are greater than DNS kicks.

Performing N-body simulations, Belczynski et al. (2018) find that the isolated evolution channel
provides a DNS merger rate = 100 times that of the dynamical formation channel. They find that the
combined merger rate of isolated binary (10 Gpc 3yr~!) and dynamic (5 x 1072 Gpc3yr~!) channels

is incomparable to the inferred merger rate from GW170817 of 8001%%0 Gpc3yr~! (revised in Abbott
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et al. (2019)); whereas the combined merger rates for simulated BBH can reproduce the inferred BBH
gravitational wave merger rate. Previously it was thought that GW170817 may have been a statistical
coincidence, though now with GW190425 being the second NS-NS merger detection this is unlikely
and its discovery has provided an increased merger rate of 109Of51;(7)%0 Gpc 3yr~! (The LSC and Virgo,
2019; Belczynski et al., 2018).

The local (z &~ 0) DNS merger rate calculated by Chruslinska et al. (2017) is ~ 5 times greater
than the rate calculated by Belczynski et al. (2018) at 48 Gpe~3yr~!. Both are in tension with the
observational merger rates found at Advanced LIGO/Virgo. Conversely, Mapelli & Giacobbo (2018)
performed numerical simulations using MOBSE, that found they are able to reproduce observational
DNS and BBH merger rates by assuming low magnitude core collapse supernova kicks o ~ 15 km s~
and a high efficiency of energy transfer during common envelope.

Based on the small contribution the dynamical channel has on the DNS merger rate, it is unlikely
that GW190425 formed via this channel, but not impossible.

2.4 GW190425

Fitting a single Gaussian distribution to the total mass of the 10 Galactic DNS that are expected to
merge in a Hubble time, we arrive at a mean of 2.69M, and standard deviation of 0.12Mg, (see Farrow
et al. (2019) and references therein). The inferred total mass of GW190425 is 3.4703 M, and hence
is inconsistent with the observed merging Galactic DNS at a 5o level, potentially indicating a new
population of DNS (The LSC and Virgo, 2019). While the mass of GW190425 is inconsistent with
observed Galactic DNS systems, the component masses are consistent with the overall population of
neutron stars, where the maximum cuttoff mass for a neutron star has been shown to be 2.0f8:%M@ <
Mg < 2.6J_r8:}M® at 90% confidence (Alsing et al., 2018). For GW190425, the larger neutron star
mass was recovered at 1.61 — 2.47M¢ and the secondary neutron star mass 1.14 — 1.68 Mg (The LSC
and Virgo, 2019).

Here we propose that GW190425 may have formed as an isolated binary via unstable case BB
mass transfer, as described in Section 2.2.1. Miiller et al. (2016) find that a ~ 4 — 5Mg helium star
(~ 3Mg CO core) corresponds to a ~ 2Mg NS, appropriate for the larger NS of GW190425. Based
on this He-NS mass relationship, as well as the inferred GW190425 masses, we propose that the first
common envelope left a binary comprised of a ~ 1.4M¢ neutron star and a ~ 4 — 5M¢ helium star
with an orbital period of 0.1 — 2 days (Ivanova et al., 2003). Before the CO core of the helium star
began to burn, the helium star expanded and overflowed its Roche Lobe, initiating the unstable case
BB mass transfer.

During the second common envelope, ~ 0.05 — 0.1Ms of mass may have been accreted onto the
first born neutron star (MacLeod & Ramirez-Ruiz, 2014). The surviving binary is thought to have an
orbital period < 1 hr, making it likely to survive the supernova kick from the second born neutron
star. The supernova ejected ~ 1M, leaving a ~ (1.4+2.0) M DNS, likely with significant eccentricity.

This short orbital period also makes the DNS difficult to detect in current radio pulsar surveys due
to severe Doppler smearing (Cameron et al., 2018; Kyutoku et al.; 2018), as well as a short inspiral
time of < 10 Myr which makes them unlikely to be detected before they merge compared to other
long-lived DNS which have orbital periods of hours to days (see Table 1 of Farrow et al. (2019)).
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Chapter 3

Method

We present the method for inferring higher order modes in gravitational wave inference, and apply it
towards measuring the eccentricity of GW190425. Then we simulate unstable case BB mass transfer
DNS with parameters based on the inferred values of GW190425, as well as those in the literature. We
determine the eccentricity of each simulated binary after the supernova kick, and play them forward
to 10 Hz. This allows for a comparison between the posterior distribution on the eccentricity of
GW190425, and the eccentricities that are expected from unstable case BB mass transfer DNS.

3.1 Searching for Eccentricity in GW190425

We follow the methodology of Romero-Shaw et al. (2019) to recover an eccentric posterior for the
parameters GW190425. To avoid performing a computationally expensive analysis of the gravitational
wave signal, this recently developed method makes use of likelihood reweighting for including higher
order modes in gravitational wave inference (Payne et al., 2019), such as the inclusion of eccentricity.
The outline of the method is as follows: first, perform fiducial Bayesian inference on the GW190425
interferometer data to recover a posterior of leading order parameters, then reweight the inferred
posterior samples using the computationally expensive eccentric waveform.

3.1.1 Fudicial Inference

Bilby, a Bayesian inference library for gravitational-wave astronomy (Ashton et al.; 2019), is used to
perform fiducial inference using the IMRPhenomPv2 waveform model (Khan et al.; 2016; Hannam et al.,
2014). Source estimation of a gravitational wave inspiral involves a large number of parameters,
(m1,me,dr,ra,dec, 1,1, ¢¢, a1, a2,01,02,00,¢31,) € A. The parameters intrinsic to the binary are
defined as follows: m;j2 are the component masses of the binary, ajo are the dimensionless spin
magnitudes of each star, 619 are the tilt angles between the spin vector and the orbital angular
momentum, d¢ is the azimuthal angle separating the spin vectors, ¢ji, defines the cone of precession
about the system’s angular momentum. The extrinsic parameters: dj is the luminosity distance, ra
is the right ascension angle, dec is the declination angle, ¢ is the angle of inclination between the
observer’s line of sight and the binary’s orbital angular momentum, ¢ is the polarisation angle, and
¢. is the phase at coalescence.

At low frequencies while the Newtonian approximation of the binary is valid (see, e.g. Section 4.4
of Abbott et al. (2016)), the evolution of the gravitational wave inspiral is characterized by the chirp
mass

(m m 2)3/5

(ml +m2)1/5 (3.1)

.=
which is generally sampled along with the mass ratio ¢ = mj/mg, rather than sampling in m; and mq
themselves.

Bilby facilitates nested sampling, allowing us to infer a fiducial posterior distribution py (A|D) on
binary parameters A from a gravitational wave signal D. According to Bayes theorem this posterior
distribution is given by
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Parameter  Prior Minimum Maximum
M. uniform 1.420 2.602

g =mi/mgy uniform 0.125 1

dr, comoving 1 500

dec cosine —m/2 /2

ra uniform 0 27

L (Ojn) sine 0 ™

P uniform 0 0

O uniform 0 27

X1,2 uniform —-0.8 0.8

Table 3.1: The priors used to infer parameters from GW190425. These values are specific to the
IMRPhenomPv2 ROQ basis.

Ly (DIA) 7 (A)
Z
where Ly (D|A) is the likelihood of the fiducial gravitational waveform described by parameters A,
of describing the Advanced LIGO/Virgo interferometer data D. The prior distribution m (A) for the
parameters A is shown in Table 3.1. Z is the Bayes evidence which acts as a normalisation factor, but

can also be used in model selection (Thrane & Talbot, 2019).

The nested sampling procedure is as follows: first, generate a set of N points in parameter space A
from the prior distribution 7 (A), then evaluate the likelihood of each point and find the point Ay with
the lowest likelihood Lx (Skilling, 2006; Feroz et al.; 2009). Next, draw an ellipsoid in parameter space
that encapsulates a region of higher likelihood £ > L£x and sample a new point within this region to
replace Ag. This process is repeated and the discarded points comprise the posterior. See Feroz et al.
(2009) for a complete description of the modern nested sampling algorithm MultiNest.

IMRPhenomPv2 is an aligned spin waveform model, meaning that we do not sample for many of
the spin angle parameters, and rather sample in dimensionless spin magnitudes x12 (see Lange et al.
(2018)). It also includes an effective spin precession parameter x,, which we elect to set to zero as this
higher order mode changes the waveform only very slightly and no evidence for precession was found
for GW190425 (The LSC and Virgo, 2019). As DNS inspiral waveforms are relatively long compared
to BBH waveforms, we use a reduced order quadrature (ROQ) likelihood that reduces the dimensions
of the waveform model whenever applicable, resulting in an increase of computational speed by ~ 70
times (Canizares et al.; 2015; Smith et al., 2016). A consequence of using this ROQ likelihood is that
it is only applicable for a specific prior, shown in Table 3.1.

py (AID) = (3.2)

3.1.2 Reweighting with Eccentricity

We now seek to reweight our fiducial posterior samples using SEOBNRE, an eccentric gravitational
waveform model (Cao & Han, 2017). SEOBNRE is a spinning effective-one-body-numerical-relativity
model for eccentric binaries that can create waveforms with eccentricities 0 < e < 0.2. As SEOBNRE
waveforms can be slow to generate, we elect to use a minimum frequency of 20 Hz rather than 10 Hz,
greatly reducing the time duration of the waveform (see Chapter 1.1), and hence decrease waveform
generation time by ~ 6 times to ~ 100 s. Despite using shorter waveforms, no information is lost
as Advanced LIGO/Virgo’s working minimum frequency is around 20 Hz (Martynov et al., 2016).
However, an unfortunate consequence is that the SEOBNRE eccentricity values are now cited at a
reference frequency of 20 Hz rather than the conventional 10 Hz; as a remedy we use Equation 1.2 to
play back the eccentricity to 10 Hz.

We obtain the reweighted posterior using an eccentricity-marginalised SEOBNRE likelihood £(D]|A)

L(D|A

p(AID) = Mp@mw) — w(D\)po(A|D) (3.3)
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where the weight for the kth sample is defined as

wi(D|Ay) = % (3.4)

Reweighting has the effect of reducing the effective number of samples (Wiegand, 1968)

_ (Zpwn)?
Teff = Tw’% (3.5)

from which we calculate a sampling efficiency neg/n, where n is the total number of samples.

Following Romero-Shaw et al. (2019), to obtain this eccentricity-marginalised SEOBNRE likelihood,
as well as a one-dimensional eccentricity posterior, we first create a grid of eccentricities log-uniformly
distributed between 107% and 10~!, which acts as our prior on eccentricity. At 10 Hz this prior
corresponds to a log-uniform eccentricity distribution 10726 < e < 0.197.

For each fiducial posterior sample, at each eccentricity bin we create an eccentric SEOBNRE waveform
and numerically find the optimal time and phase corresponding to maximum overlap between the
fiducial waveform and this newly generated eccentric waveform (see Equation 7 in Payne et al. (2019)).
Once in position of maximum overlap, we evaluate the likelihood of the eccentric waveform against
the gravitational-wave data.

We take the new likelihood for each eccentricity bin and construct a cumulative likelihood function
CLF(e)) with eccentricity as the varying parameter, shown in the bottom of Figure 3.1. From the
CLF distribution we can randomly draw a new eccentricity. First we generate a random number z
uniformly distributed between CLF(enin) and CLF(epax) = 1, and then find the first eccentricity
bin k such that x > CLF(eg), effectively drawing an eccentricity bin from the distribution. Next we
uniformly draw an eccentricity from within that bin between ey, and ej41. We then pair this randomly
drawn eccentricity with the other sample parameters to form an eccentric posterior.

80

(=)
(=]

In(L(DIA))

-6 -5 -4

P(AID)<e

3 -2 -1

-6 -5 -4

logio(e)

Figure 3.1: Reweighting example for a single posterior sample with parameters A. Top: log-likelihoods
of eccentric waveforms In (£(D|A)). Bottom: the cumulative likelihood function (CLF), p(A|D) < e.

The average of the eccentric likelihoods is taken for the eccentricity-marginalised likelihood
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L= / deL(d|e) (3.6)
from which we can calculate a Bayes factor
Le
B=— 3.7
i (37)

where Ly is the circular evidence £(D|e = 0). This Bayes factor allows us to evaluate the hypothesis
that GW190425 has an eccentricity e > 0 against being a circular waveform e = 0. A result of log 5 > 8
would indicate strong evidence that the waveform is eccentric (Jeffreys, 1961).
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Figure 3.2: A) SEOBNRE waveform generation times, B) Maximum overlap, C) Overlap calculation
time. Mean of all 2 x 10* reweighted samples, plotted against eccentricity. Error bars are one standard
deviation.
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Fortunately, each fiducial posterior sample can be reweighted independently and hence the reweight-
ing can be conducted in parallel. This is most useful as several stages of the reweighting process can
be computationally intensive. In particular, the overlap calculation for highly eccentric waveforms
(e > 0.1) is especially costly as these waveforms may differ significantly from the fiducial waveform,
leading to low maximum overlap values as seen in Panel B of Figure 3.2. As our overlap code returns
once it reaches an overlap > 0.99 or after 20 attempts, it takes longer to maximise these highly eccen-
tric waveforms as they tend to conclude after 20 attempts rather than the standard ~ 1 — 8 attempts.
This was alleviated by constraining eccentricity bins to lower eccentricities, by decreasing the maxi-
mum eccentricity bin from 0.2 to 0.1, significantly lowering the number of costly overlap evaluations.
Reducing the maximum number of overlap maximisation attempts from 20 to 10 also assisted, this
was deemed to be a safe choice as overlap values were found to plateau after ~ 8 attempts. This
plateau can be seen in Figure 3.2 Panel C, where the time taken for overlap calculations are short
for small eccentricities e < 0.01 as the overlap is maximised to > 0.99 after the first attempt; more
eccentric waveforms take ~ 8 attempts. As mentioned previously, another computationally expensive
component is the generation of the SEOBNRE waveforms for each eccentricity bin (Panel A in Figure
3.2), which we remedied by generating the waveforms from 20 Hz rather than 10 Hz.

AV
e
ot | //l rat
o w W v/{}vrf "
=i ) N
1M @) :::w \
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T
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Figure 3.3: Fiducial (turquoise) and reweighted (grey) posterior distributions for GW190425. Intrin-
sic parameters chirp mass M, mass ratio ¢, effective aligned spin x.g, and log eccentricity logio(e)
are plotted on the left. Extrinsic parameters luminosity distance dp,, binary inclination angle 60y,
polarisation angle 1, and orbital phase ¢ are plotted on the right.

The eccentricity is played back to 10 Hz using Equation 1.1, and the fiducial and reweighted
posteriors are shown in Figure 3.1.2. Our fiducial posterior is in agreement with the The LSC and
Virgo (2019) GW190425 discovery paper. An initial reweighting run was conducted on 3 x 102 fiducial
samples to evaluate the sampling efficiency. Once this sampling efficiency was deemed sufficient to
acquire a reasonably sized effective number of samples, 2 x 10* fiducial samples were reweighted to
achieve 7718 effective samples, giving a final reweighting efficiency of 38.6%. The posterior probability
distribution for eccentricity resembles our log-uniform prior with e < 0.2, implying we are unable to
resolve eccentricities in this low range. We find a Bayes factor of B = 0.87, indicating the data
provides no significant support for or against an eccentric waveform. However we are able to constrain

the eccentricity of GW190425 to be e < 0.007 at 10 Hz with 90% confidence.

3.2 Supernova-induced Eccentricity Distribution

Following the proposed formation scenario for GW190425 in Section 2.4, we simulate binaries with

mgco) = 3.0Mg, mgl,\ls) = 2.0Mg, my = 1.4Mg, with a log-uniform orbital period distribution
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between 0.1hr and 1hr at time of supernova as shown in the bottom right panel of Figure 3.4 (See
Figure A.1 in Appendix, from Vigna-Gomez et al. (2018)).

Though GW190425 likely experienced a USSN to form the final neutron star, for completeness we
simulate both large and small supernovae kicks. Kick velocities are drawn from Maxwellian velocity
distributions, shown in the top right of Figure 3.4; with o, = 265kms™~! for large supernova kicks
and o, = 30kms~! for small supernova kicks (see Section 2.2.2). We simulate isotropic kicks with no
preference for any particular direction. The resulting orbital eccentricity is calculated with Equation
2.3 (Figure 3.4 left panel), and new semimajor axis with Equation 2.4 which is converted into an
orbital period using Keppler’s third law (Figure 3.4 bottom right panel). Some neutron stars receive
kicks sufficient to disrupt the binary with e > 1, and hence are discarded. All binaries survive the
small-kick supernovae, whereas only 90.3% of binaries survive the larger kick velocities. This can be
seen in the left panel of Figure 3.4, where the large kick eccentricity distribution extends all the way
up to e = 1. We also see that the large supernovae kicks create eccentric binaries that span the entire
domain 0 < e < 1, compared to tight range of eccentricities caused by smaller kicks 0.2 < e < 0.4.

Eccentricity after Supernova Kick Supernovae Kick Velocities
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Figure 3.4: Top Right: Maxwell-Boltzmann kick velocity distributions for large kicks (265kms~!) in
pink, small kicks (30 kms™!) in blue. Bottom Right: Semimajor axes distributions before and after
supernovae for simulated DNS; initial log-uniform semimajor axis distribution shown by red line. Left:
Eccentricity distributions immediately after supernovae.

Each surviving simulated binary is then evolved with Equation 1.2 to a period of 0.2s, correspond-
ing to a gravitational-wave frequency of fyw = 10Hz. The eccentricity distributions for large and small
supernova kicks are presented in Figure 3.5, compared against the recovered GW190425 eccentricity
posterior from Section 3.1. The eccentricity from small kick velocities spans 107494 < e < 107398,
and for large kick velocities 10748% < ¢ < 10737, both at 90% confidence. The larger supernovae
kick velocities result in slightly higher eccentricities with a mean of 10439 compared to the small-kick
mean of 107446,
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Figure 3.5: Simulated eccentricity distributions for large (dashed) and small (dotted) kick velocity
distributions under binary assumptions for GW190425; compared to the recovered eccentricity distri-
bution from GW190425. All distributions are shown at a mean gravitational wave frequency of 10
Hz.
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Chapter 4

Discussion

4.1 GW190425 & Simulated Eccentricity Distributions

In Figure 3.5, the eccentricity of GW190425 is consistent with the simulated unstable case BB mass
transfer binary eccentricities. However it is not currently possible for us to resolve these small ec-
centricities at 10 Hz with our second generation gravitational wave detectors. The flat GW190425
eccentricity distributions in log-space (Figure 3.1.2 & Figure 3.5) closely resemble our log-uniform
prior, though we can see that support for eccentricities e > 1072 begins to drop off. Waveforms with
eccentricities beyond this value become increasingly disimilar to the GW190425 signal, and thus we
have been able to constrain the eccentricity of the event to e < 0.007 with 90% confidence. No support
is found for GW190425 having an eccentricity e > 0.04. We have not ruled out the possibility that
GW190425 formed via dynamical formation as this channel can also lead to circular binaries (e = 0),
nonetheless we have proposed an alternate formation history as an unstable case BB mass transfer
binary, that avoids the ill-matched dynamical merger rate.

Interestingly the dashed histogram line for large-kick simulated DNS in Figure 3.5 extends far past
the 90% confidence region, up to e = 0.029. These rare outliers resulted from some DNS receiving an
extremely large (=~ 1000 kms~!) retrograde (¢ ~ m) supernova kick within the orbital plane (8 = 0),
giving the star an almost parabolic eccentricity e ~ 0.9 in a near-capture orbit which only slightly
decays before emitting gravitational waves at 10 Hz (Bate et al., 1971).

In our simulations it has been assumed that supernovae kicks are isotropic. Constraining the
angle of the kick, such as within the orbital plane (f ~ 0), results in slightly different eccentricity
distributions post-supernova. Though, our results at 10 Hz were found to be robust against such a
choice.

It is not surprising that GW190425, and the revisited GWTC-1 events by Romero-Shaw et al.
(2019), have eccentricities consistent with zero. Significant eccentricities at 10 Hz are only expected
to arise from binaries formed via the dynamic channel, and only a small fraction (~ 5%) of dynamic
BBH are expected to have e > 0.1 (Rodriguez et al.; 2018b,a), and likely an even smaller fraction for
DNS due to neutron stars being prevented from effectively participating in these exchange interactions
(Banerjee, 2017b). The comparative merger rates between isolated evolution and dynamical formation
DNS makes an eccentric DNS gravitational wave detection even less likely.

Furthermore, the current waveforms in the Advanced LIGO/Virgo detection pipeline do not in-
clude eccentricity. The current quasi-circular models are only effective for detecting slightly eccentric
waveforms e < 0.1, albeit with a lower signal-to-noise ratio than a non-eccentric waveform (Brown &
Zimmerman, 2010; Lower et al., 2018).

4.2 Future Eccentric Waveform Models

Complete inspiral-merger-ringdown eccentric waveform models that are computationally efficient may
soon be available, such as ENIGMA which is comprised of an eccentric inspiral matched with a machine-
learning trained quasi-circular merger appropriate for e < 0.2 (Huerta et al., 2018). Tiwari et al. (2019)
have also recently developed an analytic post-Newtonian eccentric waveform model for moderately ec-
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centric inspirals, e < 0.15 for DNS. Incorporation of these models into the Advanced LIGO/Virgo
detection pipeline may allow for direct detection of eccentric events and inference of eccentric poste-
riors.

4.3 Future Detection

The future third generation of gravitational wave detectors, such as the Einstein Telescope (Sathyaprakash
et al., 2011) and Cosmic Explorer (Abbott et al., 2017), will be able to observe gravitational waves
at higher signal-to-noise ratios and with improved low-frequency sensitivity. Other detectors, such as
the space-based Laser Interferometer Space Antenna (LISA) will extend gravitational wave observa-
tion down to the mHz regime (Amaro-Seoane et al., 2017), with a minimum design frequency 10~*
Hz. Figure 4.1 shows the simulated unstable case BB mass transfer DNS eccentricities at 5 x 1074
Hz, which exhibit wide eccentricity distributions for large and small supernova kicks. At these low
frequencies it will be possible to observe the orbital eccentricity encoded in the gravitational waves of
DNS that form via unstable case BB mass transfer, and those which form through other isolated or
dynamic formation channels (Breivik et al., 2016; Nishizawa et al., 2016). Given enough observations,
we may be able to use population statistics with eccentricity to probe the contributions of different
formation channels to the total population of merging DNS.
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Figure 4.1: Simulated eccentricity distributions for large (dashed) and small (dotted) kick velocity
distributions at 5 mHz, which will be within the frequency band of future detector LISA.

Along with the improved sensitivity of these detectors will come new challenges, such as the
problem of detecting gravitational waves from potentially millions of sources at once. In contrast
to Advanced LIGO/Virgo, data from LISA will be populated mostly with gravitational wave signals
rather than instrumental noise (Vallisneri, 2009). Many of the LISA sources are long-lived where it will
be able to detect binaries with orbital periods as large as Py < w%HZ ~ 5.5Hr. As LISA revolves
around the Sun, the long gravitational wave signals will be Doppler shifted, imprinting information
of sky location into the signals (Amaro-Seoane et al., 2017). While this may make distinguishing
sources easier, it also has the additional effect of introducing more intrinsic parameters of sky position
and orientation, which will be necessary parameters for waveform models. Advanced LIGO/Virgo
currently uses a template bank of waveforms which span the parameter space m; and ms to search for
gravitational waves. However for LISA this kind of search will likely be infeasible due to the added
dimensionality, which makes such a template bank impractical. For higher order waveforms, such as
those which include eccentricity, will also have to adapt to this increased dimensionality while still
endeavouring to remain computationally efficient.
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Another challenge is the ability to generate long-duration high-order waveforms which we have
already seen difficulty with using SEOBNRE. LISA will be able to detect a population of pre-inspiral
circular binaries that will have simpler waveform models due to their negligible frequency evolution.
Eccentric binaries such as unstable case BB mass transfer DNS, may be particularly hard to model as
they will have long waveforms as well as appreciable change in frequency as the binary circularises.
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Chapter 5

Conclusion

The formation of the progenitor of GW190425 may have involved an unstable case BB mass transfer.
Using Bayesian reweighting methods we have constrained the eccentricity of GW190425 at 10 Hz to
be e < 0.007 with 90% confidence. With a Bayes factor of B = 0.87 we find no significant support for
or against GW190425 being eccentric. The simulated unstable case BB mass transfer DNS, which we
based on the inferred parameters of GW190425 and literature, have broad ranges of eccentricity after
their final supernova kicks. After playing these simulated DNS forward to 10 Hz we compared the
dampened eccentricity distributions to the recovered eccentricity distribution of GW190425. However
we are currently unable to resolve the small residual eccentricity of this event and thus are unable to
determine whether the eccentricity of GW190425 matches the simulated unstable case BB binaries.
Being the second DNS merger detection, if GW190425 indeed formed through unstable case BB mass
transfer then it may be possible that roughly half of merging DNS form via this channel. Future
detectors such as space-based LISA will have heightened sensitivity at low frequencies and may be
able to use measurements of eccentricity to distinguish between DNS populations and their respective
formation scenarios.
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Appendix A

Appendix

We can derive Equation 1.2 by first noting that the gravitational wave frequency is twice that of the
binary frequency, i.e. faw = 2fombit = PLM due to the quadrapolar nature of gravitational waves.

Then we can substitute Pypit = fc;iw into Keppler’s third law

2\ 1/3
oo (27" ) | (e ) (A1)
472 472 2 fEw ’

where u = G(M; + Mj). Next we can use Equation A.l find the ratio of two gravitational wave
frequencies f and fjy in terms of their semimajor axes a and ag

J{;: (Wga?’)lﬂ/(ﬂga%)lﬂ - (‘;0)3/2 (A.2)

From here we can substitute in Equation 1.1 for each semimajor axis, giving Equation 1.2

fle) _ (Blea)\*? et 121 5%
foleo) — <5(€) > where S(e) = (71 — ) {1 + 3046 ] (A.3)
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APPENDIX A. APPENDIX

(02) Case BB: ‘alwalys unstable
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Figure A.1: The log;, orbital periods of unstable case BB mass transfer DNS as simulated by Vigna-
Gomez et al. (2018) (Figure 8) using COMPAS. The periods are approximately log-uniformly distributed
between 0.1—1 hr. Purple diamonds represent Galactic DNS. Color denotes the number of cores within

the common envelope phase: orange for a double-core common envelope, red for a single core, and
blue for no cores.
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