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Abstrakt

Od prvniho objevu v z&fi 2015 se detekce gravita¢nich vIn za posled-
nich 11 let stala rychle se rozvijejicim oborem, ktery vedl k zdokona-
leni technik analyzy dat. Tato prace analyzuje ¢tyfi zajimavé detekce
gravitacnich vln s cilem odhadnout pocate¢ni hmotnosti slozek bi-
narnach systémui a chirp mass. Tato analyza byla provedena mode-
lovanim dat ziskanych prostfednictvim PyCBC s vyuzitim Effective
One-Body(EOB) formalismu v kombinaci s algoritmy diferencidlni
evoluce (DE) pro odhad parametri. Vysledky ukazuji, Ze tento pfi-
stup zaloZeny na DE mtiZze poskytnout odhady hmotnosti, které jsou v
souladu s odhady odvozenymi pomoci tradi¢nich modelovacich stra-
tegii v publikované literatuie, coZ potvrzuje jeho tc¢innost p¥i analyze
dat gravita¢nich vin.



Abstract

Since the first observation in September 2015, the detection of gravi-
tational waves has become a fast-evolving field of research over the
last 11 years, driving improvements in data analysis techniques. This
thesis analyses four interesting gravitational wave detections to es-
timate the initial component masses of the binary systems and the
chirp mass. This analysis was conducted by modelling data acquired
via PyCBC using the Effective One-Body (EOB) formalism, combined
with differential evolution (DE) algorithms for parameter estimation.
The results demonstrate that this DE-based approach could yield mass
estimates consistent with those derived using traditional modelling
strategies in published literature, validating its effectiveness in gravi-
tational waves’ data analysis.
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Introduction

First predicted by Albert Einstein in his General Theory of Relativity,
gravitational waves were directly observed for the first time in 2015
when two stellar-mass black holes spiralled inward and merged (B. P.
Abbott et al. 2016). This historic event proved not only the existence
of gravitational waves but also the existence of binary stellar-mass
black hole systems. The observation was made possible by the two
Advanced LIGO detectors located in the United States.

Since then, the scientific community has continuously worked to
improve observational methods through additional terrestrial detec-
tors (both surface and underground) and future space-based obser-
vatories, such as the planned LISA mission. However, detection is
only the first step. Thorough data analysis and parameter estimation
are required to determine the physical properties of the sources that
generated these waves.

Parameter estimation provides information about the source sys-
tem, including initial mass and spin magnitudes, final mass and
spin, luminosity distance, and much more. These estimates allow
researchers to classify the binary system (such as identifying it as a
binary black hole or binary neutron star), determine the mass ratio
of the components, including standard, intermediate (IMRI), and ex-
treme mass ratio inspirals (EMRI), and measure how far away the
event occurred.

The primary objective of this thesis is to estimate the initial masses
and the effective mass, commonly referred to as the chirp mass, for
four specific binary merger events. This is achieved by applying a
differential evolution (DE) optimisation method to effective one-body
(EOB) models, utilising data and frameworks provided by the PyCBC
package.

This thesis is structured to first provide the theoretical foundation
of gravitational wave physics before the numerical and analytical
research. The theoretical section introduces the linear theory in the
weak-field approximation, where the derivation of the equation of
motion, the Lorentz gauge condition, the metric, and polarisation
takes place. It also includes a section on the energy and power of
gravitational waves emitted by binary systems, which is the primary
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focus of the research. Finally, the theoretical section concludes by
deriving the key parameters of gravitational waves, including the
chirp mass, which is later calculated from the estimated component
masses.

The thesis then continues with the analytical section, where the
main research is explained and conducted. This begins with an intro-
duction to data processing. Key concepts include the use of PyCBC as
the primary package for data processing, the EOB formalism on which
the models are based, and the specific DE optimisation technique used
for parameter estimation. This section ends with four chapters, each
dedicated to one of the analysed events.

Finally, the thesis concludes with a summary of the obtained re-
sults, the references used, and an appendix containing explanatory
calculations and the complete code used for the analysis.



PART |

THEORETICAL SECTION



As is also the case in the preceding bachelor thesis (Hergetova 2024),
this work incorporates a section on linear theory in the weak-field
approximation. The material in this chapter is primarily based on the
work of Michelle Maggiore, as outlined in his publication Gravitational
Waves: Volume 1: Theory and Experiments (Maggiore 2008), in conjunc-
tion with insights from General Relativity (GTR) courses and notes
provided by the thesis supervisor.



1 Linear theory in a weak field approximation

1.1 Equation of motion

As is customary in standard linearisation procedures in physics, the
goal is to neglect higher-order terms O (h%ﬂ, ). The most straightforward
method of approximation that will result in this is to consider pertur-
bations to be infinitesimal (|}, | < 1), meaning that the Minkowski
flat spacetime 7, = diag(+1, —1, -1, —1) (a fundamental assump-
tion for the Universe) is just slightly deformed. The metric will then
assume the following form:

Suv = My +hyy || < 1 (1.1)

The Minkowski flat spacetime is noted +, —, —, —, as is more com-
monly used in quantum field theory instead of the relativistic notation
—, 4, +, +. This choice does not change anything. Physics remains the
same, but caution is needed when dealing with positive and negative
signs.

It is evident that the metric now contains the deformation (hence-
forth referred to as LM - linearised metric). The next step is to derive
the equation of motion from the Einstein equations of motion in first
order(referred to as EFE: Einstein’s field equations). Starting with the
Christoffel symbols, the known formula is

1
Ty = 587 (Buon + ov — Do) (12)
changing its form by plugging this into the LM to

T = 21 (Buhae + e — o) = 5 (Bl +Dhy — Fla)

(1.3)

where the um derivatives are equal to zero can be easily understood by

looking at the metric. The new form uses upper indices on the far right-

hand side. Lowering and dropping indices is a basic practice when

using Einstein’s notation, so there is no need to show the procedure.

As shown, the Ricci tensor can be obtained using the Christoffel
symbols

Rov = Rbpy = 9,y — 0Tl + Thul'gy — THaT5, - (1.4)

5



1. LINEAR THEORY IN A WEAK FIELD APPROXIMATION

using only the derivatives of I', neglecting squared Christoffel symbols,
knowing that 749,09, = 97 — 9% — 85 — 02 = [, where the "box"
operator is the d’Alembertian, and using contraction hg = 17"hgp = h,
the Ricci tensor of the linearised perturbed spacetime can be written
in a more convenient form as

Ruy =~ 9Ty, — 9, = % (0p0uhy + 0p0uh’y — 901 — Olhyy) -
(1.5)
The Einstein tensor G, can be calculated directly from the Ricci tensor
and the Ricci scalar, which is defined as

R = g Ryy = 3,901 — Oh, (1.6)

Using a known formula, Gy, is calculated as follows:

1
Gyw = Ryw = 51 R (1.7)
1
= 5 (9p0yH'y + 90y}, — 9,01 (1.8)
—Ohyy — 1v0p 0t + 17 0h)

The final step is to insert the derived parts. The final equation of motion
is as follows:

1 8ntG
R“l/ll/ — ing/ + Ag],n/ = oA Tyl// (19)
9p0uhy + 0,0,h° — 9,0,h — Oy
l67tG
— @y + 17, O = — T (1.10)

1.2 The Lorentz gauge condition
The process will begin with the introduction of a "trace-reversed"

perturbation tensor (in 4-dimensional spacetime) ¢,,,. The raw form
definition is as follows:

1
Puv = hyy — zﬂyvh (1.11)
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Applying ##¥ to both sides, the (1.11) gives a useful relation

1
p=-h = hw=¢w— Eﬂyﬂp- (1.12)

This finding suggests that the metric perturbation and the trace-
reversed perturbation, hw, and ¢y, contain the same information.
Substituting ¢,,, into (1.10) results in the following transformation of
the form:

167G
A

The left-hand side is reduced to four terms '. A more advantageous
configuration of the equation is achieved when the index p is lowered.
The form is hereby:

l6mnG
0p0u’y — Oy = — T (1.14)

Now it is time to choose a gauge. Gauge fixing is a mathematical
procedure that is used to reduce excess degrees of freedom, and it
is a fundamental concept in numerous areas of physics, including
quantum mechanics and electromagnetism. In essence, this approach
is based on the premise that a field variable can be expressed as a
function of another variable, along with a minor additional term that
symbolises coordinate or gauge freedom. In the present case, two coor-
dinate systems are introduced, denoted by x, and x;,. The coordinates
differ by a small displacement ¢ (x"). This deviation is characterised
as four functions of the same order as the metric fluctuations, denoted
by hy,, within a four-dimensional spacetime. The equations are:

XM = x4 E(xY). (1.15)

The following definition of a derivative is provided, with the pro-
viso that lower-order derivatives and higher-order terms are to be
neglected?:

oxH
oxvV

I
ai — (511 — 9,

7 ol +0,&H. (1.16)

1. Detailed explanation in Appendix A.1.1
2. Detailed explanation in Appendix A.1.2



1. LINEAR THEORY IN A WEAK FIELD APPROXIMATION

The derivation of the coordinate system is dependent on the Kronecker
delta, given that it is equal to one when differentiated by itself and
equal to zero when differentiated by other coordinates. In accordance
with the established theme, the derivative of ¢¥ is in covariant formal-
ism Continuing with the change of coordinates, the metric transforms
as

P oxf dx” 0 0\ (50 -
g]u/(x ) = ngpﬂ(x) = (5;4 - a}ié ) (51/ —dy¢ ) (”PU +hpa)
~ iy + My — 98y — Ouy = My + My,
(1.17)

where h;w = hyy — 9y&y — 9y¢y. This is just for a clear arrangement
and similarity to the starting metric with a small perturbation. The
definition of a metric (coordinate invariance) naturally points to the

gauge condition in trace-reversed perturbation®,

(P;w = (P]/n/ - ayév - avéy + ﬂyva/\éA. (1.18)

In the field of general relativity, the conventional approach to gauge
fixing involves the adoption of a harmonic gauge condition. The name
is derived from the coordinate functions x, and x, satisfying the
d’Alembert equation, which is just Laplace’s equation in spacetime.
This equation is a component of a wave equation, the solution to which
is a harmonic wave. Mathematical notation is employed to express the
following:

Ox# = 0. (1.19)

The condition can now be explicitly expanded using the definition
of the d’Alembertian operator, which is given by the formula [J =
V*V,. The covariant derivative takes the form V x" = 9,x* + Tk, x"
for a four-vector and V,w, = daw, — I“Kywy for a one-form. The
concept of a four-vector is relatively uncomplicated, given that the
term four is derived from three spatial and one time dimension. The
one-form is not as trivial. In essence, it is defined as a function of a
single vector that yields a scalar (real number) as a result.

3. Detailed explanation in Appendix A.1.3



1. LINEAR THEORY IN A WEAK FIELD APPROXIMATION

It is also noteworthy that the covariant derivative of a scalar is
equivalent to a partial derivative. This is why the definition of covariant
differentiation for a four-vector and a one-form includes a partial
differentiation on the right-hand side. This is because the x* is just a
scalar function, not a component of a vector. The condition, therefore,
expands with the now gained knowledge about covariant derivatives
as

0 = Ox¥ = 7 (9p9,x" — T),0px") = =5 Tpy. (1.20)

The expanded condition in a weak field is easily obtained by inserting
(1.3) into the equation above, thus:

1 1

O = Eﬂpan)ux (aph(m + aahptx - aahpa) - aphﬁ - Eaah. (121)

The condition is then applied to the linearised equation of motion

(1.10). The left-hand side transforms to %ayayh = %UWDh and the
fifth term transforms to —8payh§ = —%nwljh.

Imposing the Lorentz gauge onto the linearised equation of motion

(1.10) gives the form of

1 167tG
Dhl/“/ - zﬂyv[‘h — _C—4TI/IV, (1.22)

or using (1.11) for an even more compact form

16tG

D(P]/“/ — _C—4T]/“/. (1.23)

Applying the vacuum solution of the EFE (R, = 0), the gauge defined
by x;, and the Lorenz gauge gives the following conditions:

Ohyy =0,  O¢pu =0,  OgF =0. (1.24)

Moreover, raising the indices and inserting the trace-reversed tensor
into (1.21) results in an alternative formulation of the Lorentz gauge
condition:

¢’ = 0. (1.25)

9



1. LINEAR THEORY IN A WEAK FIELD APPROXIMATION

1.3 The metric

Firstly, the application of linearised gravity to the gravitational field
of an isolated mass in the Newtonian limit will be considered. It is
assumed that the energy-momentum tensor (henceforth referred to
as the T-M tensor) is dominated by the energy density, i.e. ¢ = pc? as
seen in the non-relativistic form of the tensor

e 000
0 00O

Ty = 000 o0l" (1.26)
0 00O

The matter remains practically static or moves at a sufficiently
gradual rate for the time derivatives to be negligible. In accordance
with the chosen convention, this results in the equation [J = —V?
in the chosen convention + — ——. The spacetime is therefore said
to be "asymptotically flat", in the sense that it acts as flat Minkowski
spacetime over large distances. This assumption serves to modify the
compact form of a linearised equation of motion with the Lorentz
gauge, as expressed in equation (1.23), to

167G
Voo = —5—p- (1.27)
The implementation of the gravitational Poisson equation, which can
be expressed as V2® = 471Gp * where @ is the gravitational potential,
gives

Poo = 40;? (1.28)
The left-hand side is labelled ¢gp due to the negligible nature of the
other components, a determination that is supported by the NR form of
the T-M tensor. It is also evident that ¢gp = ¢ and hjg = ¢jo — %mocp = 0.
In this context, the indexes i = 1,2, 3 represent the spatial components
of the metric. This immediately gives

20
h]/“/ — C_25]/“/. (1.29)

4. Unfortunately, the letter "phi"” had already been employed for the trace-reversed
perturbation, as ¢. To clarify the distinction between the two, capitalisation was
used.

10



1. LINEAR THEORY IN A WEAK FIELD APPROXIMATION

Directly following the initial definition of the metric with small per-
turbation g, ~ 7,y + hyy, where the Minkowski spacetime metric is
c2dt? — dx? — dy2 — dz? (once again, for the chosen convention), we
have the metric form

ds? = (c2+2c1>) dr? — (1 n zcif) <dx2—|—dy2 —|—dzz) (1.30)

of a perturbed spacetime in this weak-field limit.

1.4 Application of the weak-field limit to gravitational
radiation

The description of the formalism of the weak-field limit applied to GR
operates on the assumption that the perturbation within a vacuum
solution ([l¢,,, = 0) radiates plane waves in the following form:

(P]JV = Ayv eikax”‘ = Ayv e_i(kiXi_wt) . (131)

The A,y is a constant and symmetric spacetime tensor of second order,
consisting of ten independent components known as the polarisation
tensor. It includes information about the amplitude and polarisation
properties of GWs. The k, is the wave-vector, defined as kg = KO=w/c,
k; = —k'. Subsequently, the flat-space d’Alembertian applied to a scalar
complex 4-exponential results in

Ouy = 1"P0udpuy = 11"P0 (ikpppn) = —1*Phak gy = —kak" -
(1.32)

The final expression is equal to zero due to the vacuum solution,
as assumed at the commencement of this subsection. This means that

0 — _kaka(P‘uy. (1.33)

A null component is present. The ¢,, cannot be set to zero, as this
would result in nothing to study/analyse. Consequently, the only
solution to this equation is

kok® = 0. (1.34)
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1. LINEAR THEORY IN A WEAK FIELD APPROXIMATION

The propagation speed of gravitational waves (henceforth referred
to as GWs) is equivalent to the speed of light (by using kg = k* = w/c
and inserting it into the equation (1.34)). Furthermore, redefining kg
in terms of c and k results in a form that is strikingly similar to the
phase velocity on the right-hand side. In a similar fashion, the group
velocity is obtained. In this process, the angular frequency, denoted
by the symbol w, is placed on the right-hand side and differentiated
by the wave-vector k. The final forms are

w Jdw

It can thus be deduced that the group and phase velocities are
equivalent to the speed of light. This straightforward derivation of
the characteristics of the plane wave does not encompass all of the
possibilities for general solutions. It can be posited that a substantial
quantity of plane waves can be employed to solve the linear wave equa-
tions derived earlier (1.24). The utilisation of the alternative Lorentz
gauge condition (d,¢f" = 0) on the form of the assumed plane waves
results in the following equation:

. (1.35)

0 = (AP ek = ik, AMY elhex”, (1.36)
which is only satisfied if
kA = 0. (1.37)

Consequently, the wave vector k;, can be regarded as orthogonal to
the polarisation tensor A*", thereby reducing the number of indepen-
dent components from ten to six. Utilising the final equation solely
from the triad in equation (1.24) yields the plane wave solution for
the displacement

&y = By e, (1.38)

where the By, are constant coefficients and the k, is the wave four-vector.
Using the gauge condition in trace reversed perturbation (1.18), an
equation for a polarisation tensor A;w is formed

A/yv — Ayv - ikva - ikyBy + iﬁyyk)\BA. (1.39)

12



1. LINEAR THEORY IN A WEAK FIELD APPROXIMATION

Raising the indices by 77/ results in a more manageable and clearer
equation

Al = Al + 2ik, BN, (1.40)

The representation of B* in the form containing the Minkowski metric
(By#"") can reveal which terms are relevant. The Minkowski metric
has non-zero values only on the diagonal. It is evident that the terms
where ¢ = A are the only applicable ones. The A’ is commonly
referred to as the amplitude of GWs. The construction of the matrix
transformation is now possible:

AN 1A, ©ky ok —ka\ (B
Al An | |-k —2 o o |8

_ +i : , (141
AL Ao k0 —@ o ||B | (4D
A63 Ags —ks 0 0 -% B3

The next step is to adjust the coordinate system so that these two
conditions are met.

Al =0,  Alp =0. (1.42)

The Lorentz gauge can therefore be imposed on the plane wave form
in equation (1.36) by taking the following steps,

=00 ik, (KB, —kyB*) =0 = k'A, =0. (143)

13



2 Polarisation of gravitational waves

At this moment, the Lorentz gauge was instrumental in reducing
the ten independent components to six, a number that proved to be
particularly convenient. However, for calculations, a larger reduction
would be ideal, so the transverse-traceless gauge (hereafter referred
to as a T-T gauge) is introduced. The initial step in this process is to
select a simple set of coordinates. This ensures that the plane of GWs
is propagating in the third special axis, i.e. x# = x>. The selection of
the null wave-vector solution will result in the following outcome:

Kt = (%,o,o,xfﬂ) - <%oo%) (2.1)

The condition given by equation (1.43) now yields the result k" A’y, +
k3A’s, = 0. Combined with the second equationin (1.42) , this creates
a new condition:

Als, = 0. (2.2)

This process continues to reduce the independent terms in the A},
to four, specifically to A}, A},, A}, and A),. In addition, it can be
demonstrated that due to the symmetry of the tensor, the following
equation is true: A}, = A?;. Finally, the first equation in (1.42) demon-
strates that the tensor is traceless. The final condition can be derived
through a straightforward calculation,

TH vl oal ! / /o I !
A=A = Ay — A —Ap— Az =0 —  Ap=—Aj.

(2.3)
The tensor A;W can now be written as
0 0 0 0
A, =% Ap A O (2.4)

0 A, —Aj; 0
0 O 0 O

In this configuration, the plane is entirely characterised by angular
frequency w and the two components A’; and A],. This T-T gauge

14



2. POLARISATION OF GRAVITATIONAL WAVES

is also referred to as the radiation gauge. In this particular gauge,
the trace-reversed perturbation ¢, is valid because the A;W is. Sub-
sequently, it can be demonstrated that the quantity in question is
equivalent to the trace-reversed /.

o1 = n. @5)

Thanks to this, the two terms can be used interchangeably. To simplify
and clarify the subject, the A; = A}, and Ax = A],. This means

00 0 0
0 A, Ayx 0
0 Ay —Ay 0|’
00 0 0

A= Hyy = Aefkex”, (2.6)

It is therefore possible to utilise these to calculate the amplitudes of
arbitrary GWs. The metric associated with the GWs within the gauge
is

ds? = gy dxtdx” =
e (1 + A+eik"xa> (dxh)? — 2A ¥ dxldx?—
- (1 - A+eik”xg) (dx?)? — (dx®)% (2.7)

To provide a more effective illustration, an example involving test
particles at the space coordinates (x!, x2, x®) will be used. The test
particles will move according to the passing of a linearly polarised
wave with polarisation +. In the direction of x!, the particles oscillate
in said direction; in the direction of x2, the particles oscillate in the
counter-phase. Finally, in the third direction, x°, the particles remain
unaffected as the wave propagates in this direction.

It can thus be demonstrated that the distance element for the first
and second directions differs from each other solely by a sign; for
example,

1 o 1 o
dx! ~ (1 + §A+elk‘7" ) dax} dx? ~ (1 — §A+elk‘7x ) dx?. (2.8)

The x polarised wave oscillates along the axes that have been rotated
by 45 degrees, while the third direction remains unaltered. The choice

15



2. POLARISATION OF GRAVITATIONAL WAVES

of sign for the tensor components, namely x and +, may be regarded
as a subtle indication of the direction of oscillation of the particles.
This is a concept that is both intuitive and of practical use in the
broader context. Moreover, it is noteworthy that polarisation remains
constant under a 180° rotation, a property that lends itself to certain
advantageous applications.
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3 Gravitational waves emitted from a two-body
system

This chapter contains the derivation of the energy and momentum of
GWs in a two-body system.

3.1 Energy of the gravitational waves

To derive the energy, certain assumptions must be made. Specifically,
the vacuum EFEs are considered to second order, as well as the metric
with small perturbations. The aim is to determine how the result
can be interpreted as an E-M tensor. Einstein’s tensor (henceforth

referred to as ET) expanded to the first order of h,, is G}(ﬁj) [n+hl =0
(because the ET contains the Ricci tensor and scalar, and, as previously
mentioned, the vacuum solution is Ry, = 0). It is evident that, given
the utilisation of second-order EFEs, the metric is unable to neglect
the second-order perturbations. Consequently, the revised metric is
expressed as follows:

Suv = Nuv + hVV + h’%) (3.1)
The quantity h,(fu) is referred to as the second-order perturbation. The
EFEs are comprised of all terms that incorporate the quadratic form
hyy and the linear sz) The elimination of all cross-terms (due to their
potential to exceed the second order) results in the following equation:

Gl +h@1+ G2 +n =o. (32)

The G;(f) is a component of the ET, which is of second order in the

metric perturbation. The second-order Ricci tensor has been demon-
strated to be a reliable computational tool in this regard, given its
incorporation of non-linear components. The used equation is

(2) _ 0 P Y P A
Ryy = 9pThy — 9T, + T8 T, — T8, T, (3.3)
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3. (GRAVITATIONAL WAVES EMITTED FROM A TWO-BODY SYSTEM

from the linear tensor method employed to derive the vacuum solution
in Chapter 1. Firstly, the calculation of the final two non-linear terms
is

T\ Ty = Ty [ 3177 (3phas + 0ltpe — doltpn) |
=T}, 3 (9pht, + 0k — 9,h5) =0, (3.4)
Tl = 1) @) + 30 (o)
18‘7(}1 doltyp) + hPE)"a iy (3.5)

In equation (3.4), the first and third terms are shown to cancel each
other through the application of symmetry in the metric, 7*F = 5F*.
Therefore, the identity used is 77d,h), = 7Pdsh,,, and the second
term is rendered zero by virtue of the traceless selection of the gauge.
The equation (3.5) has its calculation and further explanation in Ap-
pendix A.2.1. The linear components were previously examined in the
first chapter (final form shown in (1.5)). The combination of these
components results in the following equation:

R = 3 (30,1, + 3p9hy — 300k — Dy —

— 2 (0uhP7) (Buhpo) + 87 (Hydphve) — 8 (Hydohup) + hfﬂhw} :
(3.6)

The D’Alembertian symbol remains synonymous with the equation
[ = 07dy = 9,07 The Ricci scalar is derived by contracting the Ricci
tensor with the tensor ##". Fortunately, the linear part has already
been derived and presented in equation (1.6). Consequently, the con-
traction is applied exclusively to the second row of equation (3.6). The
complete Ricci scalar is

R® = 9,0,h" — Oh—
— 3| 3(3"hP7) (Quhoe) + 07 (hPOphye) — 87 (POshyp) + hPDlhy, | .
(3.7)
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3. (GRAVITATIONAL WAVES EMITTED FROM A TWO-BODY SYSTEM

Knowing that, G](f,) = R,(fv) — %WVRQ) and G;(}V) (n+ h2) = %T—ftw,,
while also following the equation (3.2), a simple definition arises:

G (1 +h) = =~ tu. (3.8)

The symbol t,,, denotes the T-M tensor, a quantity that is specific to
the gravitational field in the weak-field regime. It is imperative to note
that this text does not aspire to derive any significant conservation
condition; rather, it will present the result. The rationale behind this
approach is that incorporating the condition could expand the scope
of the topic, potentially resulting in confusion or off-topic calculations.
The modified T-M conservation condition is

1 = 0. (3.9)

Another method of simplifying the ET is averaging over a micro-

scopic region, that is to say [/ ab f(x)dx]/(b— a), where the limits of
integration a and b values are very small. This premise is rooted in the
initial hypothesis that the perturbation 7, is also very small. Further-
more, if the GW’s wavelength is significantly larger than the selected
region, b — 4, then the functions f(a) and f(b) will be practically indis-
tinguishable. As previously mentioned, it is possible to neglect certain
terms on the right-hand side of the equation for the Ricci scalar, as ex-
pressed in Equations (3.6) and (3.7). Thanks to ayhﬁf =0,h=h,=0,
and [hy,, = 0, the initial four terms and the concluding term within
the specified equation 3.6 are rendered null. Additionally, it can be
observed that the third and second-to-last terms also become null
due to the neglect of the average of the total derivative, as previously
outlined. As is the case with equation (3.7), the initial term within
the square brackets also disappears as a consequence of the identical
microscopic condition that exists within the averaged value. It is im-
perative to recall that v = (uv)’ — uv’ where the middle averaged
term vanishes, so u’v ~ —uv’. This means

(H*7Thye ) = 0. (3.10)

3 (@) @) = 5
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3. (GRAVITATIONAL WAVES EMITTED FROM A TWO-BODY SYSTEM

After some refining, a single term is left, which is the fifth term on the
right-hand side of the equation (3.6):

871G

that is:
C4
t;u/ 3277 G <(a h )(avhplf)> : (3'12)

The subsequent stage in this process is to ascertain the components of
the T-M tensor, with the starting point being Ty to describe the energy
density. It is possible to ascertain the total energy of gravitational
radiation (henceforth referred to as GR) contained within the surface
2. of constant time by means of the zero-zero component. Utilising the
symmetries inherent within the system, the origin of the GR is situated
at the origin of the system. This is a particularly salient consideration
when working with retarded time,

E= / too d>x. (3.13)
%

Similarly, the energy loss per second, denoted by AE, can be calculated.
Using sphere S with radius R through which the GR radiate and the
fact that Ty, components describe flux in the directions y, the AE is
defined as

AE = / toun d*x dt. (3.14)
S

In this instance, the integral can be considered as a double integral over
a two-sphere at a distance r (similar to infinity) and an interval in time.
Here, n# is a unit space-like vector normal to S. The transformation
to spherical coordinates is then made, with tg,n" becoming t(,. The
equation (3.14) is then rearranged as follows:

dE
o / torr? dQQ. (3.15)

The tg,, according to (3.1) is

4
tor = 55— ((Qoh55) i) - (3.16)
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3. (GRAVITATIONAL WAVES EMITTED FROM A TWO-BODY SYSTEM

The amount of radiated energy AE can also be expressed in terms of
radiated power P, such as

AE = / Pdt, (3.17)

where the power P is given by the integrand of (3.15) in spherical
coordinates.

Now, the application of the T-T gauge to the transverse perturba-
tion changes it to the weak field perturbation, which is a significant
assistance for subsequent utilisation in equation (3.1). The objective is

to ascertain a T-T tensor qi%T constructed from the quadrupole moment
g7, determine the Toy component, and reverse ql%T back to its initial
form g'/ without any information. The initial step in this process is

to project the quadrupole moment onto its traceless component Qv
where Tr Q;; = Q; =0,

Q= g — 355t (318)

which is just the subtraction of an appropriately scaled trace, removing
all the trace components. To make traceless Q" also transversal, the
projection operator

b

b b X7 X
Pa(x):(sa_r_za

,  which is equivalent to P!(n) = o — nn,,

(3.19)

- xl a2 &3 ‘
where x = (x1,x2,x3),s0x'x; =12, and n = | =—, =, = |, son'n; =
! r’r’r !

1, that acts as

Z”I]"T = P;Qabpz]; - zpaanbPl]/ (3.20)
is usedl.
The gravitational sources are very distant, so the approximation for
TT

the TT part of the metric perturbation /z,; can be expressed as being

1. Detailed explanation and verification are in Appendix A.2.2
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3. (GRAVITATIONAL WAVES EMITTED FROM A TWO-BODY SYSTEM

proportional to the second time derivative of the quadrupole moment
Q”%ﬁT, such as hTT Q I'(tret) (focusing on far-field behaviour)

when assembhng the equatlon (3.16). The derivatives of hZﬁT needed
are

2G 0 2G ot
doh! /3 t ret t 21
0 4 at [Q ( ret)} C41’ ot atret [Q ( ret)}/ (3 )
ZG 8 1 LK . 2G at atret >
0 h"‘,B A or [;QTT(tret)] Aror ot atret [QTT(tret)]
2G . -
= [ng(tret)}- (3.22)
For a clearer arrangement, the definition of the derivative 0tet/0t
in the form of % = — (Cn Tt = [1_1‘.,7] 2 is used, but since the

source velocity B (the ratio v/c) is negligible in the far zone, it is
assumed that dtet /9t = 1. Another chosen assumption comes from
the spherical symmetry (one radial coordinate ). The radial derivative
of the quadrupole 9, can be set equal to ¢ times the time derivative o,
except for the direct spatial derivative of r in the denominator:

a,g_ZG[

Aok ot (tret)] ) (3.23)

drhyp = [Qaﬁ (tret)] - C?;% [Q',fg (tret)} : (3.24)

As previously stated, the source is located at a considerable distance;
thus, the final term in equation (3.24) can be neglected due to the 12
in the denominator.

The energy equation is revisited (alternatively termed the total
energy release equation). Inserting the derived and calculated compo-
nents into (3.15) gives

dE ¢t 4G? 2
E_</ 327G 92 Q7 Q"‘ﬁ dQ>

_ </ G G dQ> (3.25)

2. Detailed explanation in Appendix A.2.3
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3. (GRAVITATIONAL WAVES EMITTED FROM A TWO-BODY SYSTEM

The objective is to attain a general solution to the integral. Firstly,
the projection operator P with P = P? property is used 3,

Qj Qrr = (PfPf - EP”PZ-]-) (PéP; - §Pcdm) QaQ”. (326)

The two brackets with projection operators can be split into four terms,
thanks to basic multiplication and work with Einstein notation. The
last equation also uses ;P! = 1 similarly to Appendix (A.2.2). The
resulting terms are

- 1 ’ 1
P{P/PP) = PP}, —Epfpfpcdp'f — —ipcdpﬂb,

1 - 1 1 1
—EP”bPijPéPé:—EPCdP”b, ZP”bPijPCdPlfzz P (3.27)

In the equations, two pairs of projection operators recur. The calcula-
tion of both is

xx xbx,
PP} = (52——r26) (55__# ) =

b a a.b
x’x4 Xtxe  X*xPxcxy
B R e (3.28)
XcXg x%x?
ra = (s 220 (59 2 -
b a.b
XcXg x%x x*x%xc.x

— 55, — 6% ;2 — O+ r4c , (3.29)

once again using Appendix A.2.2 as a guide. Putting these equations
back into (3.26), while using only the first and second terms, as the

3. Detailed description is in Appendix A.2.2
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third and fourth terms are subtracted in (3.27), gives

b.d A 4C
e eeecd cee eeegb XUXY e el XPxt e el
PIP QuQ™ = QuQ" — 47 QuQ's - —7 Qu Q.
b d
x*x’xCx
Qachd! (3'30)
1 v weed 01 e e XX g eee eoe
PP G0 = S GG+ TG 5 T a0
b
x%x” x¢ x
- Qachd (3'31)

The quadrupole moment of mass distribution is also traceless (Q = 0),
so the equation (3.26) can be further modified as follows:

b . x4xC ... ..p x% xbxd ..

QZ%TQZT = 0,0" - =z Qade R;C QuQc+—7—0uQu
(3.32)

The desired power P = dE/dt is now only steps away, the next step
being the integration of the found term over d(). The solution for a
surface S with radius R is introduced to make the calculation easier *

dQ .6 _1p b

4 3

I (3.33)
1

ab.c.d — ac bd ad  bc

/—47Txxxx I (1717 +1nn +i717>

4. Explanation in Appendix A.2.4
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The calculation of the integral is then

dQ) i o TT e b 1
[ G OFr O] = G - 3 GG - 1 GG+
1

+ 55 (1 +77“77M+17”d17b‘3) QuQed =

= G 0"~ 2 B0 + 55 (B8 + 00" +
1 ...
+%QabQ

e (3.34)

where Q = 0 and Q" = Q" once again apply. Inserting this result
into the equation (3.25) gives a formula for quadrupole radiation first
derived by Albert Einstein

o = 5 (2a0"). @39

where the Q,, must be evaluated at the retarded time

3.2 Important parameters of emitted gravitational
waves

This subsection is consistent with Section 3.2.1 of the preceding bach-
elor’s thesis (Hergetova 2024) and includes detailed calculations and
explanations to enhance the content. This was achieved with the assis-
tance of the aforementioned sources, as referenced at the beginning
of the theoretical introduction.

The primary step in this process is to establish the binary system
that emits GWs. The binary system is characterised by a circular orbit
in the xy plane. Each constituent element of the system possesses
a distinct mass m and/or my, and a separation a. This observation
signifies that the components possess a reduced mass .. The objects
orbit each other with an angular frequency w. The total orbital energy
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3. (GRAVITATIONAL WAVES EMITTED FROM A TWO-BODY SYSTEM

Eorp, of the binary system can also be defined. The definitions are as
follows:

niqmip GM
=t 0TV
(3.36)
Eorp = 5 (mlal + m2a2> QO p = T

where M = my + m is the total mass. In this analysis, a binary system
with masses mq and m; is assumed to be isolated. It is also assumed
that the relative coordinate x is performing a circular orbit with a
constant radius R in the xy plane. In the centre-of-mass frame, the x
components are given as

xO(tret) = R cosOtret, yO(tret) = RsinQtyet, ZO(tret) =0.

(3.37)
The quadrupole mass moment components, defined as
qij(t) = ux}(t)x)(t), then take the form:
11 (tret) = HR* 08" Otret, 22 (tret) = PR? sin®Otrer,

where, thanks to the symmetry, g21(tret) = §12(tret). Other compo-
nents are equal to zero. By basic differentiation, the second and third
time derivatives are obtained

G11 (Fret) = —2yR2Q2 €08 20t ret, Goo (Fret) = ZyRZQZ €08 20t ret,
G12(tret) = —2uR*QV? sin 2Ot ey, (3.39)

711 (fret) = 4uR*QY sin 20t ey, oy (tret) = —4UR2QP sin 20t ey,
i1 (tret) = —4uR2QP cos 20t e (3.40)

The components are part of a 3 x 3 matrix. The third derivative matrix
is traceless as the components on the diagonal subtract. According
to (3.18), it is also equal to the Q;;. Inserting it into the quadrupole
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radiation formula (3.35), where the time derivative of the energy of
GWs can be denoted as luminosity Lg, gives

Lgw =53 = = . (341)

5¢5 5¢5R5

G /.o ab 32Gu2R*0e  32G*ulM°
(0,p0") == = =22k

When the binary system loses energy by emitting radiation, the dis-
tance between the two bodies reduces at a rate

~ dE,  GuMdR

. dR _ 64G°uM?
W dt 2R? dt’

that i —_— =
as g 505R3
(3.42)

while the orbital frequency increases based on the decrease in the
orbital distance as
f O 3R

=" = 4
f Q 2R (343)
With the present separation of the two stars, which can be denoted
Rinit, and the equation (3.42), the GW inspiral time can be calculated
as

5¢° o . 5¢°RE 5c°M1/3
tew = —giea e [, RdR= S NE 8/3°
64G°uM?= Jg,... 256G uM 256G5/3m1m201nit

(3.44)

If Q) < O?, these calculations can be done in a quasi-circular motion
regime; the orbit is very close to being circular, and orbital parameters
such as radius are evolving more slowly than the orbital period. Mod-
ifying the equation (3.43) yields R = —3R3 = —3RQS = -3V, 5.
If the quasi-circular approximation still holds, the |R| is much smaller
than the tangential orbital velocity defined as Vy = R(Q). To determine
the amplitude of the GW, the operator P is applied to the traceless
form

2G ..
hz}T = EQij(tret)r (345)

27



3. (GRAVITATIONAL WAVES EMITTED FROM A TWO-BODY SYSTEM

where in the TT gauge h;; = ¢;; and Qi]- = ;. If the propagation of
the GW is z, then the P;; operator becomes

, ) 1 00
P;j=P/ =P/=1010],
00O ’
]
a e j 1 .. ij .. 1, ij
S0 Pj [hbpb_ipubqubp :ﬁh'j_i%ap
11 d12 O 1 1 00
= |42 G2 0] —5Te(9) {0 1 0
0O 0 O 0 0O
‘111;‘722 i 0
- i _ﬁngq'zz ol
0 0
(3.46)

because both n, and 1y are zero, and nin]- =0ifi #j,soPy =65 =1,
Pg = 5; = 1,and P} = 6 —n*n; = 1 —1 = 0. In the final P matrix, the
two polarisation amplitudes of the GWs propagating in the direction
z are evident. Their form, valued at the tet, is

hi(t z) = %(‘711 — ), hx(tz)= ¥712- (3.47)

cr cr
To calculate the amplitude of the GW within the standard Cartesian
coordinate frame (x, y, z), when the wave is propagating in an arbitrary
direction n, it is necessary to introduce another orthogonal frame. The
prime frame, denoted by the symbol (x’,1/,2’), is defined to be initially
equivalent to the non-prime frame. The next step is to apply a series of
two rotations. The first rotation is around the axis z = z’. The second
rotation is around the axis x’. Both frames are then inclined in both
angular directions, that is, in both ¢ and 6. If the GW propagates in
the prime frame along the axes 2/, then the propagation vector n has
coordinates n; = (0,0,1). In the non-prime frame, the vector takes
the form n; = (sin 6 cos ¢, sin 0sin ¢, cos §). The complete geometric
relationship between these two systems is defined by a rotation matrix,
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3. (GRAVITATIONAL WAVES EMITTED FROM A TWO-BODY SYSTEM

denoted R, which is the product of the individual rotation operators.
The resulting rotation matrix R is constructed as follows:

cos¢ sin¢g 0 1 0 0
R=|—sin¢g cos¢ 0 0 cos® sinf | =
0 0 1 0 —sinf cost

—sin¢g cosfcos¢ sinfcos¢
0 —sinf cos 6

cos¢ cosfsing sinfsing
( . (3.48)

When this prerequisite is applied to equation (3.47), it differs in the
prime frame by the argument (¢, n). It replaces the (¢, z). The j’s are
now also primed. The transformation of j to its primed form is defined
as ’71/] = (RTg R)ij, where RT is the transposed rotation matrix. The

transformation of all non-zero components is then
i1y = {11 cos” P — 128N 26 + Gy sin® @,

0 sin 2
{1, = cosusin ¢ ;m ¢ g11 + cos 6 cos 2¢ j12 — sin 6 cos ¢ 13—

_ cosfsin2¢
2
i3, = cos® 0 sin® ¢ G11 + cos® B sin 2¢ 1o — sin 26 sin ¢ 13+
4 €05 8 cos? ¢ (o — sin 20 cos ¢ G3 + sin® @ Gia3. (3.49)

2o + sin @ sin ¢ §os,

Using all of this information, the two polarisation amplitudes of GWs
in the primed frame are

hi(t,n) = % 411 (cos2 ¢ — cos? 0 sin’ 4)) — §128in2¢ (1 + cos? 9) +
+ {13 sin20 sin ¢ + 2o (sin2 ¢ — cos® 0 cos? (p> +

+ Gjo3 5in 260 cos ¢ — Gjzz sin” B,

G . ..
= E| (411 — G22) cos 0 sin 2¢p + 2 g1 cos 6 cos 2¢—

— 2 4138in 0 cos ¢ + 2 g3 sin O sin ¢|. (3.50)

hy(t, n)

The angular distribution of the quadrupole radiation can be calculated
using the following equations once g;; is known.
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3. (GRAVITATIONAL WAVES EMITTED FROM A TWO-BODY SYSTEM

As the evolution of the system is considered on a circular orbit
in the xy plane, the modified metric defined as g"* ~ #*" — h¥*¥ and
already defined g;; in (3.39) can be inserted into the calculated ampli-
tudes seen in (3.50). Following the basic simplification of the algebraic
expressions, the amplitudes take the following form:

202 2
ho(t n) = 46?259 <1 £ 9) cos (20her +29),  (351)
4GuR?*(0)?
hy(t,n) = Gy— cos 0 sin (2Q0ret + 2¢) . (3.52)

ctr
Another simplification comes from the idea that in this circular orbit
approximation, where Q)At.et = A¢. The origin of time can be shifted,
such as Otret + ¢ — Otrer. Furthermore, the substitution of frequency
f of GW (that is, twice the orbital frequency) is advantageous. The
final form is as follows:

2 2 2

hi(t,n) = 4Gu1§4£7rf) (1 +CZOS 9) cos (27 ftret), (3.53)
2 2

hy(t,n) = W cos 0sin (271 ftyet) - (3.54)

Itis now evident that if this source of GWs is observed from pole-on
(6 =0, cosf = 1), the amplitudes are identical, with a shifted phase of
7t/2 and circularly polarised. On the contrary, if the source is observed
equator-on (6 = 7/2, cosf = 0), the cross amplitude h is zero
and vanishes, while the plus amplitude /1 is of half the magnitude
compared to the pole-on observation and is linearly polarised.

Following the angular acceleration and substituting (3.42), the
relation for () is

oo 30, 96GT2uM>2 96G>/3 (uM?/3) 911/3.

2R 5¢c5R11/2 5¢?

The explicit mass-containing term can be expressed from this equation.
By making basic rearrangements, the term can be placed on the left-
hand side and denoted as chirp mass M.

(3.55)

5\*° 3 .
VS/SMZ/S _ (5) %03/50711/5. (3.56)
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3. (GRAVITATIONAL WAVES EMITTED FROM A TWO-BODY SYSTEM

The chirp mass can be written in terms of the two masses of the bodies
in the system used, for example:

3/5
mim
M. = 33 M5 = (1—2)1/5 (3.57)
(my +my)

The masses of the two bodies can be obtained through observation
alone, as this calculation has demonstrated. The calculation of chirp
mass and the two masses from a measured signal using a mathematical
model is a core subject of this thesis, so this observation is of great
significance (pun very much intended).

Following the implementation of the chirp mass as a canonical
quantity, the chirp can be defined as a rapid increase in frequency, i.e.,
f. In accordance with equation (3.55), it is imperative to acknowledge
that the frequency is half that of the GW, given that there are two peaks
during an orbit. The angular frequency is therefore () = 71f and not
27 f. By rearranging the equation and applying the aforementioned
substitutions, the following equation is obtained:

. 9% f (G 8/3
Integrating the equation (3.55) such as
df 9 1 (G 8/3  fleoa
— = — dt. .
f11/3 5C M. (c3 7'L'MC> /t (3.59)

The frequency diverges at a finite value of time. This time can be
labelled as the time of coalescence and denoted as f.,). In terms of
the time remaining to t..,), the frequency of a GW is

Ft) = % (GC—/\ZJ% [m]m. (3.60)

Following a series of algebraic operations, the following expression is
obtained by inserting the (3.58) and frequency (3.60) into (3.43):

R 2f 1
R N _g N _4(tcoal - t) (361>
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3. (GRAVITATIONAL WAVES EMITTED FROM A TWO-BODY SYSTEM

which, after integrating the radius R with respect to time, results
in the following equation:

R t / 1/4
R t t —t
T (I A
Ry R to 4 (tcoal —t ) teoal — to
(3.62)

The Ry is the value of the radius at the initial time ¢y. This indicates
that, following a protracted period of relatively uninterrupted decline
in radius R, a phase of rapid descent ensues, wherein the approxi-
mation of a quasi-circular orbit becomes invalid. It is also possible to
express the mass of a chirp via the equation (3.58), for example:

(5 83 11/3; i
M. = rel (%n f f) . (3.63)
Substituting this into the angle-independent part of either equa-
tion (3.53) or (3.54) will yield the desired scaling amplitude. After
rearranging and denoting the general distance R to the luminosity
distance D, the scaling amplitude assumes the following form:

hozi (GMC)5/3 (ﬂ)z/g. o)

D 2 c

In this lowest Newtonian approximation, the amplitudes depend
on the masses of the two bodies of the two bodies of the system solely
through the chirp mass. By re-arranging the amplitude equation (3.64)
so that the luminosity distance D is placed on the left-hand side, the
following equation is obtained:

D:%(GMc)wa (ﬂ)z/g. 365)

2 c

Itis evident that the luminosity distance can be ascertained through
observation. This is a useful tool for measuring distances in astronomy.
The amplitude of the emitted GWs is contingent on the angle
between the line of sight and the axis of angular momentum; the

32



3. (GRAVITATIONAL WAVES EMITTED FROM A TWO-BODY SYSTEM

formula for the amplitude incorporates angular factors of first order.
The relative strength of the two polarisations is also contingent on the
angle. In the case of three (or more) detectors observing the same
signal, it is possible to reconstruct the full waveform and deduce
details about the orbit of the binary system.
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In this section, the analysis of the GW data will be presented. The ini-
tial chapter delineates the techniques and formalism employed in the
analysis. The following chapters are each dedicated to a specific event
and contain a comprehensive analysis, accompanied by explanatory
notes and results, with pertinent information regarding the event. The
analysis involves the cleaning of the data from the LIGO detectors.
Subsequent to this, the data will be divided between the two detec-
tors, and an optimal model will be fitted to obtain the masses m; and
my. The modelled data will be accompanied by residuals, which will
demonstrate the degree to which the model aligns with the original
data. The scripts/codes used for this analysis follow a consistent pat-
tern, with a change of parameters based on the event itself. The code
for GW150914 will serve as an example, with all of the tweaks in the
following observations mentioned in the text. The remaining scripts
and codes can be found in the Appendix A.3.
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4 Introduction to signal processing

The "big three" of this analysis are GW150914, GW170814, and GW170817.
The primary reason for this is that they were used in the bachelor’s
thesis (Hergetova 2024). Implementing them provides an opportu-
nity to compare the analytical techniques used. Also, these are the
detections with which everyone is familiar in the context of GW. In
addition to the "big three", GW231123 will also appear as it is a new
addition to the "more intriguing" detections. The primary objective is
to ascertain the masses of the components involved in the merger. An
additional goal is to acquire the chirp masses of all detections.

4.1 PyCBC

PyCBC (Nitz et al. 2024) is a Python software package that depends on
a Linux-centred compiled scientific software stack. It was developed
for the analysis of GW data. This is more than a solid package; it is an
open-source resource that allows the community to contribute their
models or those that are known but not yet implemented. PyCBC
was first used in the initial detection of GW, namely for GW150914.
Since then, it has gained popularity as a Python-based analytical tool.
This software is highly versatile, as it is capable of analysing raw data
to its final form while simultaneously implementing astrophysical
parameters of countless mergers. In this thesis, this will function as
the primary tool, utilised in all aspects of the analysis, from the initial
detection of the signal to determining chirp mass and the masses of
each component.

4.1.1 Installation process

The installation process was executed on a Windows computer; how-
ever, this resulted in a number of complications. As previously men-
tioned in the introduction, despite its Python foundation, PyCBC
utilises LALSuite (LIGO Scientific Collaboration et al. 2018), a C-
based component. LALSuite performs optimally on Linux; therefore,
the most suitable approach to ensure functionality was to install WSL
(Windows Subsystem for Linux). This knowledge facilitates a rel-
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4. INTRODUCTION TO SIGNAL PROCESSING

atively straightforward installation process. The fundamental steps
involved in the implementation of packages are the creation of a virtual
environment and the installation of the packages in this environment.
Following the initial installation of LALSuite, the next step involved
the installation of PyCBC.

4.2 Used waveform

The central objective of this thesis is to accurately (within the scope
of a master’s education) assess the chirp mass and the two distinct
masses of the objects in a binary system. The PyCBC contains a wide
selection of waveforms, so the key is to select the most appropriate
one for the analysis. There are two main types:

1. Time-domain waveform (TDW): The strain (or, as labelled in
(3.64), scaling amplitude) is a function of time h(t).

2. Frequency/Fourier domain waveform (FDW): The strain is a func-
tion of frequency h(f).

Based on the names alone, the most appropriate choice is the TDW.
The data to be analysed will be the time evolution of the GW that
was detected. As previously stated, a multitude of models and wave-
forms are available, thus enabling the categorisation of TDWs into
additional subcategories, including Post-Newtonian Taylor TDWs, TD
phenomenological waveforms, effective one-body waveforms, and
specialised waveforms for objects exhibiting large eccentricity or spin.
The one chosen for this analysis is the effective one-body approxima-
tion. Regrettably, this thesis was unable to encompass all the subtypes
of the waveforms, given that their description is quite extensive.

4.2.1 Effective one-body waveform (EOB)

This waveform is predicated on the same name formalism. The concept
was initially proposed by two French scientists, Alessandra Buonanno
and Thibault Damour (Buonanno and T. Damour 1999). Later in 2008,
Thibault Damour also published Introductory lectures on this topic
(Thibault Damour 2008), which will be used to support all claims in
the following text.
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Definition

The EOB is an analytical formalism designed to describe the dynamics
and GW emission of a coalescing binary system, that is, black holes
or neutron stars, in general relativity. It is important to note that the
full waveform is modelled, including the inspiral, the merger, and the
ring-down. The approach is based on mapping the two-body problem,
which is often complex to analyse, to a single effective particle moving
in a modified external spacetime geometry that is equivalent and
easier to analyse.

Motivations for using EOB formalism and its advantages

This method is chosen because it is essentially the "3-in-1 shampoo"
of analysis. As previously mentioned, the model provides extensive
physical coverage by describing the dynamics and GW emission of the
studied system, capturing all phases of the system !. Consequently,
the method provides highly precise values for physical properties, as
the entire data waveform contributes to the analysis.

It is also quite versatile, as is evident in its ability to function effec-
tively in both general and extreme scenarios. The EOB formalism has
been demonstrated to be effective in a range of applications, including
systems with equal-mass and extreme-mass ratio, as well as high and
low spins, and even eccentric and quasi-circular orbits. (It should be
noted, however, that the formalism was primarily developed for quasi-
circular orbits. This is a highly advantageous method for the analysis
of GWs, given that the identity of the emitting system is unknown.

Principle

The EOB approach comprises three main ideas:

1. A description of the Hamiltonian part of the BBH (Binary Black Hole)
system’s dynamics

The Hamiltonian represents the motion part that is controlled
by gravitational interaction without energy loss. It describes

1. This addresses the issue encountered in the basic model of the preceding thesis
(Hergetovd 2024), in which the ringdown phase is not incorporated (20-30% relative
error in masses)
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how the system’s position and momentum change over time un-
der purely gravitational, conservative forces (relativistic gravi-
tational attraction, including high-order post-Newtonian (PN)
connection). By modelling the conservative part, the EOB for-
malism represents the orbital evolution parameters (frequency,
radius, etc.) up to the point where the dissipative forces take
over, enabling a detailed understanding of the BBH system
during the inspiral phase.

. An expression for the radiation-reaction part of the dynamics

This part accounts for the energy and angular momentum lost
due to the GW emission. This loss results in a gradually shrink-
ing orbit and an increase in orbital frequency. In the EOB for-
malism, radiation reaction is represented as a force term that
primarily affects angular momentum. Bluntly speaking, the
GWs "carry it away". To model this, the EOB formalism uses an
expression based on PN results that involves the GW energy
flux.

Specifically, the force F,, is obtained from the GW energy flux
radiated to infinity. This flux is expressed as a PN-based Taylor
series FT1°T () where v is the orbital velocity, which is related
to the angular velocity (). To acquire more accurate results,
the Taylor series is re-summed by the Padé approximation (an
alternative to polynomial approximation that can approximate
a function by using rational polynomial functions (mykd 2021)
for analytical functions). This leads to an explicit form of the
radiation-reaction force in the equation of motion that is

2 A
E, = _% v Pyt presummed () (4.1)

where the v is the symmetric mass ratio, r is the separation
scaled by GM, Q is the orbital angular velocity, and the Fresummed (g )
is the re-summed GW flux function. Simply put, the expres-

sion of the radiation-reaction part in the EOB combines the PN
theory and the advanced Padé technique.
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3. A description of the GW waveform emitted by a coalescing system

This means the EOB formalism involves modelling the entire
signal produced as two objects (now illustrating the real event,
not the effective approach), inspiral, merge, and settle into a
final object. The GW waveform is derived using high-order
(PN) expanded results, which were obtained over many years
by other research teams. These results provide highly accurate
approximations for the GW amplitude and phase during the
early inspiral phase.

As mentioned in idea number two, the EOB formalism does not
use the raw Taylor expanded PN series but applies the Padé re-
summation, securing a form that converges better; therefore, it
provides better and closer results to the merger. The modelling
also involves matching the inspiral waveform to the plunge and
merger phases, which are its smooth continuation. Lastly, the
ring-down is modelled as a relaxation of the merger remnant
as a superposition of quasi-normal modes of the final object,
providing a consistent waveform at the end of coalescence.

These steps produce a full waveform incorporating all stages
of binary coalescence. This can be directly compared with
highly accurate numerical relativity (NR) results. The lessons
(Thibault Damour 2008) contain references to the "recent stud-
ies" (late 2000’s studies) that have surprisingly large agreement
between EOB waveforms and NR simulations.

4.2.2 Used models

The first model employed was SEOBNRv4_opt. The name can be inter-
preted as Standard Effective-One-Body Numerical Relativity. This model
has been developed specifically for spinning, non-precessing binary
black holes. This is ideal for the events GW150914, GW170814, and
GW231123. It has been fine-tuned to a substantial array of numerical
relativity simulations, encompassing diverse mass ratios and spins,
thereby ensuring reliable predictions even for extreme scenarios. Fur-
thermore, the model successfully reproduces the late stages of black
hole mergers, where strong gravitational fields prevail, with a high
degree of accuracy. Lastly, the reduced-order modelling component
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allows rapid waveform generation. The _opt part stands for optimised.
This process is designed to facilitate more rapid analysis by examining
data in bulk rather than in individual points (Bohé et al. 2017).

The second model is TEOBResumS. This model is used for a binary
neutron star merger (BNSM) GW170817. The name can be interpreted
as Tidal Effective One Body Resum Spin-aligned. This model is a calibrated
analytical waveform that accurately captures the complex phenomena
present in BNSM. Such waveforms include tidal deformation and spin
effects. This makes the model well-suited for this analysis (Nagar et al.
2018).

4.3 Optimisation

4.3.1 Differential Evolution (DE)

Once the models have been selected, a search tool will be required.
As is standard practice with these models, precise information about
the system is entered to generate a fitted model. In this analysis, the
information is derived from the model. It is therefore the ideal time to
implement optimisation strategies.

Definition

DE is a parallel, direct-search optimisation method that has been de-
signed to minimise continuous, non-linear, and non-differentiable
functions. The method operates on a population of candidate solu-
tions (parameter vectors) and iteratively improves them using their
differences. The core concept is to generate new candidate solutions by
adding weighted differences of randomly selected candidate vectors
to existing vectors to ensure exploration.

The starting point is a randomly generated population of parameter
vectors within predefined bounds. In the scenario of this analysis, the
method works in 4D because it is meant to find the best results in
both masses, scaling of the model, and time offset from the merge
time (which can be due to the distance between detectors). For each
candidate vector, DE creates a trial vector by combining other vectors
in the population.
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The trial vector undergoes a crossover process with the original can-
didate, exchanging components based on a pre-determined crossover
probability, with the aim of producing a more diverse range of results.
If the trial vector yields a lower objective function value than the origi-
nal, it replaces the original candidate in the population. This process
is repeated over multiple iterations (Storn and Price 1997).

Motivation

The DE was not the initial choice for this analysis. Many trials and
errors were conducted with various methods, some of which might
have been faster or better in other ways, but the DE met all the desired
requirements. These requirements are:

1. Global search

A global search is important as it is crucial to match the right
minimum. If a local search were used, a very accurate initial
estimate would be necessary. The objective of this analysis is to
determine masses from the ground up, with the initial guess
being an interval of possible masses for the system. This is later
narrowed down to a smaller interval to enhance the precision
of the search. Local search would be an appropriate strategy
for BNS, as neutron stars are likely to have a mass of around
1.4 M. However, for BBH, this approach would not be very
practical.

2. Reliability

It is important to use a method that has a low error rate. The
analysis of one event is run multiple times, where (as previ-
ously mentioned in point 1) the initial interval is gradually
reduced step-by-step to ensure the highest possible accuracy.
The process functions more seamlessly when the method does
not encounter "fake" values or converge to unusual outcomes.

3. Derivative-free

To be transparent, methods with derivatives would be coun-
terproductive. Differentiation is not required in this instance;
therefore, there is no need to implement it.
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4. Speed

The faster, the better. However, if the run time for optimisation
is less than 15 minutes, it is still a very good option for this
analysis.

Used strategy

For this analysis, the best1bin function from the scipy.optimize
module was utilised, as it is widely regarded as a reliable starting
point. In this strategy, two members of the population are randomly
selected. Their difference is used to mutate the best member:

b' = xp, + F X (xp, — Xr,), (4.2)

where x,, is the best member, F is a mutation parameter, and x,,
and x,, are random members. This equation demonstrates that the
algorithm is attempting to identify the smallest discrepancy, which
suggests that the population is in proximity to the correct answer. If
the difference were significant, it would mean that the population is
still highly dispersed.

The algorithm now has both the original candidate and the newly
mutated b’ candidate. It then selects a random number within the
interval [0,1). This is compared to a recombination constant (RC). In
the absence of an explicit value, the scipy function will automatically
set the value to 0.7. If the random number is smaller than the RC, the
value from ¥’ is selected as the best option. If not, the value is selected
from the original. The next step is to construct a trial vector. To ensure
that the trial vector is not the same as the original, the algorithm will
randomly select at least one parameter from the b set.

A comparison is made between the original and the trial vector.
The most accurate one is then selected and used as the original. If
it were to outperform the overall best, it would naturally replace it
(Jones et al. 2001—; Virtanen et al. 2020).
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5 GW150814

The GW150914 event, as indicated by its title, occurred on 14 Septem-
ber 2015 at 09:50:45 UTC (Coordinated Universal Time). The detected
GWs were of a binary black hole merger (BBHM) origin. The sig-
nal detected was consistent with the predictions of general relativity
for a binary system. In this detection, the theory of general relativity
was confirmed. This momentous event signalled the start of a new
era in the study of astronomy, contributing to the advancement of
humankind (B. P. Abbott et al. 2016).

5.1 Data preparation

The data preparation process was straightforward, as PyCBC includes
all the essential steps in a small number of convenient functions. The
PyCBC project has a GitHub repository (Nitz, Harry, et al. 2024) that
contains tutorials for the various steps of the analysis, enabling users
to follow them to clean the data.
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Figure 5.1: Raw GW150814 data.
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Cleaning data is done in two steps:

5.1.1 Whitening

Whitening is an essential step in the process. In this procedure, a
power spectral density is generated (from now labelled PSD). PSD is
a measure of the distribution of power (or variance) across different
frequencies in a time-series signal. It is typically represented by a curve
resembling a "U". This showcases the detector noise and its three parts:
seismic noise, thermal noise, and quantum noise (from left to right).
The raw data is then divided by the square root of the PSD. This
process ensures that the noise becomes uniform; that is to say, the
frequencies are rendered equivalent in terms of perceived loudness.
PSD then looks flat, and the data are prepared for the subsequent
stage. For comparison, Figures 5.2 and 5.3 show the before and after
of the PSD, and 5.4, which presents the resultant whitened data. The
PSD is found to be flat, in accordance with predictions, and the data
appear to be uniform (within the bounds of possibility) without large
"fangs/teeth".
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Figure 5.2: PSD GW150814 of data.

45



5. GW150814

10t

—— Hl1
— L1

3

10

'n/\“il‘! i 'H

Power Spectral Density (Whitened)

107!

10! 102 10°
Frequency (Hz)

Figure 5.3: Whitened PSD of GW150814 data.
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Figure 5.4: Whitened GW150814 data.

5.1.2 Bandpassing

As previously stated, there are three primary categories of noise: seis-
mic noise, thermal noise, and quantum noise. Each of these is char-
acterised by a distinct frequency. The function of bandpass filtering
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is to eliminate the noise that is interfering with the signal. At lower
frequencies, the issue is seismic activity, and at higher frequencies,
quantum "shot noise" is a concern. The bandpassing function is utilised
to identify the frequency range within which the GW signal is antic-
ipated. The range is dependent on the type of detection in question,
whether it is BNS or BBH, and the object’s mass. This will demonstrate
the velocity at which the objects orbit each other before collision. For
GW150914, the high-pass filter is 30 Hz and the low-pass one is 250 Hz.
As these are standard filters for events with typical characteristics, they
provide a solid starting point (and, in this case, a suitable option to use
until the end). As demonstrated in Figure 5.5, the whitened and band-
passed data are displayed, and in Figure 5_?, the merger is zoomed in
on.
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Figure 5.5: Cleaned up GW150814 data.
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Figure 5.6: Zoomed in clean GW150814 data.

5.2 Modelling of the data

5.2.1 Match Function

The match function is coded to determine the most fitting matches. The
algorithm provides estimates for the object masses and evaluates the
similarity between these and the actual data. Firstly, the parameters
are defined as masses m1 and m2, time offset, and scale. As previously
referenced in the 4.3.1. Subsequently, the function get_td_waveform
from the PyCBC software is utilised to generate a theoretical GW tem-
plate that the masses will be entered into. As previously stated in
4.2.2, a SEOBNRv4 model is used as this is a BBHM. The model func-
tion also includes a parameter, denoted as delta_t = dt, where dt =
zoom_h1.delta_t. This is simply a method of indicating to the model
where it should "place" itself in time. In this instance, the modelling
is limited to a segment of the data around the merge, as it would
be problematic to ascertain the precise positioning of the data on a
larger scale. The final parameter is simply a lower frequency, which is
equivalent to the lower bandpass filter. The code is as follows:

# MATCH FUNCTION
def match_score(params):

ml, m2, time_offset, scale = params
try:
hp, _ = get_td_waveform(
approximant= 5

massl=ml, mass2=m2,
delta_t=dt, f_lower=30

Listing 5.1: Beginning of match fucntion.
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The match function contains code that validates the model’s align-
ment with the data. The model’s largest peak is attempting to locate
the data’s largest one, as this would ensure that the real and theoreti-
cal plunge and merge align with each other. The final segment of the
match function involves the calculation of the Least Squares (LS). The
model is subtracted from the data; the result at each point is squared
(in order to remove negative numbers), and the sum of these values is
then calculated. If the model is a perfect match, the subtraction leaves
almost nothing but zero, resulting in a very low score; therefore, it is
an excellent match, as the difference is minimal.

5.2.2 Optimisation

To optimise the search, the following code is employed:

| bounds = [
2 (20, 50), #massl range
(15, 45), #mass2 range
4 (-0.05, 0.05), #time offset range
: (-2.0, 2.0) #scale range
6 1
7 result = differential_evolution(
8 match_score,
9 bounds,
10 strategy= s
11 popsize=100,
12 tol=1e-15
13 )
14
5 best_ml, best_m2, best_time, best_scale = result.x
16
7 print (£

)

18
v ml_f, m2_f = (best_ml, best_m2) if best_ml >= best_m2
else (best_m2, best_ml)

Listing 5.2: Starting optimalisation bounds and function.

The bounds indicated are from the initial run. It is customary for
the m; to be smaller, which explains why the initial mass interval re-
mains unchanged but is simply shifted to lower values. The masses are
defined in solar masses, as implied in the text, although not explicitly
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stated. The time offset is in seconds, and the scale is dimensionless.
The time offset is measured in seconds, and the scale is dimensionless.
Following several iterations, the values will converge on a single value,
allowing the intervals to be narrowed at a later stage. The final bounds
are as follows:

#H1

bounds = [
(35.3, 35.7), #massl range
(30.1, 30.5), #mass2 range
(0.0024, 0.0028), #time offset range
(0.95, 0.98) #scale range

]

#L1

bounds = [
(35.2, 35.5), #massl range
(29.9, 30.3), #mass2 range
(0.0025, 0.003), #time offset range
(-0.88, -0.83) #scale range

Listing 5.3: Final bounds for GW150914.

In the context of the differential evolution,the match function,
bounds, and strategy previously referenced in the text are utilised. It
also contains the function popsize; this spawns a population of 100
random guesses, where the lowest-scoring guesses from the match
function survive and are used in subsequent calculations, as was
likewise mentioned in 4.3.1. Finally, results.x are the results obtained
from the optimisation process.

5.2.3 Final assembly

Once the best parameters have been identified, they are again plugged
into the model and aligned with the data. The residuum is calculated
by subtracting the model from the data. In order to facilitate the mod-
elling process, the data were divided into two segments, H1 and L1,
and modelled independently. This decision was made to subsequently
calculate the mean value of both masses and the chirp mass of the sys-
tem. This approach enables the use of a statistical deviation. Evidently,
a deviation can be obtained from all of the iterations. However, this is
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5. GW150814

contingent upon the bounds, which can be calibrated to achieve the
minimal possible deviation. This approach ensures a certain degree
of fairness in the results.
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Figure 5.7: Top: GW150914 data from Hanford (Washington, US) with
optimised model; Bottom: Residual signal from modelling GW150914
H1 data.
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LIGO L1 Data
Optimized Model (m1=35.22, m2=30.19)
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Figure 5.8: Top: GW150914 data from Livingston (Louisiana, US) with
optimised model; Bottom: Residual signal from modelling GW150914
L1 data.

Final models with residuals are depicted in Figures 5.7 and 5.8

5.3 Additional information on data and chirp mass
calculation

This section of the code provides insight into the modelling process.
The first part of the process is to calculate an "overlap". The overlap is
defined as the cosine similarity, as the code shows.

#0OVERLAP CALCULATION

> overlap = np.dot(data_to_plot, model_plot) / (np.linalg.
norm(data_to_plot) * np.linalg.norm(model_plot))

5 overlap_percentage = overlap * 100

5 print (f )
Listing 5.4: Overlap/Cosine similarity.
When assessing "shape" similarity, a comparison of vectors is the pre-
ferred method, given that the GW signal is characterised by noise,

even following data filtration. The cosine similarity is a mathematical
function that is specifically designed to ignore random noise and to
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5. GW150814

recognise only the parts of a wave that are in phase with the signal
(Tom Krantz 2025). The overlap is a number in the interval [—1, 1],
so for clarity, the code converts the result to a percentage. To elab-
orate further on the significance of the values, 1 signifies complete
similarity between the vectors, with their orientations pointing in the
same direction. 0 denotes orthogonality, indicating that the vectors
are not directionally similar. Finally, —1 indicates that the vectors have
opposite orientations.

To calculate the chirp mass, the code first identifies the best result-
ing masses from the fitting process, and these are then plugged into
the equation (3.57).

5.4 Results

Parameters H1 data L1 data

Primary mass (M) 35.58 35.22
Secondary mass (My)  30.25 30.19
Chirp Mass (M) 28.54 28.37

Time offset (ns) 2.50 3.00
Scale 0.97 -0.84
Overlap (%) 66.56 61.23

Table 5.1: Results of the analysis and modelling of the GW150914
data
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6 GW170814

GW170814 was detected on 14 August 2017 at 10:30:43 UTC. The GWs
detected were also from a BBHM source, similarly to GW150914. The
detected signal was observed by both LIGO and Virgo detectors. The
detected signal was observed by both LIGO and Virgo detectors. The
implementation of a network comprising three detectors enhances the
sky localisation of the source. This provided the first-ever opportunity
to test the nature of GWs’ polarisations from the antenna response.
This development paved the way for a new class of phenomenological
tests of gravity (B. P. Abbott et al. 2017a).

6.1 Data preparation

le—18
1.00q — H1

0.50 1

0.25 1

Strain

0.00 A

—0.25 1

—0.50 1

—0.75 1

—1.00 1

45 50 55 60 65 70 75
Time (s) +1.1867418e9

Figure 6.1: Raw GW170814 data.

As outlined in Figure 6.1, the raw data underwent whitening and
bandpass filtering. For GW170814, the initial filters were identical to
those used for GW150914; however, during the cleaning process, they
were adjusted to 20 Hz. The primary motivation behind this decision
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6. GW170814

was that the initial data appeared to be relatively uninformative and
quite flat. Subsequent analysis of the mass values further validated
this decision. The ensuing discussion will be expounded upon in the
Results section 6.3.
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Figure 6.2: PDS of GW170814 data before and after whitening.

As cleaning was explained in chapter 5, the presentation of a graph
containing solely whitened data is not necessary, as it is neither visually
interesting nor important for the analysis. As illustrated in Figure 6.2,
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the change in PSDs is evident. The final data with zoom are presented
in Figure 6.3.
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Figure 6.3: Clean GW170814 data and their zoom.

6.2 Modelling of the data

Concerning the modelling of the data, there was no significant plunge
or merger element. The data were divided once again, and the same
initial bounds were employed as for GW150914. The final bounds,
written in the listing below, and the final graphs are depicted in Figures

6.4 and 6.5.
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1 #H1
> bounds = [
3 (30.8, 31.0), #massl range
4 (24.8, 25.5), #mass2 range
5 (-0.001, 0.001), #time offset range
6 (-0.95, -0.8) #scale range
7 ]
s #L1
9 bounds = [
10 (30.5, 31.0), #massl range
11 (25.0, 25.5), #mass2 range
12 (0.001, 0.005), #time offset range
13 (0.7, 0.75) #scale range
4]
Listing 6.1: Final bounds for GW170814.
10 —— Optimized Model (m1=30.97, m2=24.84)
Y
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Figure 6.4: Top: GW170814 data from Hanford (Washington, US) with
optimised model; Bottom: Residual signal from modelling GW170814

H1 data.
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LIGO L1 Data
Optimized Model (m1=30.73, m2=25.10)
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Figure 6.5: Top: GW170814 data from Livingston (Louisiana, US) with
optimised model; Bottom: Residual signal from modelling GW170814
L1 data.

6.3 Results

The results of the analysis are set out in Table 6.1. As previously men-
tioned, the band-pass filters were adjusted to accommodate the data,
as they were initially found to be flat. The flatter appearance of the
images when using the base filters can be attributed to the masses.
This system is slightly less massive than GW150914, meaning that
black holes can get closer before merging, which in turn pushes the
peak frequency up a bit.
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6. GW170814

Parameters

H1 data L1 data

Primary mass (M)
Secondary mass (M)
Chirp Mass (Mg)
Time offset (ns)
Scale
Overlap (%)

30.97
24.84
2412
0.00
-0.81
43.93

30.73
25.10
24.15
3.00
0.74
55.35

Table 6.1: Results of the analysis and modelling of the GW170814

data.
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7 GW170817

Another source of data is GW170817. The detection was made on
17 August 2017 at 12:41:04 UTC and was accompanied by a gamma-
ray burst, specifically a sGRB (short gamma-ray burst). The gamma-
ray burst was detected independently of the GWs by the Fermi and
INTEGRAL satellites. It was only during the subsequent data analysis
that these two events were linked. The observed source was identified
as a binary neutron star merger (BNSM). The observed source was
identified as a binary neutron star merger (BNSM). The detection
findings confirmed a specific correlation between GWs from NS-NS
systems and short gamma-ray bursts (B. P. Abbott et al. 2017b).

7.1 Data preparation

In the case of GW170817, the preparation process is particularly chal-
lenging. The data exhibit an instrumental glitch on the Livingston
detector. The glitch was so prominent that it was even visible in the
raw data. As demonstrated in the previous two chapters, the raw data
typically appear to be noise. The raw data are depicted in the Figure
7.1.

Due to the size of the glitch, two different approaches were used.
To illustrate the full extent of the data, the high-pass filter was set
at 30 Hz, while the low-pass filter was set at 1500 Hz. This ensures
that the magnitude of the glitch is preserved. For the data analysis,
the high-pass filter was set to 30 Hz and the low-pass filter to 400 Hz.
This discrepancy can be attributed to the incompatibility between the
glitch’s modelling and the employed approach; a dedicated glitch
analysis is needed. It appears that the H1 data could be modelled, and
therefore the relevant analysis was carried out. As illustrated in Figure
7.3, the flattening of the PDS is executed nicely.
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can be seen in other places, as well as in the whole H1 data.
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Figure 7.1: Raw GW170817 data.
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As illustrated in Figure 7.2, the clean data have been zoomed in.
The prominent glitch takes over the data, and only a slight "wiggle"

4000

2000

—2000

—4000

—6000

—— Hl
— L1

1.0 12 1.4 1.6 1.8 2.0
Time (s)

Figure 7.2: Zoomed in clean GW170817 data.
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Figure 7.3: PDS of GW170817 data before and after whitening.

7.2 Modelling of the data

As previously stated, only the H1 will be considered for analysis. As
this is a BNSM, the initial boundaries differed. It is estimated that
the mass of a neutron star is approximately 1.4 M. . However, for the
optimisation to be successful, it is necessary to consider an interval.
The initial bounds were selected based on these considerations.
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bounds = [
(1.10, 1.60), #massl range
(1.0, 1.50), #mass2 range
(-0.02, 0.02), #time offset range
(-2,0, 2.0) #scale range

Listing 7.1: Starting bounds for H1 of GW170817.

Following a series of tests, the hypothesis was confirmed, and
the primary mass began to oscillate around the 1.4 My value. As
anticipated, the secondary mass transitioned to a smaller mass, as the
secondary mass should invariably be smaller than or equivalent to the
primary mass. The final bounds are as follows:

bounds = [
(1.43, 1.48), #massl range
(1.25, 1.30), #mass2 range
(-0.02, 0.02), #time offset range
(0.5, 1.5) #scale range

Listing 7.2: Final bounds for H1 of GW170817.

As for the final plot with modelled data and residuals, the outlook
is not promising. Despite the initial hypothesis that the H1 data could
potentially provide accurate results, this was not the case. The H1
data does not contain a visible plunge and merge that the model
could detect. Additionally, upon examination of the residuum, a subtle
waveform can be discerned amidst the noise interference. Notably, the
model displays a tendency to adhere to the peaks rather than follow the
waveform. While the modelled masses do align with the published
results, it is evident that this is merely a coincidental convergence.
The overlap between these functions is negligible, indicating that the
vectors are essentially orthogonal. A more detailed discussion of the
subject will be found in the section Conclusion 10. The final plot is
illustrated in Figure 7.4. The results have been documented in Table
7.1.
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~~ Optimized Model (m1=1.46, m2=1.26)

I

‘J‘IW\W‘ ‘”‘f‘“”‘ o HI‘J Vbl L I]m\l‘ ALV L e H il ANILTHL

I T || W‘“"‘ N Ll T \1‘\‘ "[ﬂ'u

0.50 0.75 1.00 1.50 175

125
GPS Time (s) +1.18700888e9

Figure 7.4: Top: GW170817 data from Hanford (Washington, US) with
optimised model; Bottom: Residual signal from modelling GW170817
H1 data.

7.3 Results

Parameters H1 data

Primary mass (M) 1.46
Secondary mass (M) 1.26

Chirp Mass (M) 1.18
Time offset (ns) 6.10
Scale 1.83
Overlap (%) 1.15

Table 7.1: Results of the analysis and modelling of the GW170817
data.
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8 GW231123

The last detection of this analysis is GW231123. The detection from
November 23, 2023, is notable for the masses of the binary’s compo-
nents. The GWs originated from binary black holes (BBH), similar
to GW150914, yet the masses of the individual components were ap-
proximately 100 times the mass of the Sun. The black hole remnant
of this merger is estimated to be approximately 200 M. This finding
indicates that the formation of black holes may not be exclusively
attributable to stellar collapses. It is proposed that this mass category
of black holes may also form through mergers driven by GWs (Abac
et al. 2025).

8.1 Data preparation
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Figure 8.1: Raw GW231123 data.

As this is an unusual detection, the preparation of the data was com-
pleted in a slightly different manner. At the time of analysis, the neces-
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sary data were not available in PyCBC. Therefore, the data had to be
retrieved using gwpy . timeseries. This approach necessitated a more
extensive analysis due to the longer time required for data import.
Fortunately, upon loading, the analysis functioned in the same manner
as the preceding analyses. The raw data are depicted in the Figure 8.1.
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Figure 8.2: PDS of GW231123 data before and after whitening.

This is the most massive merger detected to date; the logic em-
ployed in the NSBM GW170817 can be applied to conclude that the
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merger happened rapidly, thus requiring a lower bandpass. In this

instance, the high-pass filter was determined to be 10 Hz and the low-

pass filter to be 150 Hz. This approach ensures that low-frequency

components do not become obscured by higher frequencies. In Figure

8.2, there is once again a successful whitening effect of the PSDs.
The clean data and their zoom are depicted in Figure 8.3.
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Figure 8.3: Clean GW231123 data and their zoom.

8.2 Modelling of the data

Due to the significant scale of this event, a new starting boundary will
be used. The two objects are known as intermediate-mass black holes
(IMBHs), with masses ranging from 10> — 10° M. If this analysis
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were conducted with such broad bounds, it would require a significant
amount of time. This is the only part of the analysis where the estimate
was made using knowledge of the masses being approximately ~
100 M, as obtained from the abstract of a published paper discussing
this event (Abac et al. 2025). Before this, the sole source of information
was general knowledge obtained at the university during the past
years.
With this in mind, the starting bounds were chosen as:

bounds = [
(100, 150), #massl range
(95, 145), #mass2 range
(-0.05, 0.05), #time offset range
(-2.0, 2.0) #scale range

Listing 8.1: Starting bounds for GW231123.

Following a series of trials, an issue was identified. The model was
found to be compatible with only the merger part or the inspiral part,
with an overlap typically ranging from 5% to 10%. Consequently, a new
approach was adopted: namely, modelling the inspiral and the merger
separately to achieve the optimum overlap. It was also necessary to
attempt to adjust the bandpassing, since this could potentially cause a
problem. However, if the analysis concentrated on the inspiral phase,
the model failed to capture the merger. Similarly, when the focus was
on the plunge and merge, the peaks were followed more than the inner
wave structure present in the inspiral segment. The band-pass filter
configuration will therefore remain unchanged. The four modelling
attempts are depicted in the Figures 8.4 and 8.5.

#H1

bounds = [
(130, 133), #massl range
(110, 112), #mass2 range
(0.01, 0.015), #time offset range
(-0.5, 0.0) #scale range

]

#L1

bounds = [
(130, 135), #massl range
(110, 115), #mass2 range
(-0.01, -0.005), #time offset range
(0.0, 0.5) #scale range
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Listing 8.2: Final bounds for GW231123.
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Figure 8.4: First: GW231123 data from Hanford (Washington, US)
with optimised model focused on the inspiral part of the data; Second:
Residual signal from modelling GW170814 H1 data with focus on the
inspiral part; Third: GW231123 data from Hanford (Washington, US)
with optimised model focused on the merge part of the data; Fourth:
Residual signal from modelling GW170814 H1 data with focus on the
merger part.
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Figure 8.5: First: GW231123 data from Livingston (Louisiana, US)
with optimised model focused on the inspiral part of the data; Second:
Residual signal from modelling GW170814 L1 data with focus on the
inspiral part; Third: GW231123 data from Livingston (Louisiana, US)
with optimised model focused on the merge part of the data; Fourth:
Residual signal from modelling GW170814 L1 data with focus on the
merge part.
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8.3 Results

Parameters of H1 Inspiral Merge

Primary mass (Mg) 132.61 130.19
Secondary mass (M) 110.83 110.21
Chirp Mass (M) 105.45 104.20

Time offset (ns) 1.23 1.17
Scale -0.37 -0.84
Overlap (%) 16.58  18.03

Table 8.1: Results of the analysis and modelling of the H1 GW231123
data.

Parameters of L1 Inspiral Merge

Primary mass (My) 133.29  132.69
Secondary mass (M) 11424 113.48
Chirp Mass (Mg) 107.36  106.76

Time offset (ns) -8.60 -8.70
Scale 0.28 0.90
Overlap (%) 15.75 15.56

Table 8.2: Results of the analysis and modelling of the L1 GW231123
data.
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9 Ouverall results of analysis

The objective of this analysis was to obtain the primary and secondary
masses, mj and my and the chirp mass, M.. The final results were
calculated using the arithmetic mean. The Arithmetic Mean is equal
to the summation of n numbers divided by n, so the equation is ¥ =
L(x—%)?

(n=1) ~
was calculated for every event except GW170817, as it has only one
value for each parameter. The means and deviations were calculated
in Excel using the functions AVERAGE and STDEVA. The final results
are written in the Table 9.1.

1y | x;. The standard deviation equation, namely ¢ =

Parameters GW150814 GW170814 GW170817 GW231123

my (Me) 35.40+0.25 30.85+0.17 1.46 132.20 £1.37
my (M) 30.22+0.04 2497+0.18 1.26 112.19 +£1.97
M. (Mp) 2846+0.12 2414+0.02 1.18 105.94 +1.41

Table 9.1: Mean values of the final results of each studied event with
deviations
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10 Conclusion

The main goal of this thesis was to obtain valuable mass parameters
for a selected sample of gravitational-wave events.

In the Theoretical section, the key concepts of gravitational-wave
physics were presented. This chapter is structured to guide the reader
through the theoretical physics of GWs, beginning with fundamental
assumptions, continuing with gauge choices, wave solutions, and
polarisation properties, and ending with the energy and momentum
in a two-body system.

Following the physical background, the Analytical section intro-
duces the core research. It includes an overview of the Python package,
the waveform model, and the optimisation methods used in the anal-
ysis. The aim is to give the reader a clear picture of the computational
tools and procedures used to obtain the results. Once this overview is
established, the main investigations are carried out. For clarity, each
chapter focuses on a single event, and the final chapter integrates the
findings into an overall conclusion. In every event-specific chapter,
subsections on data preparation, modelling, and results are included.
The chapter on GW150914 contains additional detail, as it serves as a
reference example for the reader. The other chapters are organised to
highlight how the analysis strategy is tailored to each event. All chap-
ters feature key figures and tables summarising the results. Section 77,
titled Owverall results of analysis, presents the calculated mean values of
all mass parameters inferred during the analysis.

To comment on the results and evaluate their correctness, the
published papers of each event (Abac et al. 2025; B. P. Abbott et al.
2016, 2017a,b) and parameters from GWOSC (R. Abbott et al. 2023;
Rich Abbott et al. 2021; Collaboration et al. 2025) are used.

The following widely accepted values have been established for
GW150914: my = 34.6"5% M, my = 30.0757 M, and M. = 27.9777 M.
The results were within the specified deviation interval. The overlap
percentage is reasonable given that the model is theoretical and the
data, even after cleaning, could contain noise. In certain instances,
the residuals may appear more indicative of the data than of mere
Gaussian noise. However, this could be attributable to the relatively
limited time interval under study. The residuals may appear more like
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noise when viewed in the context of the larger data set. The amplitude
of the residual is predominantly within the range of —0.5 to 0.5, which
aligns with the findings outlined in the paper (B. P. Abbott et al. 2016).
Therefore, the analysis was successful.

The mass values for GW170814 are as follows: m; = 30.5“:2:6 Mo,
my = 30.03:2 Mg, and M. = 24.12:% M. The masses are once again
within the deviation interval. The overlap between the data and model,
which is 43.93% and 55.35%, is not the most optimal result. In many
cases, the residuals closely mirror the modelled data, particularly
during the ringdown phase. In other places, it is evident that the model
demonstrates clear deficiencies in that area. The amplitude of the
residuals is also within a wide interval. Despite all the aforementioned
points, the fitted data bear a resemblance to Figure 1 in (B. P. Abbott
et al. 2017a), which suggests that the error may not be as significant
as initially thought. Consequently, this analysis was also successful.

The GW170817 values are as follows: m; = 1.46f81% Mg, my =

1.27f8:83 Mg, and M. = 1.181“8:88% M. The values obtained were
found to be comparable to the official values. From a visual stand-
point, the model does not appear to be a good fit. The residuals bear
a resemblance to the data, and the overlap percentage indicates the
orthogonality of the vectors. The original paper (B. P. Abbott et al.
2017b) utilised a glitch model exclusively for the Livingston data, as
illustrated in Figure 2. This demonstrates that the analysis was con-
ducted with good intent but with incorrect assumptions. The validity
of the results of this analysis is due entirely to chance. Consequently,
the analysis was labelled invalid.

Finally, the GW231123 mass values are as follows: m; = 133:“%; Mo,

My = 110’:%; Mg, and M. = 1151“%}58 M. The values obtained are
comparable to the official values. The present analysis differed from
previous analyses in that it was divided into four modelling sessions.
It is evident that the residuals closely mirror the configuration of the
inspiral data when the merger is modelled, and vice versa. Unfortu-
nately, the amplitude of the residuals is also elevated at the focused
parts. The overlap of 15 — 18% is unsatisfactory, even within the con-
text of divided modelling. In comparison with the data presented
in the paper (Abac et al. 2025), the data were modelled in a single
step, and the model demonstrated a better visual fit. The accuracy of
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10. CONCLUSION

the results may be attributable to the substantial deviation interval
and the manual adjustment of the intervals. This analysis could be
considered partly successful, but there may be some inaccuracies.

To summarise, the research proved to be mostly successful, both
visually and parametrically. This method could therefore be optimal
for the straightforward acquisition of GW masses within different
research contexts, or for the rapid acquisition of information in ex-
tensive mass research, especially in the case of stellar-mass BBHM.
This opinion is based on the understanding that modelling could take
many days or weeks. This approach ensures the accuracy necessary
for reliable calculations.
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A Appendix

A.1 Detailed calculations from chapter '"Linear theory
in weak field approximation"'

This section was created to help understand the steps taken in deriving
Section 1 Linear Theory in Weak Field Approximation.

A.1.1 Equation of linearised gravity using trace-reversed tensor

(1.13)
PH 1 ov 1 ]
90y | | v — 5’7#1/4’ +9pdy (177 Puv — 5’7;41/4’ +
(A1)
1 v pp 1 ]
+9,0vp — U | P — S N0y (1" | Py — S )| —
167tG _
— 1wl = C—4Tw =
(A2)

1 1

1 1 167G
o1 = w00 + S0 — 109 = — =Ty =

167G
IpOudy + 3p0u 'y — Oy — 190! = A T

A.1.2 Derivatives used for coordinate change (1.16)

oxH
oxv’

dx* ot

oEH
9% 9x® 8y — (8 —0,¢") <~ &ty — 9,g"

= o) —algh = ol - aﬂ
(A.3)
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A.1.3 Trace reversed perturbation with gauge condition (1.18)
W ="l = 1" (hw — 3u8y — 3uG) = hy — 9, — 30" = h — 20,5",
(A4)
1
(P;//w = h;u/ - E’hﬂ/h/ =
1 X 1
hyy — 98y — dvGy — EWVV(}Z —204G"), Puv = v — Emwh =

‘P;w = ¢ — 9y — Gy + an)\(;d
(A.5)
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A.2 Detailed calculations from chapter '"Gravitational
waves emitted from a two-body system"

A.2.1 Calculation of the last non-linear term in the second-order
Ricci tensor (3.3)

0 A _
~T0 T, =

P (3uhrg + Oty — Ohyp) 177 (Buhpe + Ophye — ohyp)

Aty 4 Ophly — 0P1y0) 1 (duhp + Dphve — dohyp)
9yl + 37 Hly — 0°h) (oo + Dphve — Dlty)

(0uh”) (o) + (9uhP7) (Iphe) — (9,hF7) (e htup)

07 Hy) (Ovhp) + (07Miy) (Ophve) — (97H1,) (dohup)

— () (Auhpo) — (3717 (phve) + (3°H5) (Bchup) .

(A.6)

The second term cancels with the third term, and the fourth term
cancels with the seventh term due to the obvious symmetry of the
metric. Therefore

I, = %[(ath)(avhw) + (37HE) (Bphue) — (37HE) (Do)

=

~—~

»-NH .NH »N»—‘ »-NH

_|_

/—\,.\l—|/\

— () Bphtua) + (1) (Bhup) |- (A7)

The second and the fifth terms are identical due to the symmetry of
indices aahf, = aphg as well as dphye = dshyp. This also applies to the
third and fourth terms. Simplifying the terms gives
1 1 1
T Ty = — 1 (0) Bultpe) + 5 () @ph) — 5 (M) ().
(A.8)

Finally, rewriting the second and third terms on the right-hand side
using the rule for the derivative of the product of two functions as

1 1 1
E(a‘fhf,)(aphw) = Ea‘f(hgaph,,a) — Ehf,apa‘fhw, (A.9)

1 1 1
—E(a"h,’;)(aghw) = —Ea”(h,ﬁaghyp) + Ehf,a"a,,hw,, (A.10)

where in the first equation the last term vanishes due to the gauge
condition dp¢f” = 0
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A.2.2 Verification of tracelessness and transversality of ql%T = I%T

A general property of a projection operator is

P2 =PAPPP® = P!, (A.11)
b a
s [ X' x*xc
e (o) (- 5)
_ sbsa (be”xc (saxbxa xPx, x%x,
_ac_ar2_6r2+r2 r2
— % 2 2 A
b
—6)—23°—P, thatis, P2 =P.
r
Equivalently, P* = <5ab — nbna) (68 —n"n.) (A12)

= 0068 — 6Pnn, — 65nbn, + nPnann,
= (5Cb — nbnc — nbnC + nbnc = (5,}’ — nbnc = P.

With this, the verification of the tracelessness and transversality of
47 = QY can begin.

Transversality: x - QZ%T =0

xiQi%T = (xiPai)Qabej — %Paanb(xiPij ), checking in particular that:

i
' - xtx, xlx;
xiPal:xi<5;— ):xu—r—zxu:xa—xa:O,

n;P; = n; ((5; —n na> =n,—nn'ng=n,—n, =0,

y g ix] : A : :
Pl = (0 — 22 ) = — B — i 4 =,
1 1 1’2 rz
n; P = ni<(5if — ninj> = —nn'n/ =n —n =0. (A.13)
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Tracelessness: Q; =0

' ij ' 1 j .
Qi = 8ijQ7r = P QupPip — 3P QapP;, where:
i i xixa XiXp XaXp
PPy = (55— » ) <5ib— 2 ) =0 = — 5 = P,

PPy = (55 — nina) (0ip — ning) = Oap — Nanty = Py,

. i,
ipi=1 (51.— xx,) =13-1)=1, thatis:
1pi=1 (5?—nini) =13-1)=1,

QZ = PppQap — PapQap = 0. (A-14)

A.2.3 Calculation of 0t,et /0t

Firstly, the geometric relation
c(t — tret) = Ryet = |r(t) — ' (tret)| (A.15)

is differentiated over ¢t and then, independently, over ¢, assuming that
r is fixed. Differentiating both sides of the identity R%et = Riet - Rret
OVer fret, gives

aRret aR ret
2Riet=—— = 2Ryet - .
ret a tret ret a tret

(A.16)
Regarding the fixed r, then dRyet/dtret = (r — r") /Otret = —Or /Otyet =
— Uyet, then

aRret _ Rret . aRre’c
atret Rret atret

= — (n . u)ret ) (A17)

Differentiating in the geometric relation the same Ryt over t gives

aRret _ atret

ot ¢ Cat’

(A.18)
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while using the chain rule, the equation is

aRret _ aRret atret atret

TR T TR T (A.19)
Combining the previous two equations gives
8tret c [ 1 :|
= =|— . A.20
ot C_(n'u)ret L=B-n|. ( )

A.2.4 Generalised identities for the solutions of Equation (3.33)

For an odd number of n;, the integral vanishes because the integrand
is odd under parity. In contrast, for an even number of 7;, the tensor
11 Ny ... Ny is symmetric. Consequently, its angular integral average
can only depend on fully symmetrised products of Kronecker deltas.
After fixing the tensor structure, the overall coefficient can be deter-
mined by contracting all indices. This leads to the general result

dQ 1
/E nj, Nj, .. Nj,, = W (5i1 1'251'3 iy e 51‘2k71 ink + ) , (A21)

where !! is a "double factorial" defined as n(n — 2)(n — 4)... . In partic-
ular, one obtains

dQ) a, b __ 1 ab

ETI n = 37’] , (A22>

dQ) a, b, c d __ 1 ab_cd ac,,bd ad_ bc
/—4nnnnn —E(iy e +ntnt + 0"y ), (A.23)

which agrees with Eq. (3.33).
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A.3 The complete code for the numerical analysis

This code was used for every GW event noted in this thesis. As the
final boundaries with bandpass frequencies are written in the main
text, there is no need to show the code repeatedly. Please note that this
also applies to the code for H1 and L1 analysis. Despite the code being
separate for each of them, meaning two codes for every detection, the
only difference was the labelling. Still, the changes to the labels can
sometimes be confusing, so that part (with the changed labels) will
be shown.

A.3.1 The exemplary code for the H1 of GW150914.

1 # IMPORTS

> from pycbc.catalog import Merger

5 import pylab

4 import numpy as np

5 from pycbc.waveform import get_td_waveform

6 from scipy.optimize import differential_evolution

7 from matplotlib_inline.backend_inline import
set_matplotlib_formats

s from scipy.spatial.distance import cosine

9

0 set_matplotlib_formats ( s )
11

12

13 # EVENT

4 m = Merger ( )

15

6 data = {}

17 for ifo in [ s ]:

18 datal[ifo] = m.strain(ifo)

19

20 colors = { 3 , : }

21 # RAW DATA

» for ifo in data:

23 pylab.plot(datal[ifo].sample_times, datal[ifo], label=
ifo, color=colors[ifo])

5 pylab.ylabel( )

% pylab.xlabel ( )
27 pylab.legend ()

28 pylab.show ()
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# PSD (POWER SPECTRAL DENSITY)

for ifo in data:
psd = datalifo].psd(4)
pylab.loglog(psd.sample_frequencies, psd, color=
colors[ifo],label=ifo)

pylab.ylabel( )

7 pylab.xlabel( )

pylab.grid ()
pylab.x1im (10, 2048)
pylab.legend ()
pylab.show ()

# WHITEN DATA
whitened = {}

for ifo in data:
whitened[ifo] = datal[ifo].whiten(4, 4)
zoom = whitened[ifo].time_slice(m.time - 0.5, m.time
+ 0.5)
pylab.plot (zoom.sample_times, zoom, label=ifo, color=
colors[ifol)

pylab.ylabel( )
pylab.xlabel( )
pylab.legend ()

pylab.show ()

# WHITENED PSD
pylab.figure(figsize=[10, 5])

for ifo in whitened:
psd_whitened = whitened[ifo].psd(4)
pylab.loglog(psd_whitened.sample_frequencies,
psd_whitened,
label=ifo, color=colors[ifo], alpha=0.8)

pylab.ylabel( )
pylab.xlabel( )

 pylab.grid(True)

pylab.x1im (10, 2048)
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pylab.ylim(

0.1, 10)

pylab.legend ()

pylab.show(

# BANDPASS
for ifo in
bpsd
lowpass_
zoom

pylab.p

)

DATA

whitened:
whitened[ifo].highpass_f£fir (30,
fir (250, 512)
bpsd.time_slice(m.time - 0.5, m.time + 0.5)
lot(zoom.sample_times, zoom, label=ifo, color=

512) .

» pylab.

5 pylab.

7 pylab.
s pylab.

7 data_array

colors[ifo])

ylabel ( )
xlabel ( )

grid ()

legend ()

show ()

pylab.
pylab.

pylab.

# MERGER Z0OOM
pylab.figure(figsize=[15, 3])
for ifo in whitened:
bpsd whitened[ifo].highpass_fir (30,
lowpass_fir (250, 512)
bpsd.time_slice(m.time - 0.1, m.time + 0.1)
zoom, label=ifo, color=

512) .

zoom
pylab.plot (zoom.sample_times,
colors[ifo])

ylabel ( )
xlabel ( )

grid ()

legend ()

show ()

pylab.

pylab.
pylab.

# H1 DATA PREP

bps_hl = whitened[ ].highpass_£fir (30, 512) .lowpass_fir
(250, 512)
zoom_hl = bps_hl.time_slice(m.time - 0.1, m.time + 0.05)

zoom_h1l.numpy ()
data_array /= np.max(np.abs(data_array))
dt zoom_h1l.delta_t
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# MATCH
def mat
mi,

FUNCTION
ch_score(params):
m2, time_offset, scale = params

try:

) x

exc

# OPTIM
print(

bounds

hp, _ = get_td_waveform(
approximant= 5
massl=ml, mass2=m2,
delta_t=dt, f_lower=30

)

model_array = hp.numpy ()

data_peak_idx = np.argmax(np.abs(data_array))
model_peak_idx = np.argmax (np.abs(model_array))

t_gps_peak = zoom_hl.sample_times[data_peak_idx]

t_shifted_model = (

(np.arange(len(model_array)) - model_peak_idx
dt

+ t_gps_peak + time_offset

model_segment = np.interp(
zoom_h1l.sample_times,
t_shifted_model,
model_array,
left=0, right=0

) * scale

if np.max(np.abs(model_segment)) < le-5:
return lel2

return np.sum((data_array - model_segment) *x*2)
ept:

return lel2

ISATION

- I
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(35.3, 35.7), #massl range
(30.1, 30.5), #mass2 range
(0.0024, 0.0028), #time offset range
(0.95, 0.98) #scale range
]
result = differential_evolution (
match_score,
bounds,
strategy= s
popsize=100,
tol=1e-15
)
best_ml, best_m2, best_time, best_scale = result.x
print (£
)

ml f, m2_f = (best_ml, best_m2) if best_ml >= best_m2

else (best_m2, best_mil)

s # FINAL MODEL

hp_final, _ = get_td_waveform(
approximant= 5
massl=ml_f£f,
mass2=m2_f,
delta_t=dt,
f lower=30

data_times_np = zoom_hl.sample_times.numpy ()

5 model_raw_np = hp_final.numpy()

data_peak_idx = np.argmax(np.abs(data_array))
model_peak_idx = np.argmax(np.abs(model_raw_np))

t_gps_peak = data_times_np[data_peak_idx]

t_shifted_model = (
(np.arange(len(model_raw_np))
+ t_gps_peak + best_time

- model_peak_idx) * dt
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model_plot = np.interp(
data_times_np,
t_shifted_model,
model_raw_np,
left=0, right=0

model_plot = (model_plot / np.max(np.abs(model_raw_np)))
* best_scale

data_to_plot = data_array / np.max(np.abs(data_array))

residuum = data_to_plot - model_plot

# PLOTING DATA + MODEL + RESIDUAL
fig, (axl, ax2) = pylab.subplots(2, 1, figsize=[15, 8],
sharex=True)
if np.max(np.abs(model_plot)) < 0.01:
print( )
print (£
print (£

print( )

axl.plot(data_times_np, data_to_plot, label=

, color= , alpha=0.5, lw=1.5)
axl.plot(data_times_np, model_plot, label=f
, color=
, linestyle= , 1lw=2, zorder=5)
axl.set_ylabel( )
axl.set_ylim(-1.2, 1.2)
axl.legend(loc= )

3 axl.grid(True)

ax2.plot(data_times_np, residuum, label=

, color= , lw=1)
ax2.axhline (0, color= , lw=1)
7 ax2.set_ylabel ( )
s ax2.set_xlabel( )

ax2.set_ylim(-1.2, 1.2)
ax2.legend (loc= )
ax2.grid(True)
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pylab.tight_layout ()
pylab.show ()

#0VERLAP CALCULATION

s overlap = np.dot(data_to_plot, model_plot) / (np.linalg.

norm(data_to_plot) * np.linalg.norm(model_plot))
overlap_percentage = overlap * 100

print (f )

# CHIRP MASS CALCULATION
def calculate_chirp_mass(ml, m2):

numerator = (ml * m2)**x(3/5)
denominator = (ml1l + m2)**x(1/5)
return numerator / denominator

chirp_mass = calculate_chirp_mass(ml_f, m2_f)
print (£ )

Listing A.1: The complete code for H1 data analysis

A.3.2 The snippet for L1 of GW150914

This snippet is meant to replace the code from # H1 DATA PREP to #
OVERLAP CALCULATION.

# L1 DATA PREP

bps_11 = whitened[ ].highpass_fir (30, 512).lowpass_fir
(250, 512)

zoom_11 = bps_1l1.time_slice(m.time - 0.1, m.time + 0.05)

data_array = zoom_11.numpy ()
data_array /= np.max(np.abs(data_array))
dt = zoom_1l1.delta_t

# MATCH FUNCTION
def match_score(params):

ml, m2, time_offset, scale = params
try:
hp, _ = get_td_waveform(
approximant= 5

massl=ml, mass2=m2,
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17 delta_t=dt, f_lower=30

18 )

19 model_array = hp.numpy ()

20

21 data_peak_idx = np.argmax(np.abs(data_array))

2 model_peak_idx = np.argmax (np.abs(model_array))

2 t_gps_peak = zoom_11.sample_times[data_peak_idx]

25

26 t_shifted_model = (

27 (np.arange(len(model_array)) - model_peak_idx
) *x dt

28 + t_gps_peak + time_offset

» )

30

31 model_segment = np.interp(

32 zoom_11.sample_times,

33 t_shifted_model,

34 model_array,

35 left=0, right=0
36 ) * scale

38 if np.max(np.abs(model_segment)) < le-5:

39 return lel2

40

4 return np.sum((data_array - model_segment) *x*2)
2

43 except:

4 return lel2

46

o7 # OPTIMISATION

s print ( )
19

50 bounds = [

51 (35.2, 35.5), #massl range

52 (29.9, 30.3), #mass2 range

53 (0.0025, 0.003), #time offset range
54 (-0.88, -0.83) #scale range

55 ]

56

57 result = differential_evolution(

58 match_score,

59 bounds,

60 strategy= 5
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popsize=100,

tol=1e-15
)
best_ml, best_m2, best_time, best_scale = result.x
print (£

ml _ f, m2_f = (best_ml, best_m2) if best_ml >= best_m2
else (best_m2, best_mil)

# FINAL MODEL

hp_final, _ = get_td_waveform/(
approximant= 5
massl=ml_f,
mass2=m2_f,
delta_t=dt,
f_lower=30

data_times_np = zoom_11.sample_times.numpy()
model _raw_np = hp_final.numpy ()

data_peak_idx = np.argmax(np.abs(data_array))
model_peak_idx = np.argmax(np.abs(model_raw_np))

7 t_gps_peak = data_times_npl[data_peak_idx]

t_shifted_model = (
(np.arange(len(model_raw_np)) - model_peak_idx) * dt
+ t_gps_peak + best_time

model_plot = np.interp(
data_times_np,
t_shifted_model,
model_raw_np,
left=0, right=0

model_plot = (model_plot / np.max(np.abs(model_raw_np)))
* best_scale
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12 data_to_plot = data_array / np.max(np.abs(data_array))
103 residuum = data_to_plot - model_plot

06 # PLOTING DATA + MODEL + RESIDUAL
07 fig, (axl, ax2) = pylab.subplots(2, 1, figsize=[15, 8],
sharex=True)

w9 if np.max(np.abs(model_plot)) < 0.01:

110 print ( )
111 print (£
)
112 print (£
)
113 print ( )

115 axl.plot (data_times_np, data_to_plot, label=

, color= , alpha=0.5, lw=1.5)
116 axl.plot(data_times_np, model_plot, label=f
, color=
, linestyle= , 1lw=2, zorder=5)
17 axl.set_ylabel( )
s axl.set_ylim(-1.2, 1.2)
119 axl.legend(loc= )

120 axl.grid(True)

122 ax2.plot(data_times_np, residuum, label=
, color= , lw=1)

23 ax2.axhline (0, color= , lw=1)

24 ax2.set_ylabel( )

125 ax2.set_xlabel( )

26 ax2.set_ylim(-1.2, 1.2)

127 ax2.legend (loc= )

28 ax2.grid (True)

130 pylab.tight_layout ()
131 pylab.show ()

Listing A.2: The snippet of code used for L1 detector
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