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ABSTRACT

The existence of gravitational waves (GWs), small perturbations in spacetime pro­

duced by accelerating massive objects was first predicted in 1916 as solutions of Einstein’s 

Theory of General Relativity (Einstein, 1916). Detecting and analyzing GWs produced by 

sources allows us to probe astrophysical phenomena.

The era of GW astronomy began from the first direct detection of the coalescence 

of a binary black hole in 2015 by the collaboration of the advanced Laser Interferometer 

Gravitational-wave Observatory (LIGO) (Aasi et al., 2015) and advanced Virgo (Abbott 

et al., 2016a). Since 2015, LIGO-Virgo detected about 50 confident transient events of GW 

signals (Abbott et al., 2019d, 2021b).

To detect GW signals, the detectors must be extremely sensitive, causing them to 

be susceptible to instrumental and environmental noise. Particularly, excess transient noise 

artifacts, or glitches significantly impair the quality of detector data. Identification of the 

source of these glitches is a crucial point for the improvement of GW signal detectability and 

a better estimate of source parameters. However, glitches are the product of short-lived linear 

and non-linear couplings among the interrelated detector-control systems that include optic 

alignment systems and mitigation systems of ground motions, generally making it difficult 

to find their origin. We present a new software called PyChChoo (Mogushi, 2021a) which 

uses time series recorded in the instrumental control systems and environmental sensors 

around times when glitches are present in the detector’s output read-out to reveal essential 

clues about their origin. Using these time series, we subtract glitches using a machine 

learning algorithm. We find that our method reduces 20-70% of excess power due to the 

presence of glitches. For low-latency operations, we present another machine-learning 

based algorithm called NNETFIX (Mogushi et al., 2021) to estimate the data containing a 

GW signal that is partially removed due to the presence of an overlapping glitch.
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Symbol Description

ANN Artificial Neural Network: a type of machine-learning algorithms that 
uses interconnected artificial neurons (mathematical functions) to pro­
cess user-provided data. For example, ANNs are used for classifying 
vehicle images and estimating the trend of the stock market in near 
future.

ASD Amplitude Spectrum Density: the square root of PSD .

Auxiliary
channels

On-site auxiliary sensors or control systems that monitor instrumental 
and environmental disturbances in GW detectors. Auxiliary channels 
can be potential witnesses for glitches present in the detector’s output 
readout.

BBH Binary Black Hole: a binary system of two black holes.

BNS Binary Neutron Star: a binary system of two neutron stars.

CBC Compact Binary Coalescence: for example, a binary system of two black 
holes, two neutron stars, or a neutron star and a black hole.

CCSN Core-Collapse Supernovae.

CLE Contour Level Enhancement: the ratio of the one minus the contour level 
in the sky map obtained from the NNETFIX reconstructed data to one 
minus the contour level of the sky map obtained from the gated data.

CNN Convolutional neural network: a type of MLP consisting of a series of 
layers, where small groups of neurons in each layer are convoluted with 
window functions to learn local features in the input data. For example, 
CNNs are generally used for image processing.

Contour level The sum of probability densities of pixels with their values greater than 
the value of the pixel containing the sky location of the injected signal. 
Smaller values of the contour level imply that the estimates of the source 
sky location are more accurate.

CQT Constant Q-transform: a type of wavelet-transformation that uses logarithm­
spacing frequency bins. Values of Q are defined as the ratio of the 
characteristic frequency to the variance in frequency. Wavelet bases are 
generally sinusoidal or Gaussian-modulated sinusoid functions.
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cWB

EM

ETG

FAR

FFT

FGT

FMG

FNR

Gate

GL

Glitch

GRB

GWs

H1

Coherent WaveBurst: an unmodeled GW search algorithm used in 
LIGO and Virgo. cWB identifies candidate GW events by calculating 
coherent excess power in the time-frequency representations via wavelet- 
basis between multiple GW detectors maximized over all potential sky 
locations.

Electromagnetic.

Event Trigger Generator: ETGs identify excess-power events by gener­
ally characterizing these events with a characteristic time, frequency, and 
measure of loudness compared to the corresponding loudness measure 
of stationary Gaussian noise.

False Alarm Rate: FAR is the rate of terrestrial-noise events with their 
significance equal to or higher than the significance of an astrophysical 
candidate event.

Fast Fourier transform: a type of discrete Fourier transform.

Fast Griffin-Lim: modified Griffin-Lin transform to converge faster.

Fractional match gain: the ratio of the match gained due to the NNET- 
FIX reconstruction over the match lost due to a gate used to remove the 
presence of a glitch overlapping a detected CBC signal.

Fraction of SNR reduction after subtracting glitches. In the context of 
this dissertation, an extracted glitch waveform and the data before or 
after glitch subtraction are used for calculating SNRs.

Techniques to remove the data affected by a glitch. One of the gating 
techniques is to set the data affected by a glitch to be zero and smoothly 
connect the gated portion to the surrounding parts using a window func­
tion.

Griffin-Lim: the GL transform creates time series from mSTFT by 
estimating the phase

A transient noise artifact observed in ground-based gravitational-wave 
detectors.

Gamma-ray burst: GRBs are extremely energetic astrophysical explo­
sions.

Gravitational waves: ripples of curved spacetime generated by acceler­
ated massive objects.

One of LIGO observatory sites located in Hanford, Washington in the 
United States.



xx

hVETO hierarchical Veto: hVETO is an algorithm similar to UPV but finds 
witness channels hierarchically to minimize the vetoed time as much as 
possible.

iFAR Inverse false alarm rate

IMBBH Intermediate Binary Black Hole: black holes between stellar black holes 
and supermassive black holes which are believed to be at the center of 
general galaxies.

KS Kolmogorov-Smirnov: one-simple KS test is typically used to compare 
the similarity between an empirical set and an expected distribution 
while a two-sample KS test is used to compare the similarity between 
two empirical sets.

L1 One of LIGO observatory sites located in Livingston, Louisiana in the 
United States.

LHS Left-Hand Side.

LIGO Laser Interferometer Gravitational-wave Observatory: two ground-based 
GW interferometers with two 4-kilometer arms located in the United 
States.

LSC LIGO Scientific Collaboration.

Match The noise-weighted inner product of two time series, normalized to 1 
for a perfect match.

MLP Multi-Layered Perceptron: a type of ANN consisting of layers of artifi­
cial neurons, where information from neurons is fed into the preceding 
layers.

MSE Mean Square Error: MSE is the average of the squared difference of the 
estimated and the true data.

mSTFT magnitude of STFT

NNETFIX A Neural NETwork to ‘FIX’ GW signal coincident with short-duration 
glitches in detector data: a machine learning-based software package to 
interpolate the data.

NSBH A binary system of a Neutron Star and a Black Hole.

O1 The first LIGO-Virgo observation run from September 12, 2015 to 
January 19, 2016.

O2 The second LIGO-Virgo observation run from November 30, 2016, to 
August 25, 2017.
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O3a The first half of the third LIGO-Virgo observation run from Apr 1, 2019 
to September 30, 2019.

Omicron The primary ETG used in LIGO and Virgo, intended to identify glitches 
using a generic sine-Gaussian time-frequency projection.

PCA Principle Component Analysis.

PSD Power Spectrum Density: PSD describes the distribution of power of 
the data into frequency bins.

PyChChoo Python-based glitch Characterization tool: PyChChoo statistically iden­
tifies the auxiliary witness channels for glitches detected in the detector’s 
output readout.

RHS Right-Hand Side.

RS Ranking Statistic: RS is the significance of candidate GW events.

sGRB Short gamma-ray burst or short GRB: sGRBs are produced by BNS or 
NSBH mergers.

Sky localization 
error region

Posterior distribution of the source location in the sky given data. Num­
erically, the sky localization error region is provided as probabilities over 
pixelized solid angles in the sky (so-called sky map).

SNR Signal-to-Noise-Ratio: SNR for a particular frequency range is the ratio 
of the amplitude associated with a known waveform or an identified 
waveform to the averaged amplitude over the analyzed time period.

SSR Sum of Squares of Residuals: SSR is the sum of squares of the difference 
between the predicted and the true data over the data set.

STFT discrete Short-Time Fourier transform: STFT is obtained by calculating 
discrete Fourier transforms in divided data portions.

SUT Stationarity Upper Threshold: SUT represents the averaged upper thresh­
old of noise fluctuations in an auxiliary channel with a given duration 
in a given frequency range during time periods when no glitches are 
present in the detector’s output readout.

TFR Time-Frequency Representation: a view of time series represented over 
both time and frequency.

TSS Total Sum of Squares: TSS is the sum of squares of the difference 
between the true data and the mean of the true data over the data set.
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Use-Percentage Veto: UPV is an algorithm that finds the statistical 
correlation using the percentage of the number of transients in each 
auxiliary channel in coincidence with glitches in the detector’s output 
readout, relative to the total number of transients to determine vetoed 
periods in LIGO and Virgo.

A ground-based GW interferometer with two 3-kilometer arms in Italy.



1. INTRODUCTION

This chapter presents a brief introduction of Einstein’s special relativity (Einstein, 

1905), general relativity (Einstein, 1915), the derivation of the field equations in the weak 

gravitational field regime, polarizations, and the quadrupole moment approximation based 

on Carroll (2003); Poisson and Will (2014); Saulson (1994). Also, the four primary classes 

of gravitational wave (GW) sources will be described.

1.1. GRAVITATIONAL WAVES

In 1905, Einstein formulated special relativity (Einstein, 1905) where space and 

time are interchangeable. The interval of two events described by a union of space and 

time, or spacetime is invariant under coordinate transformations. In the spacetime, an event 

is labeled with the spatial coordinates (x, y, z) and the time t . Using a unified coordinate 

xp = (ct, x, y, z) where c is the speed of light and the index p  runs over values {0,1,2,3} 

such that x0 = c t, x 1 = x, x2 = y, and x3 = z, the spacetime interval ds2 is defined as

ds2 = npv dxp dxv , (1.1)

where dxp are the coordinate displacements, and npv = d ia g (-1,1,1,1) is the metric tensor 

of the flat spacetime, or the Minkowski tensor. For more details, Appendix A shows the 

conventions used in Equation (1.1). More specifically, the spacetime interval defined above 

is invariant under Lorentz transformations as shown in Appendix A. Special relativity states 

that all the laws of classical physics must be invariant in inertial systems.
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To include gravity into the relativistic laws of physics, Einstein generalized special 

relativity by introducing the notion of the curved spacetime in 1915 (Einstein, 1915). Using 

a generalized metric g ,v for the curved spacetime instead of n ,v, the spacetime interval

ds2 = g ,v dx ̂  dxv (1.2)

is invariant under general invertible coordinate transformations.

In the famous words from John A. Wheeler, the field equations tell “Spacetime tells 

matter how to move; matter tells spacetime how to curve” (Misner et al., 1973). The field 

equations are written as

R,v 2 g^v R
8 nG.

-T,
c4 (1.3)

where G is the gravitational constant, T ,v is the energy-momentum tensor, R ,v is the Ricci

tensor:

R,v =R a
,av ’ (1.4)

where R ,a,p is the Riemann curvature tensor:

R pYs d r auy1 ps -  ds r ap7 + r a, r  r  ̂ — v a r ^,s 1 py ’ (1.5)

where r ^  are the Christoffel symbols:

r ,ap = 2 g ,v (dagvp + dpgva -  dvgap) . (1.6)

The Ricci scalar in Equation (1.3) is obtained by contracting the indices of the Ricci tensor 

as

R = gapRap . (1.7)
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Because the Ricci tensor and Ricci scalar are defined with derivatives of the metric up to 

second order, Equation (1.3) describes a set of second-order, partial differential equations. 

Importantly, Einstein’s field equations are defined in covariant form, i.e., the form of 

equations is invariant under general invertible transformations.

One year later, in 1915, Einstein published an article on the linearized approximate 

solution of Einstein’s field equations that suggested the existence of ‘ripples’ of the spacetime 

known as gravitational waves (Einstein, 1916).

1.1.1. Einstein’s Equations in Weak Gravitational Field. In the linearized ap­

proximation, we consider a spacetime far enough from GW sources such that the metric guv 

is ‘nearly’ flat. Comparing Equations (1.1) and (1.2), the metric of the curved spacetime is 

given as a small perturbation added to the metric of the flat spacetime:

guv = Vuv + v  with |h,jy| <  1. (1.8)

If we want to choose coordinates that satisfy several restrictions including (1) the metric in 

the transformed coordinates is also the sum of the metric of the flat spacetime plus a small 

perturbation; (2) the coordinate transformations include the Lorentz transformations; and 

(3) the coordinate transformations are limited to small changes with the order of | huv |, the 

coordinate transformations are formulated as

x'a = xa + ) with | | << 1, (1.9)

where Za is a vector field. To the first order in Za, the metric in the new coordinates is given 

as

g'a/3 = hap + hap -  d a V p ^  -  dpIJavC . (1.10)

For the first requirement to be satisfied, the perturbation must be

hap = hap -  daCp -  dp£a, (1.11)
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where Za := na^Z^. Because the Minkowski tensor is the same before and after the Lorentz 

transformations, h^v is a tensor under any of the Lorentz transformations. This equation is 

referred to as a gauge transformation, meaning that any small coordinate transformations 

| Za | «  1 can be chosen to get Equation (1.8) while preserving the law of physics unchanged.

Let us rewrite the Einstein field equations in terms of the linearized metric. To first 

order in h^v, the Ricci tensor becomes

R^v = - ^  (nh^v + djjdvh -  d^d7hyv -  dvd7h7fl) (1.12)

and the Ricci scalar becomes

R = -a h  + d^dv h (1.13)

where h = n^vh^v, and □ := n^vd^dv is the d’Alembert operator or the wave operator in the 

flat spacetime. Substituting Equations (1.12) and (1.13) into Equation (1.3), the Einstein 

field equations become

- 1  (ah^v + dh -  d^d7h7v -  dvd7h7M) + 2 n^v (a h  -  d7d5hyS) = ^ T ^ . (1.14)

These linearized equations can be further simplified by defining a new variable called 

“trace-reversed” perturbation:

h l̂ v := h^v 2 n^vh . (1.15)

Using Equation (1.15), Equation (1.14) becomes

1
2

□h^v -  d^d7h7v -  dvd7hy^ + n^vd7d5hyS
8 nG
~Cr

Tvv ■ (1.16)

The small perturbation h ^  in the weak gravitational field should obey these field equations.
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The above equations can be even further simplified by using the new coordinate 

freedom in Equation (1.9) and imposing the Lorenz gauge condition:

d v h ̂  = 0 . (1.17)

This gauge condition is always achievable because one can find a coordinate transformation 

such that the perturbation in the new coordinates satisfies the Lorenz gauge condition when 

the perturbation in the old coordinates does not satisfy this gauge condition. Assuming 

that the metric perturbation does not satisfy the Lorenz gauge condition, one can find the 

perturbation in the new coordinates as

h = hyuv -  d^Zv -  dvZ^ + n^vdyZ7 , (1.18)

where we have substituted Equation (1.15) into Equation (1.11). The metric perturbation 

in the new coordinates satisfies the Lorenz gauge condition if

0 = d vhuv = dvhuv -  □Zu, (1.19)

i.e.,

□Zu = d v huv. (1.20)

Equation (1.20) can be solved if huv is differentiable, i.e., dvhuv = f u(xY), the solutions are

Zu = f d4 yG( x Y -  ) f ( x 7) ’
(1.21)

where G(x) is the Green’s function for the d’Alembert operator.

Because of the Lorenz gauge condition, the last three terms in Equation (1.16) 

vanish, and finally, we get

□huv
16nG

— v . (1.22)
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Equation (1.22) implies that the perturbation generated by the energy-momentum tensor 

propagates through the flat spacetime at the speed of light. Besides, substituting Equation 

(1.22) into Equation (1.17) leads to the energy and momentum conservation d vTrv = 0, i.e., 

the matter fields and non-gravitational radiation that produce Trv can exchange energy and 

momentum with themselves but not with the gravitational field. Physically, the dynamics 

of matter fields are dominated by non-gravitational fields rather than gravitational fields.

1.1.1.1. Propagation of gravitational waves in vacuum. Equation (1.22) shows 

how GWs are generated from the fields expressed by the energy-momentum tensor. Here, 

we focus on the properties of their propagation by studying the vacuum solutions of the 

linearized Einstein’s field equations. In this case,

□ V  = 0 . (1.23)

To solve Equation (1.23) for hrv, we impose the additional constraints, □Z^ = 0, on the 

coordinate transformations in addition to the Lorenz gauge condition Equation (1.17). It 

follows that hrv is purely spatial, traceless, and transverse:

V  = 0, h i = 0 , d h ij = 0 , (1.24)

where the Roman indices run over the spatial components and the last two equations are due 

to the Lorenz gauge condition. The above condition is called transverse-traceless gauge, or 

TT gauge. Because the perturbation is now traceless, there is no difference between hirv and 

hrv. Importantly, the degrees of freedom in hrv are reduced to two from ten by imposing 

the above gauge condition.

Next, we present the matrix form of the surviving degrees of freedom. To do so, we 

assume the form of the solution in Equation (1.23) to be

hTT
r v

A J k<T  x <r (1.25)
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where k"  = (u, k) is a wave vector and Arv is a symmetric tensor called polarization tensor. 

u  is the angular frequency of the GW with the dispersion relation of u /c  = | k |. For a plane 

wave propagating in the direction parallel to the wave-vector n = k / 1k|, the Lorenz-gauge 

condition implies Arvkv = 0, i.e., that the non-zero components of the GW are transverse 

to n. In the special case where the GW is propagating in the z-direction, the wave solution 

takes the form:
0 0 0 0

hTT 0 A n A12 0
0 A12 —A n 0

gi(kz-ut) (1.26)

\0  0 0 0 /

We will show that A11 and A12 are the amplitudes of the ‘plus’ and ‘cross’ polarizations of 

the wave in TT gauge, respectively.

1.1.1.2. Slow-motion sources in linearized approximation. We now probe the 

wave solution in a region that includes the matter fields. In this context, we will compute 

the leading order contribution to the spatial components of the metric perturbation from a 

source whose internal matter moves slowly compared to the speed of light. In the following 

calculations, we use the Lorenz gauge and the energy-momentum conservation dvTrv = 0. 

Using the Green function of the d ’Alembert operator that describes the field at (ct, k) due 

to the source element at (ct', k'), the solution of Equation (1.22) takes the form:

hrv (x ") =
16nG

' c4 J  d4x'G(x", x '")Trv(x 'a ), (1.27)

where the Green function satisfies

□xG( x", x '" ) = <5(4)( x"  — x '" ), (1.28)

and ^ x is the d’Alembert operator applied to the field at the point (ct, k). The solution for

this equation is the retarded Green function:
1

G( x ", x '" ) =
4n | .k — k'|

d t'
I k — k'|

(1.29)t



8

Equation (1.27) becomes

V v
4 g  r

J d 3 x'
1

| X -  X'\ Tyv 1t
| x -  X'\ x ' (1.30)

We evaluate the perturbation hyv at a distance far away from the source assuming that the 

radius d of the source is much smaller than the distance r  := | X], i.e., d «  r  . I n  this case, 

we consider only the leading term in the expansion in 1 / r

|X' -  X'\ = r -  n • X' + 0 (1 /r), (1.31)

where n = X/\X|. Assuming that the motion of the source is slow compared to the speed 

of light, we can replace \ X -  X'\ with r  in the energy-momentum tensor. Equation (1.30) 

becomes

hyv = rc4 J  d3x'T^v(t -  r/c, .X'). (1.32)

In the linearized theory, we keep only the leading order of \ hyv \ so that the rais- 

ing/lowering operator acting on Tyv can be approximated with the Minkowski metric, leading 

to t  yv = nypnV(TTp(r.

The radiative degrees of freedom are fully contained in the spatial part of the 

perturbation, projected onto the transverse-traceless part. Therefore, we only focus on the 

spatial part Tlj in the following calculation. Taking a partial derivative of 3vTlv = 0 with 

respect to x0 and combining it with dvT0v = 0, we get

dod)T°° = dkd(Tk l. (1.33)

Multiplying both sides by xlxj , the energy-momentum tensor becomes

Tij = 2 [d0d0(T00xlxj ) -  dkdi(Tklx ixj ) + 2dk(Tikxj + Tkjxl)] . (1.34)
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The right-hand side (RHS) of Equation (1.32) becomes

4 nG
rc4 /

d 3 x'T ij
2nG
rc 4

2nG
rc 4 

2nG 
rc 4

y* d3x' [d0d0(T00x 'ix'j ) -  dkd'^(Tklx'ix'j )

+ 2 dk(Tikx'j + Tkjx 'i)] 

y  d3x '3 ,̂ 3,̂ (T00x'ix'j )

d0d0 f  d3 x 'T00x 'ix'j u . (1.35)

In the derivation of Equation (1.35), we have used the Gauss theorem to re-express the 

volume integral as the surface integral. Because the source is bounded within the radius d, 

the surface integrals become zero. Also, we take the time derivatives out of the integral and 

convert 3^ to d0 since t' = t -  r /c.

Using the notation T00 = pc2, where p  is the mass density, Equation (1.32) becomes

2G 32  r
hij = —r — 2 d3x 'p(t -  r /c , x')x 'lx'j

rc4 dt2 J
2G 32

= rc4 at? l ij(t -  r / c ) , (136)

where lij is the moment of inertia of the source defined as

lij = y  d3x'p(t, x')x 'ix'j . (1.37)

Because the non-vanishing components of GWs are contained in the traceless part, we take 

the traceless part of the inertia tensor or the quadrupole moment tensor

Qij := l j  -  3 d p i , (1.38)

where l  := l ii is the trace of the moment of inertia. Thus, the perturbation becomes
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2G
hij = rc4 d ?  Qij (t -  r/c)  • (139)

This equation suggests that GWs are generated by any accelerated time-varying quadrupole 

moment at the leading order O( l / r ) in the linearized theory.

1.1.2. Extraction of the Transverse-Traceless Part. Because of the gauge free­

dom, the perturbation hij can be further simplified by extracting only the gauge-invariant 

components of h j . To get the gauge-invariant components, we formulate the transverse- 

traceless extraction approach for a generic tensor. By defining a TT projector Aij. kl for a 

generic tensor Bkl such as to be B j  = A.. klBkl, the TT projector is constructed asij ij

A kl D k D l _D ..Dk
A ij • = Pi Pj 2 PijP (1.40)

where P  k is the transverse projector:

P: k k  Oi nin (1.41)

where ni = x i/r  is the unit vector. By setting the unit vector to be along the direction 

of the GW propagation, we get the transverse-traceless part of the metric perturbation as 

= A.. klhkl. Note that vectors with identical upper and lower indices are the same inij ij

the linearized theory, i.e., ni = ni because the raising/lowering operator is the Minkowski 

metric, but we keep the notation for readability.

If the GW propagates along the z direction, i.e., n = z, the transverse projector 

P jk is a diagonal matrix, diag( 1,1,0). Then, the projected tensor will be in the x-y plane 

transverse to the z direction. Under this assumption, the transverse-traceless part of Qij , 

where the double dot denotes the second derivative with respect to t , is

Aij klQkl = (Pi kP jl -  2 P ijP kl)Qkl = (PQP)ij - 1  PijTr(PQ), (1.42)
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and its matrix representation is

a ,7 k' e  u  =
f(Q 11 -  Q22)/2 Q12 0\

Q 21 - ( Q11 -  Q22)/2 0 )
1 0 0 0 1 ..' ij

(1.43)

Because of the definition of the moment of inertia in Equation (1.37), Qij is symmetric, 

i.e., Q12 = Q21. Applying the transverse-traceless projector to the left-hand side (LHS) 

of Equation (1.39) and comparing the components to the one in the RHS, we get the two 

degrees of freedom:

G
h+ = —4( Q 11 -  Q22) , rc 4
, 2G ..
hx = —4 Q12 .rc

(1.44a)

(1.44b)

The h+ and hx are amplitudes of polarizations perpendicular to the direction of propagation.

For a generic direction of propagation, we can use Equation (1.40) by choosing the 

unit vector n to be in a generic direction. In the spherical coordinates, where a direction is 

given by the polar angle 0 and the azimuthal angle p, the unit vector n is defined as

n : = [sin 0 cos p, sin 0 sin p, cos 0], (1.45)

and the two orthogonal unit vectors are defined as

$  : = [cos 0 cos p, cos 0 sin p, -  sin 0], (1.46a)

p : = [ -  sin p, cos p, 0], (1.46b)

where the vector $  points in the direction of increasing colatitude and p points in the 

direction of increasing longitude. Using these basis vectors, the transverse projector P jk is

written as

Pj k = $j $ k + pj p k . (1.47)
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The above equation is invariant under the rotation of the transverse vectors $  and p around 

the radial-directional unit vector n so that P .k is uniquely defined. Substituting Equation 

(1.47) into Equation (1.40), the TT projector A .. kl can be constructed for arbitrary directions 

of the GW propagation. Applying this TT projector to both sides of Equation (1.39), the 

TT part of the metric perturbation is obtained as

rTTT. 2G
hj ( t ,0 ,A  = ^  A .

klQkl(t -  r /c ) . (1.48)

Once the second time derivative of the quadrupole moment evaluated at the retarded time 

t -  r /c  is computed in the RHS, we obtain the GW with two polarizations perpendicular to 

the direction denoted with 0 and <p in the spherical coordinates.

1.1.3. The Effect of Waves on Masses. We have presented that GWs are generated 

accelerated by a time-varying quadrupole moment. Here we look at the effect of GWs on 

masses, which is relevant to the measurement of GWs. We first consider a single isolated 

particle which is freely moving in the spacetime without the effect of any non-gravitational 

field. Because there is always a locally inertial Lorentz-invariant frame, the path of such 

a particle is locally straight everywhere. In other words, the path xv(t ) of the particle, 

parameterized by the time t  measured by a clock moving along the path has its four-velocity 

dxv/d t  that stays constant both in direction and magnitude. The equation the path obeys is 

called the geodesic equation, which is formulated as

d2 xv „ dxa dx@
------ + r v ------------
dt2 aP dt  dt

(1.49)

where r ^  are the Christoffel symbols defined in Equation (1.6). In the linearized theory, 

the coordinate time t for a particle at rest is approximately equal to t  because | h | «  1. The 

four-velocity is dxv/d t  = (c, 0,0,0). Using Equation (1.8), the geodesic equation becomes

d t2
c2(dohv0 -  2 hoo). (1.50)
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Because of the TT-gauge condition in Equation (1.24), we get

dt2
= 0 . (1.51)

Equation (1.51) is still valid for a particle slowly moving compared to the speed of light 

at leading order Q(k^v). We conclude that the effect of GWs on a static or slowly moving 

isolated particle is the same in the condition without GWs. Equation (1.51) is also valid for 

another particle parameterized by the time measured by a clock moving along the path.

To see the non-vanishing effect of GWs on particles, we must consider the separation 

^ ( r )  of a pair of particles, parameterized by the time of the first particle, where the first 

particle is at x^(r) and the second particle is at x^(r) + ^ ( r )  with |^ ( r ) |  small compared 

to the GW’s wavelength. The separation ^ ( r )  follows the equation of geodesic deviation 

at leading order, formulated as

d2 ̂  dx^ dx^
d t2 Py5 dt dt ’

(1.52)

where R^/3y5 is the Riemann tensor defined in Equation (1.5). The non-vanishing Riemann 

tensor can be shown to be R^0̂ 0 = -d 0d0k^y/2. Equation (1.52) becomes

d 2 ̂  
dt2

1 d2
V * k TT . 
r  d t2 TT Y

(1.53)

Because the gauge-invariant part of the metric perturbation is fully contained in the TT part

k/J1, the solution of the above equation at leading order isiJ

z J (t) = zJ (0) + 1  k/T & (0), (1.54)

where £j (0) is the initial separation at t = 0.
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Figure 1.1. The effect of the two polarizations of a GW on a set of test masses arranged as 
a ring shape in a plane perpendicular to the direction of the GW propagation.

Equation (1.54) can be further simplified. Choosing the TT-gauge and assuming 

that the GW propagates in the z direction, only non-vanishing components of are in the 

x 1 and x 2 directions. By renaming A n = h+ and A12 = hx in Equation (6), (t) can be 

written as £j (t) = (0) + £+ (t) + £X (t), where

£+ (t) := 2 h+ ei(kz-M).f 1(0 ), £+(t) := - 2 h+ ei(kz-“ t)f 2(0 ), (1.55a)

£X (t) := 2 hxei(kz-“ t)f 2(0 ), £ ( t ) := 1  hxci(tz-“ t)f 1 (0). (1.55b)

where k is the z-component of the wave vector and m is the angular frequency of the wave. 

Thus, the length of the separation of a pair of particles expands and squeezes periodically 

over time due to two polarizations of GWs as shown in Figure 1.1.

1.1.4. Gravitational-Wave Sources. In the previous section, we have seen that the 

amplitude of a GW is proportional to the second time-derivative of the quadrupole moment 

in Equation (1.39). Physically, this implies that any accelerating bodies can generate a GW.
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As a simple toy model following Saulson (1994), we consider a dumbbell which has two 

masses with each mass of M connected by a massless rod with a length of 2lo orbiting with a 

frequency of f o in the x-y plane. After calculating the quadrupole moment of the dumbbell 

and substituting it into Equation (1.44a), the cross and plus polarizations are obtained as

h+ = — M l2 fo2 cos{2(2n/o )t}, (1.56a)
rc 4
32 n 2 —

hx = ------- 4 M l2/o2 sin{2(2n/o)t} . (1.56b)
rc 4

These equations imply that the amplitude of the GW is proportional to the mass and the 

square of the orbital frequency of the source. Also, the amplitude is inversely proportional 

to the distance of the observer from the source. Heavier and faster-orbiting dumbbells 

produce louder amplitudes of the waves. As an analogy to astrophysical objects, let us 

calculate the amplitude of a GW produced by a dumbbell consisting of masses with M = 1 

ton connected by a massless rod with 2-meter long in a lab, spinning at a frequency of 

/ o = 1 kHz around its middle. We find the amplitude of the GWs to be h ~ 10 -33 x i . 

To observe the metric perturbation as a GW in the linearized theory, the distance from the 

observer to the source needs to be equal to or larger than the GW wavelength. Accounting 

for this fact, the observer should be separated by the dumbbell at least by 300 km in this 

example. At this distance, the amplitude is given as h ~ 10-39. Larger amplitudes can be 

achieved with more massive sources. Similar to the dumbbell example discussed above, 

a pair of massive stars such as black holes or neutron stars, orbit around each other and 

shrink their separation by losing the angular momentum as GW radiation, and then merge 

into a single object. For example, a pair of neutron stars with a mass of M ~ 1030 kg with 

an orbital frequency of 30 Hz reduces its separation from ~ 350 km to ~ 60 km within 1 

minute (Abbott et al., 2017e). Let us consider a merging binary system of compact stars 

with a mass of M ~ 1030 kg, separated by ~ 60 km, orbiting at an orbital frequency of 

/ o = 400 Hz, and located in the Virgo Cluster, at r  ~ 15 Mpc. The amplitude of GWs
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would be h ~ 10-21. The existence of binary systems of compact stars that emit GW was 

supported by the discovery of the first binary pulsar named PSR 1913+16 by Hulse and 

Taylor (1975). The orbital frequency of this binary pulsar gradually reduces over time by 

emitting GWs. The observation of the orbital frequency evolution matches the prediction 

based on general relativity with an accuracy of ~ 1%. Following the indirect measurement 

of GWs, the ground-based GW detectors detected GWs from a binary black hole merger 

in 2015 (Abbott et al., 2016e) and then made about 50 confident detections (Abbott et al., 

2019d, 2021b). There are other GW sources in addition to binary mergers. We discuss the 

four major types of astronomical GW sources categorized based on their waveforms.

1.1.4.1. Compact binary coalescing stars. GW signals produced from compact 

binary coalescing objects have amplitude at ~ 100 -  1000 Hz at the end of the inspiral 

period, where the ground-based GW detectors are tuned to be most sensitive. This type of 

signal is well modeled compared to any other category. As the separation becomes smaller, 

the orbital frequency and the amplitude of GW increases. Finally, the two objects merge 

into a single massive object. The mass of the final object is related to the peak frequency 

and the observable length of the signal: GWs from lighter stars such as neutron stars have a 

peak frequency of ~ 1000 Hz and last about 1 minute in the most sensitive LIGO frequency 

band; the signal from a pair of stellar-mass black holes have a typical peak frequency of 

~ 100 Hz and last about a few hundred milliseconds. Among others, probing these types 

of sources allows us to understand the age of the universe through the Hubble constant 

estimate (Abbott et al., 2021a) and verify the validity of general relativity (Abbott et al., 

2021c).

1.1.4.2. Continuous GWs. Continuous GWs are expected to be emitted for a long 

time period at a nearly fixed frequency. One of the expected sources for this type of GWs 

is a single rapidly spinning neutron star with a rotational frequency of ~ 100 Hz. Because 

of its internal strong magnetic field, the neutron star could have a ‘bump’ of size ~ 10 

centimeters and non-axisymmetric quadrupole moment. The spinning rate of such neutron
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stars gradually slows down by emitting GWs. Because spinning neutron stars with a small 

bump have smaller quadrupole moments compared to compact binary coalescing stars, they 

produce GWs with smaller amplitude. Therefore, scientists have developed techniques that 

accumulate the SNR over a long stretch of data. Detecting this type of GWs will allow us 

to understand the equation of state in neutron stars (Abbott et al., 2019a).

1.1.4.3. Stochastic background GWs. A superposition of many different GW 

events such as unresolved low SNR binary black hole mergers, cosmic strings, and GWs 

produced as early as ~ 10-30 seconds after the Big Bang is expected to produce a stochastic 

background of GWs (Abbott et al., 2016a). Because GWs interact weakly with matter, 

observing this type of GWs potentially allows us to understand the physics dominated at 

the beginning of the universe, which can not be achieved with the electromagnetic (EM) 

observations. These signals are expected to be stationary, anisotropic in the sky, and 

unpolarized.

1.1.4.4. Burst GWs. Burst GWs are signals lasting from a fraction of a second 

to ~ 500 seconds with unknown waveforms or signals from unknown or unanticipated 

sources. The expected sources include core-collapse supernovae (CCSN) (Abbott et al., 

2016b; Burrows et al., 1995; Couch and Ott, 2015; Herant, 1995; Ott, 2009) and long 

gamma-ray bursts (Abbott et al., 2019e, 2020b; Modjaz, 2011) that have a complicated 

mechanism for generating GWs. Hence, predicting their theoretical waveforms is difficult. 

Detection of burst GWs uses excess power and cross-correlation methods that do not rely 

on known waveforms (Abbott et al., 2019b; Klimenko et al., 2016; Lynch et al., 2017; 

Sutton et al., 2010). Despite the detection efficiency lower than that for compact binary 

coalescence (CBC) signals, burst GW events would allow us to discover new physics.
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1.2. GRAVITATIONAL DETECTORS

Any accelerating massive object produces GWs. As seen in the previous section, 

there are various types of astrophysical sources that can generate potentially detectable GWs 

by ground-based detectors. We first discuss the Michelson interferometer as a GW detector 

and how it measures GWs from arbitrary directions in the sky. Then, we discuss the modern 

techniques involved in the detectors to enhance their sensitivities to detect GW signals with 

amplitude of h ~ 10-21 in the condition having various instrumental and environmental 

noise disturbances.

1.2.1. Michelson Interferometer. Michelson and Morley (1887) experimented to 

prove the existence of a hypothetical wind for light, or ‘aether’ in the space using an 

interferometer. The Michelson-Morley interferometer consisted of an input light injected 

into a beam splitter and two identical perpendicular arms to measure the interference of 

the light bounced back from the mirrors at the end of each arm. If aether existed, the light 

travel time in one arm is expected to be longer than the time in the other arm, leading to 

the relative phase shift would be measured as interference fringes. The Michelson-Morley 

did not show any evidence of the existence of aether. Laser Interferometer Gravitational- 

wave Observatory (LIGO) interferometers located in Livingston, Louisiana and Hanford, 

Washington, USA (Aasi etal., 2015) uses the concept of a Michelson-Morley interferometer 

to detect GWs.

1.2.2. Interferometer as a GW Detector and Antenna Pattern. GWs stretch and 

squeeze the space perpendicularly to their direction of propagation as seen in Equation 

(1.54). When GWs pass through the interferometer, the distance between the beam splitter 

and the mirrors at the end of each arm varies. The phase difference of the laser at the beam 

splitter after bouncing back in each arm is

AO = 2n(2L i -  2L2), (1.57)
A



19

where A is the GW wavelength, and L1 and L2 are the arm lengths. To calculate the variation 

of the interferometer’s arm lengths in the presence of a GW, we choose a coordinate system 

S adapted to the detector in which the two orthogonal unit vectors ex and ey are aligned 

to each arm, as seen in Figure 1.2. Assuming the GW wavelength to be much longer than 

the arm lengths, i.e., L1, L2 «  A, the separation vectors between the beam splitter and the 

mirrors in the arms are obtained from Equation (1.54) as

£  = Lo(ejx + 1 j  ek), (1.58a)

4  = Lo(eJy + 1 hJJ eky), (1.58b)

where Lo is the length of each arm when the GW is absent. The arm lengths are obtained 

by projecting the separation vector onto the unit vectors, i.e., taking the inner product with 

the unit vectors as

Li = ^XeX = Lo(i + 2  ), (1.59a)

L2 = ŷ'eX = Lo(1 + 2 h]T 4eky) . (1.59b)

Substituting Equation (1.59) into Equation (1.57), the phase difference becomes

AO = T  2  (eXek -  e^ek )h/kr ■ (1.60)

By rewriting AO = (4n/A)h, h is defined as h(t) := (̂eXeX -  e;kek)h1jk'. It is convenient to 

define h(t) in terms of the detector antenna response factors F+ and Fx as

h(t) := h+F+(0,<t>) + h'xFx (6,(p). (1.61)
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Figure 1.2. Geometric representation of the transformation from the source frame S' to the 
detector frame S described in Equation (1.63).

The antenna factors F+ and Fx represent the projection of the relative lengths between the 

arms due to the GW propagating from the direction (6, 0) in the detector frame S. We will 

discuss F+ and Fx in more detail later in Equation (1.61). By choosing the basis vector to 

be ex = (1,0,0) and ey = (0,1,0), Equation (1.61) becomes h = ( -  hTJ)/2 in the frame

S. We can relate the two terms to the simpler expression of the GW polarizations:

h 'TTij

/h+ hX ° \
hX -h+ ° )  ’

(1.62)
\  0 0 0)..'ij

by defining the source frame S' such that the unit vector - N points to the direction of the 

wave propagation and the two transverse vectors eR, eR are in the plane orthogonal to N , as 

shown in Figure 1.2. The relation is given as

hTT = R kR lh'TT hij Ri r j hkl , (1.63)
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where
cos p sin p 0\ cos 6 0 sin6

R = -  sin p cos p
° )

0 1
0 )

(1.64)
l 0 0

* l?

v-  sin 6 0 cos 6)

is an operator that rotates around the eR with -6  and then rotates around the new z-axis 

with -p . Substituting Equations (1.62) and (1.64) into Equation (1.63), we obtain

TT 2 2 2hff = h+(cos 6 cos p -  sin p) + 2hx(cos 6 cos (p sin (p), (1.65a)

h^J = h+(cos2 6 sin2 p -  cos2 p) -  2hx(cos 6 cos p sin p ) . (1.65b)

Therefore, Equation (1.61) becomes

1 2h(t) = h+ ̂ (1 + cos2 6) cos 2p + hx(cos 6 sin2p ) . (1 .66)

Equations (1.61) and (1.66) imply

1 2F+ = ^  (1 + cos2 6) cos2p , (1.67a)

Fx = cos 6 sin2p . (1.67b)

Figure 1.3 shows the antenna response factors where the detector arms are aligned to the 

x- and y-directions, respectively. The detector has the maximum response for incoming 

GWs in the direction orthogonal to the detector plane. The detector has four blind spots 

at 6 = n /2 ,p  = ± n /4  or p = ± 3n/4  where the GW causes no relative length difference 

between the two arms.

Except for the four blind spots mentioned above, the detector is sensitive to GWs 

coming from any direction. Therefore, the detector can observe the entire sky without 

pointing in a particular direction. However, this comes at the cost of directional dependency 

of the sensitivity.
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Figure 1.3. Antenna response patterns F+ (left), Fx (middle), and the quadrature sum 
(F+ + F 2)1/2 (right) for an interferometer with the two arms aligned to x- and y-axis. The 
absolute value of the antenna response is shown as the radius with given values of polar and 
azimuthal angles in the spherical coordinates. The colors are shown for visibility.

1.2.3. Modern Ground-Based GW Detectors. Having multiple GW detectors is 

useful to increase the observable sky area which may cover blind spots of a detector 

and useful for triangulation and the sky localization of sources. Currently, the global 

network of ground-based GW detectors consists of two identical LIGO interferometers 

with 4-kilometer arm length, located in Livingston, Louisiana, and Hanford, Washington, 

USA (Aasi et al., 2015), operated together with the 3-kilometer arm-length Virgo detector 

(Acernese et al., 2015) in Pisa, Italy. After the end of the third observation run in 2019­

2020, the 3-kilometer arm length interferometer KAGRA (Akutsu et al., 2020) consisting 

of a cryogenically cooling system mounted in the interferometer under the ground in Gifu, 

Japan joined the global network. The 600-meter long detector called GEO (Luck et al., 

2010) is located in Hannover, Germany. Another identical LIGO detector in India is under 

construction and expected to join in 2025 (Iyer et al., 2011).

To detect the small-amplitude h ~ 1021 of GWs, corresponding ~ 10-18 meters in 

the kilometer-scale GW interferometers, GW detectors use various techniques in addition 

to the configuration of a Michelson interferometer.
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The LIGO detectors have several modifications from the configuration of a Michel- 

son interferometer including 1) a partially transmissive cavity called power-recycling cavity 

located in the input port to resonantly buildup the laser power from 20 Watts to 700 Watts 

(Abbott et al., 2016e); 2) a Fabry-Perot cavity in each arm made by two test mass mirrors 

to further increase the power to 100 kilowatts, resulting in an increase of the effect of GWs 

by a factor of ~ 300 (Bond et al., 2016); and 3) a signal-recycling cavity at the output port 

to improve the extraction of GWs in the frequency range of interest (Meers, 1988). Since 

the first half of the third observation run (O3a), LIGO and Virgo began using a technique 

so-called “quantum squeezer” located between and the signal recycling cavity and the pho­

todetector at the end of the interferometer to reduce the “quantum noise” coupled with the 

laser (Abadie et al., 2011; Schnabel et al., 2010; Yu et al., 2020). The quantum noise is 

caused by 1) the statistical fluctuations in the arrival time of photons at the photodetector at 

the end of the interferometer and 2) the fluctuations in the photon flux to push the mirror. 

The quantum squeezer improves the detectable distance for hypothetical binary neutron 

stars (BNSs) by ~ 15% by tuning the fluctuations in the arrival time and the intensity of 

the photons created from the vacuum coupled with the laser (Tse et al., 2019). Figure 1.4 

shows the schematic layout of the LIGO detector configuration.

1.2.4. Interferometer Noise. The main factor of the sensitivity of GW detectors 

is determined by the physics related to their design, the laser light, the mirror coatings, and 

the optic suspension systems (Aasi et al., 2015). Above ~ 1000 Hz, the fluctuations of the 

photon arrival time, or shot noise at the output-port photodiode or harmonic couplings of 

fibers in the optic suspensions dominate the detector noise budget. In the frequency range of 

100 -  1000 Hz, the fluctuating laser intensity in the arm cavities and the thermal fluctuations 

of the mirror coatings are major noise sources. At low frequencies below ~ 100 Hz, the 

dominating noise sources are due to the residual gas molecules in the vacuum system and 

environmental disturbances such as wind and earthquakes shaking the buildings (Abbott 

et al., 2017a).
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Figure 1.4. Schematic diagram of a 4-kilometer arm-length LIGO detector with three 
resonance cavities: the power-recycling cavity at the input port, a Fabry-Perot cavity in each 
arm, and a signal recycling cavity at the output port. The relative arm length difference 
induced by a GW is measured with the photodetector at the end port.

GW detectors use numerous subsystems including optic alignment systems and mit­

igation of seismic disturbances. For instance, the misalignment of the laser beam pointing at 

the test mass mirrors due to vibrations of the laser cooling system cause broadband noise, or 

jitter noise, in the frequency band ~ 100 -  1000 Hz. By studying auxiliary sensors/control- 

systems monitoring instrumental and environmental disturbances, the physical couplings 

among instruments or environmental-noise sources can be understood or statistical cou­

plings among the noise recorded in these sensors/control-systems and the detector's output 

readout can be found. As a result, the noise in the detector’s output readout can be mitigated. 

By finding the linearly coupled witness sensor with the detector’s output, the jitter noise can 

be subtracted (Davis et al., 2019). The noise sources discussed above typically last longer 

than ~ 4 seconds.



25

Other than the noise sources discussed above, excess-power transient noise artifacts, 

glitches with a duration of ~ 0.01 ~ 1 seconds impact the quality of the detector data and 

the detection of astrophysical GW signals. Because glitches are the product of short-lived 

linear and non-linear couplings of interrelated instruments, identifying their causes and 

modeling their noise couplings are typically difficult. In particular, unmodeled GW search 

pipelines are susceptible to the presence of glitches. Therefore, scientists veto periods 

of data containing glitches with known causes or statistically verified to be of terrestrial 

origin. For CBC searches, the significance of GW signal candidates detected with a single 

GW detector is reduced using the probability of the presence of glitches estimated with 

the data from auxiliary sensors/control-systems (Biswas et al., 2013) to reduce the false 

identification of GW signals. The Bayesian inference method to model a signal and glitches 

is available for a signal from the CBC sources (Chatziioannou et al., 2021; Cornish, 2021).

1.3. NOTORIOUS GLITCHES

As mentioned in the previous section, glitches are present in the detector's output 

readout and adversely affect the detections of astrophysical signals. We briefly discuss what 

kinds of glitches exist. Also, we discuss the characteristic frequencies and SNRs of three 

glitch classes mainly focused on in this dissertation.

In O3a with the calendar time period of ~ 183 days, the duty cycle factors of each 

detector are 71%, 76%, and 76% for the LIGO-Hanford (H1), LIGO-Livingston (L1), and 

Virgo detectors, respectively (Abbott et al., 2021b). According to glitches with SNR above

7.5 in the glitch database created by a machine-learning classification algorithm called 

Gravity Spy (Zevin et al., 2017), each detector had about 1 glitch per 2 minutes during their 

observing times. Figure 1.5 shows the total number of events of 24 different glitch classes 

from three detectors during O3a. A class of glitches called Scattered light was the most 

frequently observed with ~ 14% out of all 24 glitch classes and have a peak frequency of 

~ 30 Hz with SNR of ~ 17 on average, where the peak frequency is the frequency of a pixel
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Figure 1.5. Number of glitches with SNR above 7.5 in O3a. The Gravity Spy (Zevin et al., 
2017) data set for the LIGO-L1, LIGO-H1 and Virgo detectors is used.

with the highest energy in the time-frequency representation using Q-transform (Robinet 

et al., 2020). The second most frequently observed glitch class is called Low frequency 

burst with a peak frequency of -  18 Hz and SNR of -  19 on average. Low frequency 

burst glitches are typically eliminated with a high-pass filter at 20 Hz applied to the data in 

searches for GW signals.

Besides Scattered light glitches, another glitch class called Extremely loud also 

adversely affect GW searches because they have extremely high SNRs with SNR -  1500 on 

average, and the power is distributed widely in bandwidth from 2 - 2048 Hz with the peak 

frequency is at 110 Hz on average, where the detector is most sensitive. Scattered light 

and Extremely loud glitches typically have witness channels so that scientists can veto time 

periods where these glitches are present. However, there are glitches with no witnesses. for 

example, Blip glitches. Blip glitches generally last -  0.2 seconds and have a peak frequency 

of -  220 Hz.
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Figure 1.6. Distributions of peak frequency and SNR about three notorious glitch classes 
with SNR above 7.5. The Gravity Spy (Zevin et al., 2017) data set for the LIGO-L1, 
LIGO-H1 and Virgo detectors in O3a is used.

Figure 1.6 shows the distributions of SNRs and peak frequencies about three major 

notorious glitch classes discussed above. Figure 1.7 shows the time-frequency representa­

tions of these three classes of glitches. In this dissertation, we mainly focus on Scattered 

light, Extremely loud, and Blip glitches.

Time (s) Time (s) Time (s)

Figure 1.7. Time-frequency representations of three notorious glitch classes. Time- 
frequency representations of Blip (left), Extremely loud (middle), and Scattered light (right) 
glitches are created using the Q-transform (Robinet et al., 2020).
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1.4. DETECTION PIPELINES FOR GRAVITATIONAL WAVES

Assuming the noise in the detector’s output readout is stationary and Gaussian and 

there are no couplings between the noise and a signal, the detector’s output data stream 

when a signal is present can be expressed as

s(t) = h(X; t) + n(t), (1 .68)

where h(A; t) is the time series of a signal with a set of parameters A depending on a source 

and an observer (e.g., masses, spins, the direction of the source and the source orientation, 

peak time, polarization angle, etc) and n(t) is the time series of noise. The ensemble average 

of the noise time series is

< n(t) >= lim — "V n(i)(t) = 0, (1.69)
N —— TO N  '  ̂i=1

where n(i)(t) is a realization of the noise at the time t and N is the total number of different 

noise realizations. The ensemble average of the Fourier transform n( f ) is

I /»TO \ /»TO
<«(f»  = /  n(t)e-2nift = (n(t)) e-2”f ' = 0 , (1.70)

\J — TO I J —TO

because e—2mft is the same for all noise realizations. According to the Wiener-Khinchine 

theorem (Kittel, 2004), the covariance of the noise is related to its one-sided power spectral 

density (PSD) Sn( |f  |) (Finn, 1992) as

(n( f  )n *( f ')) = 1 Sn(| f  |)d( f  — f ') , (1.71)
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where Sn(| f  |) is a real non-zero even function and 6( f  -  f ') is the Dirac delta function. The 

probability density of obtaining the data in the presence of a signal (Finn, 1992) is

p(s |0) = C exp -  2 (n 1 n) (1.72)

where C is a normalization constant which depends only on the noise PSD and the inner 

product (-|-) is defined (Brown, 2004; Finn, 1992) as

d f
a*( f  )b (f ) + a( f  )b *( f ) 

Sn(|f|)
(1.73)

where a and b are the Fourier transform of the time series a(t) and b(t), respectively. If a(t) 

and b(t) are real, Equation (1.73) can be written as

d f g*( f  )b (f )
Sn(lfl) ’

(1.74)

where Appendix E shows details of the derivation. The probability density of obtaining the 

data when a signal is present is

p(s | h) = C exp 2 (s -  h 1 s -  h)

Hence, the likelihood ratio is given as

p(s |h) e (s h|s 'h)/2
p(s |0) e-(sls)/2

and the log-likelihood ratio is written as

(1.75)

(1.76)

ln A = (s | h) 2 (hIh) . (1.77)
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Detecting GW signals, there are two classes of errors, namely, false alarm and false 

dismissal. The false alarm is to identify the noise as a signal while the false dismissal is 

to identify a signal as the noise. According to the Neyman-Pearson criterion (Neyman and 

Pearson, 1933), the likelihood ratio in Equation (1.76) should be maximized for a given rate 

of false alarms to reduce the false dismissal.

1.4.1. Matched-filter Pipeline. The matched-filter technique is the optimal linear 

filter to search for a signal when signals are theoretically modeled in priori. In particular, 

the matched-filter technique has been used to search for CBC signals by maximizing the 

likelihood ratio over the constant amplitude scaling factor, merger time, and coalescence 

phase analytically, as well as over the other parameters such as masses and spins using a 

template bank. We present a brief introduction about this technique based on (Allen, 2005; 

Brown, 2004; Finn, 1992).

Suppose we know the waveform of a signal in priori except a constant amplitude 

scaling factor Ao such that h = Aoh , Equation (1.77) becomes

ln A = Ao(s| h) -  2 Ao(h| h). (1.78)

We want to maximize the likelihood ratio (equivalently log-likelihood ratio) with respect to 

Ao. The log-likelihood ratio is maximized in the condition d ln A /d  Ao = 0. The maximized 

log-likelihood ratio is given as

ln A |max
( S h i  
2(h |h )

at Ao (S 1 h ) 
(h |h)

(1.79)

We show the physical meaning of ln A |max in Equation (1.79) by considering the 

cross-correlation between a linear filter Q(t) and the data containing a signal:

h(t) = Aoh(t -  to), (1.80)
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where t0 is the merger time. We have explicitly showed the merger time in Equation (1.80). 

However, we typically do not know the merger time before applying the filter Q(t) to the 

data. We will discuss this point later.

We want to find the optimal linear filter Q(t) to search for a signal from the data 

using the zero-lag cross-correlation:

z(to) / TO
dtQ(t )s(t),

TO

/ TO /»TO /»TO
dt dfQ  (f  )e2*ift d f ' s( f '),

TO J —TO J —TO
TO TO TO

d f  d f  'Q( f  )s( f ) d te2nit(f+f  ̂
TO —TO —TO
TO

dfQ ( f  )s(—f ),
TO
TO

dfQ*( f  )s( f ),
TO

(QSn, s)/2 .
(1.81)

The ensemble average of z is

(z) = (QSn, (n) + h )/2 ,

= (QSn, h )/2 ,

= (QSn, Aohie—2nift) /2 . (1.82)

Let us consider the first term (z2) of the variance of z = (z2) — (z)2:

I /*TO /* TO \
(z2) = /  d f  df'Q *(f)Q *(f') [n(f) + h ( f )] [n(f ' )  + h( f ' )] \  ,

—TO —TO
TO TO [ ]

TO —TO
= (QSn, QSn)/4 + (QSn, h)2/ 4 . (1.83)
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Hence, the variance of z is

(z2> - ( z )2 = (QSn, QSn)/4  . (1.84)

The optimal choice of the linear filter Q is obtained by maximizing the ratio of the expected 

value of z to the standard deviation of z with respect to Q, equivalently maximizing the 

square of the ratio. According to the variation principle:

0 (z)2

(z2> - ( z )2 jQ

(QSn, h)2 '
L(Q Sn, Q Sn)\ Q ,

2(QSn, h)(SQSn, h)(QSn, QSn) -  2(QSn, h)2(SQSn, QSn) 
(QSn, QSn)2

(SQSn, h)(QSn, QSn) -  (QSn, h)(SQSn, QSn) ,

(SQSn, (QSn, QSn)h -  (QSn, h)QSn) . (1.85)

Hence, the optimal filter which satisfies Equation (1.85) is

& r '( f ) = S f .

= A o . ( 1 .86)
Sn( J )

Hence, the optimal filter is the noise-weighted signal. To see the meaning of this optimal 

filter in a sense of cross-correlation, let us substitute Equation (1.86) into Equation (1.81).

We get

z / TO
dfAo h *( f  )e2nift0 d( f ),

TO

/ TO /»TO /»TO
d f dt i d t'h(t)d(t')e2mf(t-t'+t0) ,

TO -TO -TO
TO

dth(t -  t0)d(t).
TO

(1.87)
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Equation (1.87) shows that the optimal filter is cross-correlation with the lag of t°. As 

mentioned above, the true merger time is not known in real cases. To estimate the merger 

time, we find a value of t° which corresponds to the largest value of z(t°), as shown in Figure 

1 .8.

The signal-to-noise ratio SNR is conventionally defined as the observed filter output 

z to its expected standard deviation (Allen, 2005; Brown, 2004) as

SNR (Gopt,d)

■\J(Gopt, hop0 

(h, s e2nift°)

h, h)
(1 .88)

which does not depend on the constant amplitude A°. Suppose we know the merger time 

such that to = 0, we get

SNR2 = 2 ln A |max (1.89)

by comparing Equations (1.88) and (1.78). Hence, the square of matched-filter SNR is the 

maximized log-likelihood ratio with a factor of 2 .

In addition to A0 and t0, we can analytically maximize the matched-filter SNR over 

the coalescence phase. The Fourier transform of an amplitude-normalized signal can be 

written (Allen et al., 2012) as

h ( f ) = ho (f  )e-2i , (1.90)

where (p° is the termination phase and h° is the waveform when t° = 0 and (p° = 0. The 

termination phase is related to the coalescence phase <pc by

2(p° = 2<pc -  arctan
Fx 2 cos l \ 
F+ 1 + cos2 1 / ’

(1.91)
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where Fx and F+ are the antenna response factors in Equation (1.67) and i is the inclination 

angle, i.e., the angle between the orbital angular momentum and the observer’s line of sight. 

Because maximizing SNR over the coalescence phase is equivalent to maximizing SNR 

over the termination phase, we focus on the termination phase in the following. Also, the 

denominator in Equation (1.88) does not depend on <p0 so that we consider the nominator 

(hi, se2mft0). Using Equation (1.90), we get

(h, se2nift0)
/

4% f  d f  
J 0

h * (  f  ) s (  f  ) e2ni f t 0

S f
2 i^o

~Sn(  f  )

d f

“  k ( f ) e 2i*° s (f)e 2nift0

= Zie cos 2n + Zim sin 2n , (1.92)

where we define zie and zim as

Zie

Zim

4% [  d f
0

“  ~K( f  )S( f  )e2nift0
Sn( f )

43 f  d f  
0

“  M  (f  )S( f  )e2nift0
Sn( f )

(1.93)

Setting the derivative of Equation (1.92) with respect to <p0, we get the maximum:

(h0, s e2mft0 )2 = zie + zim at <p0 = 1  aig(zie + izim). (1.94)

Hence, the SNR time series maximized over the coalescence phase is obtained as

SNR(t0) =
0

h0( f  )s( f  )e2nift0 

Sn( f  )
4 d f

0
4 d f |h0( f  )|2 

Sn ( f  )

- 1/2

(1.95)

Equation (1.95) is the optimal SNR analytically maximized over the constant amplitude A0, 

the merger time t0, and the termination phase <p0 (equivalently the coalescence phase <pc).
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Figure 1.8. Left: waveform of a simulated binary black hole (BBH) signal with the 
component masses (m1, m2) = (20,15) M0 and no spins injected into the colored simulated 
Gaussian noise data (gray) with LIGO’s design sensitivity. Right: the corresponding SNR 
time series. The dotted lines denote the merger time.

In real cases, the data has a finite sample rate so that the upper cutoff frequency in 

Equation (1.95) should be less than the Nyquist frequency of the data. The lower-cutoff 

frequency can be chosen to focus on the frequency range where a signal is expected to be 

dominated in the data. Also, we do not know a true signal contained in the data. Hence, 

scientists use a bank of templates generated with a set of source-specific parameters, or 

intrinsic parameters such as masses and spins of CBCs. For example, a bank used for the 

first detected BBH called GW150914 had ~ 250,000 template waveforms (Abbott et al., 

2016d). The combined SNR, or network SNR among different detectors is defined as a 

quadrature sum of SNRs in each detector. The network SNR of GW150914 was ~ 24.

In the above, we present the derivation of SNR under the hypothesis that the noise 

in the data is Gaussian and stationary. However, the noise in the actual GW detector 

data contains non-stationary noise and/or glitches that might generate triggers with high 

values of SNR. To account for these factors, one of the matched-filter pipelines called 

PyCBC (Usman et al., 2016) uses a chi-square statistic to down-weight SNR for triggers 

with terrestrial origin. If a trigger is a CBC signal, the time-frequency distribution of 

power in the data is consistent with the expected power distribution of the matched template
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waveform (Allen et al., 2012). Therefore, the reduced chi-square statistic xX- = X 2 /(2n -  2), 

where x 2 is the chi-square statistic and n is the number of frequency bins, is closed to one. 

On the other hand, triggers with terrestrial origin have higher values of X . Hence, the 

chi-square weighted SNR is defined (Usman et al., 2016) as

SNR ̂ SNR
SNR

i+( vr2) 
2

3

if Xr > 1 .
if VI

(1.96)

PyCBC uses SNR 2̂ as a ranking statistic for signal candidates.

1.4.2. Pipelines for Unmodeled Transient GW Signals. There are astrophysical 

sources that are expected to generate GW signals with their waveforms are difficult to 

be modeled. In this case, techniques which do not rely on waveforms are better to be 

used than the matched-filter technique discussed in the previous section. The LIGO-Virgo 

collaboration has been using various unmodeled GW search pipelines including cWB 

(Klimenko etal., 2008, 2016), Omicron-LIB (Lynch etal., 2017), BayesWave (Cornish and 

Littenberg, 2015), and X-pipeline (Sutton et al., 2010) for short-lived transient GW signals 

with a duration from milliseconds to a few seconds (Abbott et al., 2019c) as well as cWB 

(Klimenko et al., 2008, 2016), STAMP-AS (Abbott et al., 2016c), X-SphRad (Cannon, 

2007) for long-lived transient GW signals with a duration from 10 to 500 seconds (Abbott 

etal., 2018). We focus on techniques used for short-lived transient GW searches and present 

the theoretical framework based on Sutton et al. (2010) and show example output of a cWB 

run (Klimenko et al., 2008, 2016).

Unlike the matched-filter technique which maximizes the likelihood ratio over the 

constant amplitude factor as shown in Equation (1.78), we want to maximize the likelihood 

ratio over an unknown GW signal for a given source direction in the sky. Unmodeled search 

pipelines use the time-frequency representations of the data from multiple detectors. The 

sampling rate and the duration of the data are finite so that the time-frequency representations 

are pixelized. Hence, we present the framework with discretized data.
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Let us consider the data of the a th detector, where a e [1 , . . . ,  D] with D denoting 

the total number of detectors in the network, to be the linear combination of a signal and 

the noise as

Sa(t + Ata(CC)) = h(t; Cl) + n(t + Ata(Cl)), (1.97)

where CC is a particular direction in the sky, Ata(CC) is the time delay between the position ra 

of the a th detector from a reference position r0 which is typically chosen to be the geocenter 

of the earth:

Ata(CC) = 1  (ra -  ro) • CC. (1.98)
c

Using Equation (1.61), the signal h(t; CC) recorded in the a th detector can be written as

h(t; C ) = F+(C )h+(t) + F? hx(t), (1.99)

where h+ and hx are the plus and cross polarizations of a GW signal. In Equation (1.99), 

we have assumed the different data streams da(t) to be time-shifted within possible arrival­

time differences of a signal between ra and r0. With this assumption, we have written 

h+ := h+(t, ra, t) and hx := hx(t, ra, t) in Equation (1.99).

Let us write the discrete Fourier transforms s(k) of the time series s[j] as

S[k ] = Y j j  = 0N-1 s[j ]e-2injk/N, (1 .100)
1 N-1

S[j] = N  X  S[k]e-2injk/N,
N k=0

(1 .101)

where N is the number of data points in the time series. Using the discretized noise data, 

Equation (1.71) under the assumption that the noise in different detectors are uncorrelated, 

is written (Sutton et al., 2010) as

(n * [k ]n p [k'])
N
1 dafidkk'Sa[k] , (1 .102)
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where Sa[k] is the one-sided PSD. As we have seen in the previous section, the data is 

whitened to calculate the likelihood ratio. For convenience, we define the whitened data, 

noise, and antenna response function as

swa[k ] =
sa [k ] (1.103)

■yj N Sa[k ]

nw a [k ] =
Ha [k ]

(1.104)
■yjN Sa[k ]

Fw+aX(k, 6 ) =
F+X( n )
j---------  ’ (1.105)

J NSa[k]

where F+,X denotes or F£. The factor N in the denominator is due to the discretization

of the Fourier transform that can been seen in Equation (1.102) and the factor 1/2 in the 

denominator is for the convenience such that the inner product defined in Equation (1.74) 

is written simpler with the discrete Fourier transforms.

With these notations, Equation (1.97) can be written as a vector form including all 

detectors in the network as

s = Fh + n , (1.106)

where

and

sw1
sw2 u (~h+\ ~

' Hwi  ̂
nw2

s :=

yswD)

, h : ’ n :

ynw D)

F := (F + F  x) =

(F  +1* w A
Fw+2

Fxx 1
FXX 2

vFw+ D FXX Dt

(1.107)

(1.108)
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Figure 1.9. Spectrograms of simulated BBH signals with the component masses (m1, m2) = 
(20,15) Mq , no spins and an injected network SNR of 28.2 added into the simulated colored 
Gaussian-noise data in the two-detector network with the LIGO’s design sensitivity. The 
color scale denotes the normalized energy.

and the log-likelihood ratio in Equation (1.77) is written as

ln A = (1.109)

where  ̂ denotes the conjugate transpose and we now assume that the discrete Fourier 

transforms are taken in each divided segment of the time series so that we let k run over 

pixel indices of the time-frequency representation. Figure 1.9 shows example spectrograms 

of simulated BBH signals injected into the simulated colored Gaussian-noise data in the 

two-detector network with the LIGO’s design sensitivity.

We want to maximize the log-likelihood ratio over an unknown signal h . Mathe­

matically it is written as

0 =
d ln A 

d h h =h,
(1 .110)

The h max is

h max = (F f F )-1  F t S , (1 .1 1 1 )



40

and when h = h max, Equation (1.109) becomes

ln Amax = 1  V  s lP s  , (1 .112 )
k

where

P  : = F( Ff F )- 1 F f , (1.113)

is a projection operator that projects the data onto the subspace of the vectors F  + and F x. 

The ln Amax is the so-called standard likelihood.

Similar to Equation (1.89), the maximum amount of normalized energy (so-called 

standard-likelihood energy) which is consistent with a GW for a given sky position can be 

defined using ln Amax with a factor of 2 as

ESL = 2 ln Amax . (1.114)

The square root of Esl is the network SNR. Using the total energy:

Etot = V  I * I2 , (1.115)
k

which contains only auto-correlation terms without cross-correlation terms, the null energy 

is defined as

Enull := Etot -  Esl = V  s f (1  -  P )*, (1.116)
k

where I  is the identity matrix with a dimension of D, and P nuU := I  -  P  is orthogonal to P. 

Enull is the minimum amount of energy in the data inconsistent with a hypothetical signal 

from a given sky position.

We can simplify Equation (1.114) with particular basis vectors constructed with 

F  + and F x by rotating the original basis in the direction of the GW polarization angle. 

Equation (1.99) is invariant with a rotation with an arbitrary polarization angle ^  because
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h and F  are rotated in the opposite directions (Klimenko et al., 2005, 2006) as

h ' = R(2)(* ) h , (1.117)

F 'f = R(2)( - * ) F f , (1.118)

where R(2)(*) is the 2-dimensional rotation operator and its matrix representation is

R«>(*) = ( C0S *, - s i n  *  . (1.119)

The most convenient choice of the frame is the so-called dominant polarization frame 

(Klimenko et al., 2005, 2006), where the first basis is aligned with F +, the second basis 

vector is aligned with F x, and these two basis vectors are orthogonal to each other. In the 

dominant polarization frame, the detector network has the maximum antenna response in 

the direction projected by P, and the minimum response in the direction projected by P nu11. 

To find the rotation angle *, we write the new vectors f  + and f x as a rotation applied to 

old basis vectors F  + and F x as

f  + =  cos * F  + + sin * F x , (1 .120)

f  + = -  sin * F  + + cos * F x . (1 .12 1)

By requiring f  + • f x = 0, the solution *  for Equation (1.120) is

* -  arctan 
2

2F + • F x \
IF +12 + |F +12 ] .

(1 .122)

In the dominant polarization frame, the projection operator becomes P  = e+e+  ̂+ exex\  

where e+ := f + / | f +1 and e+ := f x/ | f x |. Therefore, the standard-likelihood energy 

becomes

E sl = z
k

+e+■ s?l + I ex ™i2'
s| , (1.123)
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and Equation (1.111) becomes

h max
• S / | f+  \ 

ex • ~s/\f\x .
(1.124)

Hence, the whitened reconstructed GW signal received in the a th detector is

rrec
a

(1.125)

The algorithm of the cWB pipeline creates the time-frequency pixels using a wavelet 

transformation, in particular, fast Wilson-Daubechies basis (Necula et al., 2012) to obtain 

ESL and obtain the reconstructed waveform in Equation (1.125) using the inverse transform. 

As a ranking statistic, cWB constructs the coherent energy Ec from ESL and uses Enun as a 

penalty factor because Ec contains larger energy and Enun contains smaller energy when a 

signal is present in the data of the detector network.

By rewriting ESL explicitly with indices of the projection operator P  in Equation 

(1.113) and the data vector s in Equation (1.106):

where a  and S  run over the detector’s indices [1 , . . . ,  D], we can get the coherent energy by 

taking only cross-correlation terms (i.e., off-diagonal terms):

ESL = ^  sa PaS SS ,
k a,S

Z  Z EaS (1.126)
k a,S

Ec = ^  X i EaS . (1.127)
k a+S
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T h e  n e t w o r k  c o r r e l a t i o n  c o e f f i c i e n t  i s  d e f i n e d  ( D r a g o ,  2 0 1 0 )  a s

c c  =
E c

Ec +  E n u l l

( 1 . 1 2 8 )

w h e r e  c c  ~  1  f o r  a  s i g n a l .  T o  m a k e  t h e  r a n k i n g  s t a t i s t i c  m o r e  r o b u s t ,  l e t  u s  c o n s i d e r  t h e  

i n c o h e r e n t  e n e r g y  w h i c h  i s  c o n s t r u c t e d  b y  t a k i n g  o n l y  a u t o - c o r r e l a t i o n  t e r m s  ( i . e . ,  d i a g o n a l  

t e r m s )  i n  E q u a t i o n  ( 1 . 1 2 6 ) :

E a  =  Eaa . ( 1 . 1 2 9 )

k a

I n  t h e  p h y s i c a l l y  a l l o w e d  s i t u a t i o n ,  w h e r e  0  <  E c  <  E a , w e  e x p e c t  E c  ~  E a  f o r  s i g n a l s  a n d  

E c  «  E a  f o r  g l i t c h e s .  U s i n g  t h e  P e a r s o n ’ s  c o r r e l a t i o n  c o e f f i c i e n t :

rap = .E ap ,  ( 1 . 1 3 0 )

2  a/  Eaa Epp

t h e  r e d u c e d  c o r r e l a t e d  e n e r g y  i s  d e f i n e d  a s

ec = ^ Y j Eap\rap I . (1.131)
k  a+p

With e c , c c  and the total number of detectors D , cWB uses the effective correlated SNR:

P  =
e c

D
c c , ( 1 . 1 3 2 )

a s  a  r a n k i n g  s t a t i s t i c .  W h e n  a  s i g n a l  i s  f u l l y  c o h e r e n t  b e t w e e n  d e t e c t o r s ,  t h e  r e d u c e d  

c o r r e l a t e d  e n e r g y  b e c o m e s  e c  =  E S L / 2  a n d  c c  =  1 ,  l e a d i n g  t o  p  =  S N R n e t / V 2 D ,  w h e r e  

S N R n e t  i s  t h e  n e t w o r k  S N R .  F i g u r e  1 . 1 0  s h o w s  E S L  a n d  E n u l l  o f  a  s i m u l a t e d  B B H  s i g n a l  

s h o w n  i n  F i g u r e  1 . 9 .  T h i s  t r i g g e r  h a s  p  =  1 5 . 9 .  A p p e n d i x  F  s h o w s  t h e  c o m p a r i s o n  o f  t h e  

a c c u r a c y  b e t w e e n  t h e  s k y  m a p s  o b t a i n e d  w i t h  a  m o d e l e d  s e a r c h  a n d  c W B .
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248.5 249 249.5 250 250.5
Time (sec): GPS OFFSET = 1235438548.000

I .

F i g u r e  1 . 1 0 .  S c a l o g r a m s  o f  s t a n d a r d  e n e r g y  ( l e f t )  a n d  c o r r e s p o n d i n g  n u l l  e n e r g y  ( r i g h t )  o f  

a  s i m u l a t e d  B B H  s i g n a l  s h o w n  i n  F i g u r e  1 . 9 .

1.4.3. Confidence in Signal Detections. T h e  r e a l  n o i s e  i n  t h e  d e t e c t o r ’ s  o u t p u t  

r e a d o u t  i s  n e i t h e r  s t a t i o n a r y  n o r  G a u s s i a n .  T r i g g e r s  m i g h t  b e  g e n e r a t e d  d u e  t o  n o i s e  i n  

c h a n c e  c o i n c i d e n c e  b e t w e e n  d e t e c t o r s .  T o  q u a n t i f y  h o w  r a r e  s i g n a l - c a n d i d a t e  t r i g g e r s  a r e  

g e n e r a t e d  d u e  t o  t h e  n o i s e ,  L I G O - V i r g o  c o l l a b o r a t i o n  u s e s  t h e  r a t e  o f  t r i g g e r s  d u e  t o  t h e  

n o i s e  w i t h  t h e i r  r a n k i n g  s t a t i s t i c s  e q u a l  o r  g r e a t e r  t h a n  t h e  r a n k i n g  s t a t i s t i c  o f  a  s i g n a l  

c a n d i d a t e ,  o r  f a l s e  a l a r m  r a t e  ( F A R ) :

F A R  =  N ~  Vhh ( 1 . 1 3 3 )

T b k g

w h e r e  r  i s  t h e  r a n k i n g  s t a t i s t i c  o f  a  t r i g g e r  d u e  t o  t h e  n o i s e ,  r h  i s  t h e  r a n k i n g  s t a t i s t i c  o f  

a  s i g n a l  c a n d i d a t e ,  a n d  Tbkg i s  t h e  t o t a l  t i m e  p e r i o d  o f  t h e  a n a l y s i s  t i m e  t o  o b t a i n  n o i s e  

t r i g g e r s .  S m a l l e r  v a l u e s  o f  F A R  i m p l y  t h a t  t h e  s i g n a l  c a n d i d a t e  i s  d u e  t o  a s t r o p h y s i c a l  

o r i g i n  w i t h  h i g h  c o n f i d e n c e .

T h e  d u r a t i o n  o f  t h e  a c t u a l  d a t a  i s  f i n i t e  a n d  n o t  s u f f i c i e n t l y  l o n g  f o r  c a l c u l a t i n g  F A R s .  

T o  c o m p e n s a t e  f o r  t h i s  l i m i t a t i o n ,  s c i e n t i s t s  a p p l y  t i m e  s h i f t s  t o  e i t h e r  o f  t h e  d e t e c t o r s  t o  

e n l a r g e  t h e  d u r a t i o n  o f  t h e  d a t a  ( A b b o t t  et al., 2 0 0 5 ) ,  a s  s h o w n  i n  F i g u r e  1 . 1 1 .
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Figure 1.11. Schematic picture of time shifts applied to either of the detectors.

For example, the FAR of GW150914 was 1 event per 203,000 years (Abbott et al., 

2016e), implying that the ranking statistic of GW150914 could be obtained only by the 

noise if the detectors were operated over 203,000 years.
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2. BACKGROUND TO PAPER I

Because glitches may resemble astrophysical signals, the presence of glitches also 

reduces the significance of GW signal candidates. Hence, the identification of the glitch ori­

gin is the crucial point to improve the detectability of GW signals. However, it is generally 

difficult to find their origin. GW detectors employ approximately two hundred thousand 

auxiliary channels such as sensors/control-systems reading-out environmental or instru­

mental conditions inside and around detectors in parallel to the detector’s output readout 

in the time domain. Those channels can be potential witnesses of coupling mechanisms 

of glitches and their output can be used to mitigate the effect of glitches on the detector’s 

output. In the next chapter, we present a software package that statistically identifies wit­

ness channels for glitches observed in the detector’s output. Starting with the software 

architecture, we validate the software using a class of glitches observed during the second 

observation run (O2). Also, we show its application to triggers of the noise events generated 

by one of the burst GW search pipelines called cWB (Klimenko et al., 2008, 2016), and 

compare our results with the LIGO’s current infrastructure. With PyChChoo, we can find 

that triggers with high ranking statistics due to glitches can be vetoed. Hence, FAR can be 

smaller for signal candidates as seen in Equation (1.133). The next chapter is a reprint of 

an article (Mogushi, 2021a) that has been submitted to arXiv.org and has been published 

by Classical and Quantum Gravity Journal for publication.
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3. BACKGROUND TO PAPER II

After the identification of witness channels for glitches, removing glitches from 

the data of the detector’s output is desirable. One of the techniques to remove the effect 

of glitches on searches for astrophysical signals is to veto time present where glitches are 

present because glitches are the product of short-lived linear and non-linear couplings in 

the detector and their coupling mechanisms are generally difficult to be understood. The 

LIGO-Virgo collaboration has been adapting the veto technique at the cost of reducing the 

analyzable data and use another technique that reduces the significance of signal candidates 

based on the probability of the presence of glitches (Abbott et al., 2021b) (discussed in 

more detail in the next section). To increase the significance of signal candidates without 

reducing the analyzable data, we present a machine learning-based algorithm to subtract 

glitches using auxiliary channels. We apply two classes of glitches that adversely affect 

cWB (Klimenko et al., 2008, 2016) trigger with high values of significance and quantify the 

performance of our tool. Adding simulated astrophysical signals before subtraction and then 

comparing the recovered signal before and after subtraction, as well as the recovered signal 

added into a clean time period, we assess the robustness of our method not to manipulate 

or introduce any biases to those astrophysical signals. The next chapter is a reformatted 

version of an article (Mogushi, 2021b) that has been submitted to arXiv.org.
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PAPER

I. APPLICATION OF A NEW TRANSIENT-NOISE ANALYSIS TOOL FOR AN 
UNMODELED GRAVITATIONAL-WAVE SEARCH PIPELINE

Kentaro Mogushi
Institute of Multi-messenger Astrophysics and Cosmology 

Missouri University of Science and Technology 
Physics Building, 1315 N. Pine St.

Rolla, MO 65409, USA 
mogus261@gmail.com

ABSTRACT

Excess transient noise events, or “glitches”, impact the data quality of ground- 

based GW detectors and impair the detection of signals produced by astrophysical sources. 

Identification of the causes of these glitches is a crucial starting point for the improvement 

of GW signal detectability. However, glitches are the product of linear and non-linear 

couplings among the interrelated detector-control systems that include mitigation of ground 

motion and regulation of optic motion, which generally makes it difficult to find their 

origin. We present a new software called PyChChoo which uses time series recorded in 

the instrumental control systems and environmental sensors around times when glitches 

are present in the detector's output to reveal essential clues about their origin. Applying 

PyChChoo to the most adversely affecting glitches on background triggers generated by one 

of unmodeled GW detection pipelines called coherent WaveBurst (cWB) operated in the 

data from the LIGO detectors between January 1st, 2020 and February 3rd, 2020, we find 

that 80% of triggers are marked as either being vetoed or unvetoed in common between our 

analysis and the current LIGO infrastructure.

Keywords: gravitational waves, glitch, statistics

mailto:mogus261@gmail.com
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1. INTRODUCTION

The dawn of gravitational-wave (GW) astronomy was opened with the first direct 

detection of a GW signal produced from a BBH merger (Abbott et al., 2016) on September 

14th, 2015.

During the first and second observing runs of LIGO (Aasi et al., 2015) and Virgo 

(Acernese et al., 2015), nine additional BBH mergers and a BNS merger were detected 

with high confidence (Abbott et al., 2019). Furthermore, 39 events were observed with 

high confidence during the first half of the third observation run (Abbott et al., 2021). The 

detection rate was approximately 1 per week.

In order to detect GW signals, the ground-based GW detectors must be extremely 

sensitive, causing them to become susceptible to instrumental and environmental artifacts 

(Abbott et al., 2019). In particular, transient noise artifacts, or glitches may mimic GW 

signals in their morphology so that it is crucial to differentiate if trigger events identified by 

GW detection pipelines are astrophysical or terrestrial in origin to reduce false detections.

The initial and essential task to identify an event trigger as a glitch is to understand 

the origin of the glitch. Glitches are, however, the product of linear and non-linear coupling 

among the interrelated detector-control systems that include mitigation of ground motion 

and regulation of optical motion, which typically makes it difficult to find their origin. Clues 

of the origin may be recorded in some of around fifty thousand auxiliary channels such 

as instrumental sensors and environmental monitors. Because the number of channels is 

numerous, the task to find the clues is typically made by automated software packages.

LIGO-Virgo collaboration has been using software engines that find the statistical 

correlation between the excess power recorded in the auxiliary channels and glitches present 

in the detector’s output. An algorithm called use-percentage veto (UPV) (Isogai, 2010) finds 

the statistical correlation using the percentage of the number of the excess power events 

identified in each of the auxiliary channels in coincidence with glitches in the detector’s 

output, relative to the total number of excess power events. As a consequence, UPV vetoes
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time periods that have a high correlation factor. Similarly, hierarchical Veto (hVETO) 

(Smith et al., 2011) uses a coincidence statistic to find the correlation while minimizing 

the vetoed time as much as possible. For finding the correlation for a single glitch, Pointy 

Poisson (Essick et al., 2021) uses a statistical confidence level that can reject the chance- 

coincidence hypothesis estimated from the excess power events in the longer time window. 

iDQ (Biswas etal., 2013) calculates the probability that glitches are present in the detector’s 

output as a function of time, inferred from excess power in the auxiliary channels.

In this paper, we present a new software (publicly accessible in h t t p s : / / g i t . 

l ig o .o r g /k e n ta r o .m o g u s h i /o r ig l i )  called PyChChoo (“Python-based glitCh Char­

acterization tool”) designed to identify the clue of the origin of glitches in GW detectors 

and remove the effect in the detector’s output. Using a set of glitches, PyChChoo conditions 

the time series recorded in the auxiliary channels around the glitch-time and then counts the 

fraction of frequency bins above a threshold in a given frequency band in order to quantify 

the excess power in coincidence with the glitch. To identify highly correlated channels 

(so-called witness channels), PyChChoo uses the probability showing the loudness of the 

excess-power measure in the glitch set compared with the measure in another set which 

is created with randomly selected timestamps when the detector’s output is quiet. After 

witness channels are identified, removable glitches are determined by the probability that 

the excess-power measure for a glitch belongs to the glitch set.

The most novel feature of this algorithm is that it can be used as a “targeted” 

approach. To understand the origin of a particular population of glitches having their 

specific characteristics denoted such as the peak frequency, SNR and/or time-frequency 

morphology, a user can choose the list of those glitches for running PyChChoo. Instead 

of providing a single channel that is the most significantly correlated, the algorithm can 

find multiple channels to help a thorough understanding of potential unknown physical 

couplings inside instruments. Besides, the ultimate goal of GW searches is to detect 

more signals. Not all glitches are adversely affecting GW detection pipelines. Therefore,

https://git
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studying all glitches present in the detector’s output that typically is made with UPV and 

hVETO might introduce redundant removal time periods. To compensate for this issue, 

only adversely affecting glitches for a GW pipeline can be chosen for running this algorithm. 

We demonstrate the “targeted” approach using triggers with high-ranking statistics that are 

generated by one of unmodeled GW detection pipelines. Finding the witness channels 

is particularly beneficial for unmodeled GW detection pipelines (Klimenko et al., 2008, 

2016; Sutton et al., 2010) because they are more susceptible to glitches than matched-filter 

pipelines (Nitz et al., 2017; Sachdev et al., 2019) by their design. Conversely, they have 

potential capabilities to detect GW signals with unknown waveforms or signals empowered 

by unknown sources.

2. SOFTWARE ARCHITECTURE

PyChChoo aims to identify the essential clues of the origin of glitches in the 

detector’s output and remove the effect of those glitches. A set of glitches can be selected 

from any event trigger generators (ETGs) or glitch databases, e.g., Omicron (Robinet et al., 

2020), pyCBC-live (Nitz et al., 2018), the database created based on Gravity Spy (Zevin 

et al., 2017), or user-defined glitches on demand. Those glitches can be further down- 

selected based on their characteristics such as peak frequencies, SNRs, and/or particular 

glitch-class, etc.

2.1. QUANTIFY EXCESS POWER

In order to identify the origin of glitches driven from terrestrial disturbances, a set 

of system control sensors and environmental monitors that do not causally follow from 

the detector’s output (so-called safe auxiliary channels) is used. To identify safe channels, 

LIGO uses hVETO (Smith et al., 2011) and Pointy Poison (Essick et al., 2021).
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Witness channels are expected to show excess power in coincidence with a glitch 

detected in the detector’s output. Those channels might record excess power in different 

frequency bands. Also, a measure quantifying the excess power depends on a provided time 

window used to calculate itself. To account for these dependencies on excess-power values, 

PyChChoo uses the one-sided amplitude spectrum density (ASD) that indicates the noise 

amplitude. The one-sided ASD is a square root of the one-sided PSD S ( f ) defined as

1 S ( f  -  f ' ) S ( f ) = <n(f)n(f')> , (1)

where the brackets (• • • > denote an ensemble average over noise realizations (Cutler and 

Flanagan, 1994), and ii(f ) and n(f ') are the Fourier transforms of the time series n(t) at the 

frequencies f  and f ', respectively. Using the ASD of the time series recorded in a set of 

safe channels in the quiet time, we define the stationarity upper threshold (SUT) as follows.

The SUT is obtained from the time series when no glitches are present in the detec­

tor’s output. We consider Omicron triggers (Robinet et al., 2020) with SNR < 5.5 to be the 

absence of glitches. To calculate values of SUT, PyChChoo first selects random timestamps 

during the quiet period and then chooses time windows for each of the timestamps by ran­

domly selecting durations (td,s) which are log-uniformly distributed between the minimum 

duration (td,min) and the maximum duration (td,max). The value of td,min is chosen to be 

0.02 seconds because of the computational requirement for the ASD calculation in GWpy 

(Virtanen et al., 2020). The value of td,max is typically chosen to be 35 seconds where the 

majority of glitches (82% of glitches in the Gravity Spy glitch database in the O2) have 

durations less than this value. After setting the time window for each of the timestamps, 

the ASD is calculated using the time series in this time window. This ASD is subsequently 

normalized with the median value of ASDs of overlapping periodograms with a single fast 

Fourier transform (FFT) duration of td,s in the time window of 128 seconds spanning around 

the timestamp.
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Using a set of timestamps, the value of SUT is defined as a 3 -^  standard deviation 

above the mean value of the normalized ASD for each channel in a given frequency band 

with a given duration. To obtain values of SUT for any durations, PyChChoo interpolates 

SUT as a function of duration for each channel in a given frequency band. We find that the 

polynomial best fit with the degree of 10 while removing the outliers outside of the median 

absolute error with a 6 -^  is suitable. Figure 1 shows the interpolated SUT as a function of 

duration for the two representative channels in particular frequency bands. The interpolated 

SUT are saved and to be used to evaluate glitches like the following.

Figure 1. SUT of two representative channels: L1:ASC-SRC2_Y_OUT_DQ in 1-128 Hz 
(left) and L1:PEMEX_MAG_VEA_FLOOR_Y_DQ in 2048-4096 Hz (right) as a function 
of duration. The red curves are the polynomial best fits with the degree of 10 obtained from 
the gray curves that denote the values SUT for 8010 different random samples. Outlying 
values of SUT outside of the median absolute error with a 6 -^  are removed.

For each glitch, PyChChoo conditions the time series recorded in each of the safe 

channels in the time window:

W = [tg -  a td , tg + (1 -  a)td] , (2)
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where tg is the time of a glitch, td is its duration, and a  is a fraction of the duration before tg. 

A value of a  = 0.5 sets the window to be evenly spanned around the glitch time tg. A value 

of td can be chosen to be the duration provided by an ETG or manually selected if needed. 

Witness channels are expected to record excess power in particular frequency bands in this 

window when the glitch is present in the detector's output.

To quantify the excess power for a glitch, PyChChoo firstly calculates the ASD of 

the time series in the window W, secondly normalize the ASD with the median value of 

ASDs which are obtained from the time series in the 128-second window spanning evenly 

around tg, finally counts the fraction (q) of the frequency bins above the value of SUT in a 

given frequency band. Because the sampling frequencies differ between channels (from 256 

Hz to 16384 Hz), the lower and/or upper bounds of a chosen frequency band can be greater 

than the Nyquist frequency of some channels. When only the upper bound is above the 

Nyquist frequency, we use the frequency bins up to the Nyquist frequency for calculating q. 

When the lower bound is above the Nyquist frequency, we define the value of q to be zero.

2.2. PROBABILISTIC INSIGHT

After a set of glitches (hereafter called target set) is quantified with values of q from 

each of the safe auxiliary channels in different frequency bands, the probabilistic measure 

is used to identify witness channels. Channels with large values of q in the target set could 

have large values of q during the absence of glitches as well. Channels that record excess 

power regardless of the presence of glitches indicate no or mild correlation with the glitches. 

The probabilistic measure accounts for this factor to identify witness channels.

To identify witness channels, PyChChoo compares the target set with another data 

set (null set). The null set is created by randomly generating time periods with durations 

being distributed as that of the target set, and then selecting only the subset of these time 

periods that do not overlap with any glitches being present in the detector's output. We
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t y p i c a l l y  c o n s i d e r  O m i c r o n  t r i g g e r s  w i t h  S N R  <  5 . 5  t o  b e  t h e  a b s e n c e  o f  g l i t c h e s .  B e c a u s e  

t h e  n u l l  s e t  r e p r e s e n t s  t h e  d a t a  s e t  w h e n  t h e  d e t e c t o r ’ s  o u t p u t  i s  q u i e t ,  c h a n n e l s  w i t h  l a r g e  

v a l u e s  o f  q  i n  t h e  n u l l  s e t  i m p l y  n o  o r  m i l d  c o r r e l a t i o n  w i t h  t h e  t a r g e t e d  g l i t c h e s .

W i t n e s s  c h a n n e l s  a r e  e x p e c t e d  t o  s h o w  a  l a r g e r  n u m b e r  o f  s a m p l e s  w i t h  g r e a t e r  

v a l u e s  o f  q  i n  t h e  t a r g e t  s e t  t h a n  t h e  n u l l  s e t .  T o  f o r m u l a t e  t h i s  m a n i f e s t a t i o n ,  w e  c o n s i d e r  

t h e  d i s t r i b u t i o n s  t ( q )  a n d  n ( q )  o f  q  i n  t h e  t a r g e t  a n d  n u l l  s e t s ,  r e s p e c t i v e l y .  T h e  p r o b a b i l i t y  

t h a t  t h e  t a r g e t  s e t  h a s  v a l u e s  i n  t h e  s m a l l  i n t e r v a l  ( q ,  q  +  A q )  i s  t ( q ) A q ,  w h i l e  t h e  p r o b a b i l i t y  

t h a t  t h e  n u l l  s e t  h a s  v a l u e s  l e s s  t h a n  q  i s  N ( q )  =  J 0  n (q ')dq ',  w h i c h  i s  k n o w n  a s  t h e  

c u m u l a t i v e  d i s t r i b u t i o n .  M u l t i p l y i n g  t ( q ) A q  a n d  N ( q )  g i v e s  t h e  p r o b a b i l i t y  o f  t h e  p a i r  

o f  t h e  a b o v e  t w o  s i t u a t i o n s  o c c u r  i n  u n i s o n .  S u m m i n g  t ( q ) A q N ( q )  o v e r  t h e  r a n g e  o f  a l l  

p o s s i b l e  v a l u e s  o f  q ,  f o r m u l a t e d  a s

Pg = f  t ( q ) N ( q ) d q , ( 3 )
Jo

i s  t h e  p r o b a b i l i t y  t h a t  a r b i t r a r y  v a l u e s  o f  q  i n  t h e  t a r g e t  s e t  a r e  g r e a t e r  t h a n  v a l u e s  i n  t h e  n u l l  

s e t .  C h a n n e l s  w i t h  p g  <  0 . 5  i m p l y  c h a n c e  c o i n c i d e n c e s .  C h a n n e l s  w i t h  p g  ~  1  i n d i c a t e  

e v i d e n c e  o f  b e i n g  t h e  w i t n e s s  f o r  t h e  g l i t c h e s .  T h e r e f o r e ,  P y C h C h o o  u s e s  p g  t o  i d e n t i f y  

t h e  w i t n e s s  c h a n n e l s .  I n  e x p e r i m e n t s ,  o n l y  a  f i n i t e  n u m b e r  o f  s a m p l e s  c a n  b e  o b t a i n e d .  

T o  c o m p e n s a t e  f o r  t h i s  e x p e r i m e n t a l  l i m i t ,  a  c o n t i n u o u s  d i s t r i b u t i o n  i s  p r e f e r r e d  t o  m a k e  

a  r o b u s t  m e a s u r e  f o r  E q u a t i o n  ( 3 ) .  B e c a u s e  v a l u e s  o f  q  a r e  b o u n d e d  b e t w e e n  0  a n d  1 ,  a  

c a n d i d a t e  d i s t r i b u t i o n  f o r  q  i s  a  B e t a  d i s t r i b u t i o n .  T h e  s h a p e  o f  t h e  B e t a  d i s t r i b u t i o n  i s  

o b t a i n e d  w i t h  t h e  f i r s t  a n d  s e c o n d  m o m e n t s  e s t i m a t e d  f r o m  t h e  m e a s u r e d  s a m p l e s .

A f t e r  w i t n e s s  c h a n n e l s  a r e  i d e n t i f i e d ,  t h e  e f f e c t  o f  t h e  g l i t c h e s  o n  t h e  G W  d e t e c t i o n  

p i p e l i n e s  c a n  b e  m i t i g a t e d .  T h e  s i m p l e  a n d  s t a n d a r d  p r o c e d u r e  i s  t o  v e t o  t h e  t i m e  p e r i o d s  

o f  g l i t c h e s  t h a t  a r e  c o r r e l a t e d  w i t h  w i t n e s s  c h a n n e l s .  F o r  a  g l i t c h ,  a  v a l u e  o f  q  o b t a i n e d  

f r o m  t h e  w i t n e s s  c h a n n e l  i m p l i e s  e i t h e r  o f  t w o  m u t u a l l y  e x c l u s i v e  s i t u a t i o n s :  a  v a l u e  o f  q  

f o l l o w s  t h e  t a r g e t  s e t  w i t h  b e i n g  g r e a t e r  t h a n  v a l u e s  i n  t h e  n u l l  s e t ,  o r  a  v a l u e  o f  q  f o l l o w s
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t h e  n u l l  s e t  w i t h  b e i n g  g r e a t e r  t h a n  v a l u e s  i n  t h e  t a r g e t  s e t .  T h u s ,  t h e  p r o b a b i l i t y  t h a t  q  

b e l o n g s  t o  t h e  t a r g e t  s e t  i s  g i v e n  a s

Pv = *  ( q ) N  ( q )

*  ( q ) N  ( q )  +  T  ( q ) n  ( q )  ’

(4)

w h e r e  T ( q )  i s  t h e  c u m u l a t i v e  d i s t r i b u t i o n  o f  q  i n  t h e  t a r g e t  s e t .  A  v a l u e  o f  p v ~  1  i n d i c a t e s  

e v i d e n c e  o f  a  s t r o n g  c o r r e l a t i o n  b e t w e e n  e x c e s s  p o w e r  i n  t h e  w i t n e s s  c h a n n e l  a n d  t h e  g l i t c h .  

P y C h C h o o  u s e s  p v a s  a  v e t o  c r i t e r i o n .

3. SOFTWARE VALIDATION

F o r  v a l i d a t i n g  P y C h C h o o ’ s  p e r f o r m a n c e  t o  i d e n t i f y  w i t n e s s  c h a n n e l s ,  w e  u s e  a  c l a s s  

o f  g l i t c h e s  w i t h  t h e  k n o w n  i n s t r u m e n t a l  o r i g i n  t h a t  w a s  i d e n t i f i e d  d u r i n g  O 2 .  T h e  L I  d e t e c t o r  

w a s  c o n t a m i n a t e d  w i t h  a  n e w  c l a s s  o f  g l i t c h e s  b e t w e e n  F e b r u a r y  9 t h ,  2 0 1 7  a n d  A p r i l  1 0 t h ,  

2 0 1 9  d u e  t o  t h e  m a g n e t i c  c o u p l i n g  b e t w e e n  t h e  m a g n e t i c  f i e l d  p r o d u c e d  f r o m  e l e c t r o n i c s  

r a c k s  a n d  t h e  d e t e c t o r ’ s  i n t e r n a l  c o m p o n e n t s  s u c h  a s  c a b l e s ,  c o n n e c t o r s ,  a n d  a c t u a t o r s  

( C a v a g l i a  et al., 2 0 1 9 ) .  T h e s e  g l i t c h e s  w e r e  s h o r t - l i v e d  s p i k e s  w i t h  a  d u r a t i o n  o f  ~  0 . 3  

s e c o n d s  a n d  a p p e a r e d  i n  t h e  f r e q u e n c y  b a n d  o f  ~  5 0 - 6 0  H z  i n  t h e  d e t e c t o r ’ s  o u t p u t .  h V E T O  

( S m i t h  et al., 2 0 1 1 )  i d e n t i f i e d  a  s e r i e s  o f  c o i n c i d e n t  e x c e s s  p o w e r  i n  a u x i l i a r y  c h a n n e l s  i n  

t h e  P h y s i c a l  E n v i r o n m e n t a l  M o n i t o r  ( P E M )  m a i n s  v o l t a g e  m o n i t o r  ( M A I N S M O N )  o f  t h e  

E l e c t r o n i c s  B a y  ( E B a y )  i n  t h e  X - a r m  e n d  s t a t i o n  ( E X )  a s  w e l l  a s  i n  t h e  E X  m a g n e t o m e t e r s .  

T h e  f o l l o w - u p  s t u d y  c o n d u c t e d  b y  C a v a g l i a  et al. ( 2 0 1 9 )  u s i n g  t h e  m a c h i n e - l e a r n i n g - b a s e d  

t o o l s  c a l l e d  Karoo G P  ( S t a a t s  eta l.,  2 0 1 7 )  a n d  Random Forest ( B r e i m a n ,  2 0 0 1 ) ,  i d e n t i f i e d  

a  p h y s i c a l l y  c o u p l e d  c h a n n e l  c a l l e d  I S I - E T M X _ S T 1 _ B L N D _ Z _ T 2 4 0 _ C U R _  I N 1 _ D Q  i n  

t h e  a c t i v e  s e i s m i c  i s o l a t i o n  i n t e r n a l  t o  t h e  v a c u u m  s y s t e m  ( I S I )  i n  a d d i t i o n  t o  t h e  E X  

m a g n e t o m e t e r  c h a n n e l s .
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A s  t h e  t a r g e t  s e t ,  w e  c h o o s e  5 9 5  g l i t c h  s a m p l e s  w i t h  S N R  >  7 . 5  f r o m  t h i s  m agne­

tom eter  s e t .  A l s o ,  w e  c r e a t e  t h e  n u l l  s e t  w i t h  a  s a m p l e  s i z e  o f  4 7 7  b y  a n a l y z i n g  t h e  r a n d o m l y  

c h o s e n  t i m e s t a m p s  w h e n  n o  O m i c r o n  t r i g g e r s  w i t h  S N R  >  5 . 5  a r e  p r e s e n t  i n  t h e  d e t e c t o r ’ s  

o u t p u t .  W e  a n a l y z e  7 0 0  s a f e  a u x i l i a r y  c h a n n e l s  w i t h  8  d i f f e r e n t  f r e q u e n c y  b a n d s .  F i g u r e  2  

s h o w s  v a l u e s  o f  q  f o r  t h e  t a r g e t  a n d  n u l l  s e t s .  O n e  o f  t h e  E X  m a g n e t o m e t e r  c h a n n e l s  c a l l e d  

P E M - E X _ M A G _ V E A _ F L O O R _ X _ D Q  i n  t h e  P E M  s u b - s y s t e m  h a s  v a l u e s  o f  q  >  0 . 6  f o r  

9 3 %  o f  t h e  t a r g e t  s e t  a n d  0 %  o f  t h e  n u l l  s e t .  T h e  A l i g n m e n t  S e n s i n g  a n d  C o n t r o l  ( A S C )  

c h a n n e l s  s h o w  r a n d o m  f l u c t u a t i n g  v a l u e s  o f  q  b o t h  i n  t h e  t a r g e t  a n d  n u l l  s e t s .
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F i g u r e  2 .  L e f t :  V a l u e s  o f  t h e  e x c e s s  p o w e r  m e a s u r e  q  f o r  7 0 0  s a f e  a u x i l i a r y  c h a n n e l s  w i t h  8  

d i f f e r e n t  f r e q u e n c y  b a n d s  i n  c o i n c i d e n c e  w i t h  5 9 5  m a g n e t o m e t e r  g l i t c h  s e t  w i t h  S N R  >  7 . 5 .  

R i g h t :  v a l u e s  o f  q  f o r  t h e  n u l l  s e t  w i t h  a  s a m p l e  s i z e  o f  4 7 7 .  T h e  c h a n n e l s  i n  t h e  8  d i f f e r e n t  

f r e q u e n c y  b a n d s  a r e  s h o w n  s i d e  b y  s i d e  f r o m  l e f t  t o  r i g h t  w h e r e  t h e  c h o s e n  f r e q u e n c y  

b a n d s  a r e  1 - 1 2 8  H z ,  1 2 8 - 2 5 6  H z ,  2 5 6 - 5 1 2  H z ,  5 1 2 - 1 0 2 4  H z ,  1 0 2 4 - 2 0 4 8  H z ,  2 0 4 8 - 4 0 9 6  

H z ,  4 0 9 6 - 8 1 9 2  H z ,  a n d  t h e  r a n g e  f r o m  1  H z  t o  t h e  N y q u i s t  f r e q u e n c y .  T h e  d a r k  a n d  l i g h t  

g r a y  b a r s  i n  t h e  t o p  d e n o t e  e a c h  o f  t h e  c h a n n e l  g r o u p s  i n  t h e  c o m m o n  s u b - i n s t r u m e n t a l  

s e n s o r  o r  e n v i r o n m e n t a l  m o n i t o r .

U s i n g  t h e  t a r g e t  a n d  n u l l  s e t s  i n  F i g u r e  2 ,  w e  c a l c u l a t e  t h e  p r o b a b i l i t y  p g  i n  E q u a t i o n  

( 4 )  f o r  c h a n n e l s  i n  e a c h  f r e q u e n c y  b a n d .  F i g u r e  3  s h o w s  v a l u e s  o f  p g f o r  t h e  m a g n e t o m e t e r  

s e t .  P y C h C h o o  s u c c e s s f u l l y  i d e n t i f i e s  t h e  w i t n e s s  c h a n n e l s  i n c l u d i n g  t h e  E X  m a g n e t o m e t e r  

c h a n n e l s  a s  w e l l  a s  I S I - E T M X _ S T 1 _ B L N D _ Z _ T 2 4 0 _ C U R _  I N 1 _ D Q  c h a n n e l  i n  1 - 1 2 8  H z  

w i t h  p g  =  0 . 9 5 ,  i n  a g r e e m e n t  w i t h  C a v a g l i a  et al. ( 2 0 1 9 ) .
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F i g u r e  3 .  p g  o b t a i n e d  f r o m  t h e  7 0 0  s a f e  a u x i l i a r y  c h a n n e l s  i n  8  d i f f e r e n t  f r e q u e n c y  b a n d s  

f o r  t h e  m a g n e t o m e t e r  s e t .  T h e  r e d  ( c y a n )  b a r s  d e n o t e  c h a n n e l s  w i t h  a  g i v e n  f r e q u e n c y  b a n d  

w i t h  p g  >  0 . 9  ( <  0 . 9 ) .  T h e  c h a n n e l s  i n  t h e  8  d i f f e r e n t  f r e q u e n c y  b a n d s  a r e  s h o w n  s i d e  

b y  s i d e  f r o m  l e f t  t o  r i g h t  w h e r e  t h e  c h o s e n  f r e q u e n c y  b a n d s  a r e  1 - 1 2 8  H z ,  1 2 8 - 2 5 6  H z ,  

2 5 6 - 5 1 2  H z ,  5 1 2 - 1 0 2 4  H z ,  1 0 2 4 - 2 0 4 8  H z ,  2 0 4 8 - 4 0 9 6  H z ,  4 0 9 6 - 8 1 9 2  H z ,  a n d  t h e  r a n g e  

f r o m  1  H z  t o  t h e  N y q u i s t  f r e q u e n c y .  T h e  d a r k  a n d  l i g h t  g r a y  b a c k g r o u n d  c o l o r s  d e n o t e  e a c h  

o f  t h e  c h a n n e l  g r o u p s  i n  t h e  c o m m o n  s u b - i n s t r u m e n t a l  s e n s o r  o r  e n v i r o n m e n t a l  m o n i t o r .  

T h e  t a b l e  s h o w s  t h e  t o p  f i v e  c h a n n e l s  i n  d i f f e r e n t  f r e q u e n c y  b a n d s .  Pass (fail)  i n  t h e  l a s t  

c o l u m n  i n  t h e  t a b l e  s h o w s  w h e t h e r  v a l u e s  o f  p g  a r e  a b o v e  ( b e l o w )  0 . 9 .

4. APPLICATION TO AN UNMODELED GW DETECTION PIPELINE

I n  G W  s i g n a l  s e a r c h e s ,  t h e  d e t e c t i o n  p i p e l i n e s  g e n e r a t e  t r i g g e r s  w i t h  r a n k i n g  s t a t i s ­

t i c s  ( R S s )  ( e . g . ,  S N R ) .  T y p i c a l l y ,  t r i g g e r s  f r o m  a s t r o p h y s i c a l  s i g n a l s  h a v e  S N R  >  8 .  T h e  

c o n f i d e n c e  i n  d e t e c t i n g  a s t r o p h y s i c a l  s i g n a l s  i s  c h a r a c t e r i z e d  b y  a  F A R ,  w h i c h  i s  t h e  r a t e  o f  

t e r r e s t r i a l - n o i s e  t r i g g e r s  w i t h  R S s  e q u a l  o r  h i g h e r  t h a n  t h e  R S  o f  a n  a s t r o p h y s i c a l  c a n d i d a t e  

e v e n t .  T h e  F A R  i s  t y p i c a l l y  r e q u i r e d  t o  b e  s m a l l e r  t h a n  2 . 0  p e r  y e a r  ( A b b o t t  et al., 2 0 2 1 ) .



59

F o r  i n c r e a s i n g  c o n f i d e n c e  i n  G W  d e t e c t i o n s ,  i t  i s  c r u c i a l  t o  r e d u c e  o u t l y i n g  n o i s e  t r i g g e r s  

w i t h  l a r g e  v a l u e s  o f  R S .  A s  m e n t i o n e d  e a r l i e r ,  u n m o d e l e d  d e t e c t i o n  p i p e l i n e s  a r e  t y p i c a l l y  

s u s c e p t i b l e  t o  g l i t c h e s ,  c a u s i n g  a  l a r g e  n u m b e r  o f  n o i s e  t r i g g e r s  w i t h  h i g h  v a l u e s  o f  R S .  

H e n c e ,  w e  f o c u s  o n  n o i s e  t r i g g e r s  g e n e r a t e d  w i t h  o n e  o f  t h e  u n m o d e l e d  p i p e l i n e s  c a l l e d  

c W B  ( K l i m e n k o  et al., 2 0 0 8 ,  2 0 1 6 )  i n  t h e  a n a l y s i s .

W e  u s e  a  s e t  o f  background-m ode  c W B  t r i g g e r s  c r e a t e d  f r o m  t h e  d a t a  o f  t h e  L 1  a n d  

H 1  d e t e c t o r s  b e t w e e n  J a n u a r y  1 s t ,  2 0 2 0  a n d  F e b r u a r y  3 r d ,  2 0 2 0 .  B e c a u s e  t h e  b a c k g r o u n d ­

m o d e  c W B  a p p l i e s  s o m e  t i m e  s h i f t s  m u c h  l o n g e r  t h a n  t h e  l i g h t - t r a v e l  t i m e  b e t w e e n  d e t e c t o r s ,  

t h e s e  t r i g g e r s  r e p r e s e n t  n o i s e  a r t i f a c t s .  I n  o u r  a n a l y s i s ,  t h e r e  i s  no  t r i g g e r  o f  a s t r o p h y s i c a l  

s i g n a l s  i n  o r i g i n .  I n  t h i s  p e r i o d ,  t h e  d e t e c t o r ' s  o u t p u t  w a s  s i g n i f i c a n t l y  c o n t a m i n a t e d  w i t h  

g l i t c h e s ,  r e s u l t i n g  i n  4 0  c W B  t r i g g e r s  w i t h  t h e  R S  o f  p  > 9  b e i n g  g e n e r a t e d .  A r o u n d  t h e  

t r i g g e r  t i m e  i n  t h e  L 1  d e t e c t o r ,  w e  a n a l y z e  t h e  d a t a  f r o m  a u x i l i a r y  c h a n n e l s  w i t h  P y C h C h o o .

B e c a u s e  m o r e  t h a n  o n e  t r i g g e r  r e p r e s e n t i n g  a  s a m e  g l i t c h  c o u l d  b e  g e n e r a t e d  i n  t h e  

p r o x i m i t y  o f  t r i g g e r  t i m e s  i n  a  d e t e c t o r ,  w e  c l u s t e r  t h e  c W B  t r i g g e r s  b y  k e e p i n g  t h e  s u b s e t  

o f  t r i g g e r s  w i t h  t h e  l a r g e s t  v a l u e  o f  p  i n  t h e  w i n d o w  o f  0 . 5  s e c o n d s  t o  a v o i d  d o u b l e - c o u n t i n g  

g l i t c h e s .  F o r  t h e  t a r g e t  s e t ,  w e  c h o o s e  t h e  3 9  c l u s t e r e d  o u t l y i n g  t r i g g e r  w i t h  p  >  9 .  W e  

c o n s i d e r  t h e  c l u s t e r e d  t r i g g e r  t i m e s  a s  t h e  c e n t e r  t i m e s  f o r  t h e  t a r g e t  s a m p l e s .  A l s o ,  w e  

m a n u a l l y  c h o o s e  t h e  d u r a t i o n  o f  1  s e c o n d  f o r  t h e s e  s a m p l e s  b e c a u s e  t h e  d u r a t i o n s  p r o v i d e d  

b y  c W B  a r e  f o u n d  t o  b e  t o o  s m a l l  ( t y p i c a l l y  ~  0 . 0 1  s e c o n d s )  t o  r e p r e s e n t  t h e  d u r a t i o n s  o f  

g l i t c h e s .  F o r  t h e  n u l l  s e t ,  w e  c r e a t e  2 0 0  s a m p l e s  w i t h  a  d u r a t i o n  o f  1  s e c o n d  d u r i n g  t h e  q u i e t  

p e r i o d  w h e n  t h e r e  i s  n o  O m i c r o n  t r i g g e r  w i t h  S N R  >  5 . 5 .  W e  u s e  t h e  7 5 9  s a f e  c h a n n e l s  i n  

t h e  L 1  d e t e c t o r  a n d  9  d i f f e r e n t  f r e q u e n c y  b a n d s  f o r  e a c h  o f  t h e  c h a n n e l s .  I n  t h i s  a n a l y s i s ,  

w e  h a v e  a  b a n d  o f  1 - 5 0  H z  i n  a d d i t i o n  t o  a  l i s t  o f  b a n d s  u s e d  i n  t h e  p r e v i o u s  s e c t i o n  b e c a u s e  

t h e  p e a k  f r e q u e n c y  o f  s o m e  c W B  t r i g g e r s  i s  a r o u n d  2 0  H z  a n d  t h e  w i t n e s s  o f  t h o s e  t r i g g e r s  

a r e  e x p e c t e d  t o  h a v e  e x c e s s  p o w e r  o n l y  i n  t h e  l o w - f r e q u e n c y  ( b e l o w  ~  4 0  H z )  r e g i o n .
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F i g u r e  4  s h o w s  t h r e e  w i t n e s s  c h a n n e l s  w i t h  v a l u e s  o f  p g >  0 . 9 .  T h e  f i r s t - r a n k e d  

c h a n n e l  ( A S C - C S O F T )  m o n i t o r s  t h e  m o t i o n s  o f  m i r r o r s  i n  t h e  a r m  i n  t h e  G W  d e t e c t o r .  

T h e  s e c o n d - r a n k e d  c h a n n e l  ( L S C - R E F L )  t y p i c a l l y  m o n i t o r s  t h e  l a s e r  i n t e n s i t y  d i p s .  T h e  

t h i r d - r a n k e d  c h a n n e l  ( S U S - E T M X )  m o n i t o r s  t h e  d i s p l a c e m e n t  i n  t h e  s u s p e n s i o n  s y s t e m  i n  

t h e  e n d  s t a t i o n  i n  t h e  X - a r m .

F i g u r e  4 .  p g  o b t a i n e d  f r o m  t h e  7 5 9  s a f e  a u x i l i a r y  c h a n n e l s  i n  8  d i f f e r e n t  f r e q u e n c y  b a n d s  f o r  

t h e  c l u s t e r e d  o u t l y i n g  c W B  t r i g g e r s  w i t h  p  > 9 f r o m  J a n u a r y  1 s t  t o  F e b r u a r y  3 r d ,  2 0 2 0 .  T h e  

r e d  ( c y a n )  b a r s  d e n o t e  c h a n n e l s  w i t h  a  g i v e n  f r e q u e n c y  b a n d  w i t h  p g  >  0 . 9  ( <  0 . 9 ) .  T h e  

c h a n n e l s  i n  t h e  9  d i f f e r e n t  f r e q u e n c y  b a n d s  a r e  s h o w n  s i d e  b y  s i d e  f r o m  l e f t  t o  r i g h t  w h e r e  

t h e  c h o s e n  f r e q u e n c y  b a n d s  a r e  1 - 5 0  H z ,  1 - 1 2 8  H z ,  1 2 8 - 2 5 6  H z ,  2 5 6 - 5 1 2  H z ,  5 1 2 - 1 0 2 4  

H z ,  1 0 2 4 - 2 0 4 8  H z ,  2 0 4 8 - 4 0 9 6  H z ,  4 0 9 6 - 8 1 9 2  H z ,  a n d  t h e  r a n g e  f r o m  1  H z  t o  t h e  N y q u i s t  

f r e q u e n c y .  T h e  d a r k  a n d  l i g h t  g r a y  b a c k g r o u n d  c o l o r s  d e n o t e  e a c h  o f  t h e  c h a n n e l  g r o u p s  

i n  t h e  c o m m o n  s u b - i n s t r u m e n t a l  s e n s o r  o r  e n v i r o n m e n t a l  m o n i t o r .  T h e  t a b l e  s h o w s  t h e  t o p  

f i v e  c h a n n e l s  i n  d i f f e r e n t  f r e q u e n c y  b a n d s .  Pass (fail)  i n  t h e  l a s t  c o l u m n  i n  t h e  t a b l e  s h o w s  

w h e t h e r  v a l u e s  o f  p g  a r e  a b o v e  ( b e l o w )  0 . 9 .
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U s i n g  v a l u e s  o f  p v  o b t a i n e d  w i t h  t h e  t o p  t w o  c h a n n e l s  i n  t h e  f r e q u e n c y  b a n d  i n  F i g u r e  

4 ,  w e  c o n s i d e r  t r i g g e r s  t o  b e  v e t o e d  u s i n g  t h e  1 - s e c o n d  w i n d o w  a r o u n d  t h e  t r i g g e r .  W e  f i n d  

t h a t  t h e  c h a n n e l s  u p  t o  t h e  s e c o n d - r a n k e d  a r e  s u f f i c i e n t  b e c a u s e  n o  a d d i t i o n a l  t r i g g e r s  c a n  b e  

r e m o v e d  b y  a d d i n g  t h e  t h i r d - r a n k e d  c h a n n e l .  F o r  v e t o i n g  t r i g g e r s ,  w e  c h o o s e  a  c o n s e r v a t i v e  

c r i t e r i o n  o f  p v  >  0 . 9 5 .  T h e  l e f t  p a n e l  i n  F i g u r e  5  s h o w s  t h e  c W B  o u t l y i n g  t r i g g e r s  w h i c h  

c a n  b e  v e t o e d .  T h e  t r i g g e r s  w i t h  a  c e n t r a l  f r e q u e n c y  l e s s  t h a n  8 0  H z  a r e  t y p i c a l l y  v e t o e d  

w i t h  t h e  A S C - C S O F T  c h a n n e l  b e c a u s e  t h e  m i r r o r  m o t i o n  p r o d u c e s  l o w - f r e q u e n c y  g l i t c h e s  

s h o w n  i n  t h e  l e f t  p a n e l s  i n  F i g u r e  6 .  B e c a u s e  t h e  g l i t c h e s  p r o d u c e d  b y  t h e  l a s e r  p o w e r  

i n t e n s i t y  d i p s  t y p i c a l l y  h a v e  a  l a r g e  b a n d w i d t h  r a n g i n g  f r o m  ~ 1 0  t o  ~  2 0 0 0  H z ,  v e t o e d  

t r i g g e r s  w i t h  t h e  L S C - R E F L  h a v e  t h e  c e n t r a l  f r e q u e n c i e s  o f  e i t h e r  l e s s  t h a n  ~  1 1 0  H z  o r  

g r e a t e r  t h a n  ~  8 0 0  H z .  F i g u r e  6  s h o w s  t w o  r e p r e s e n t a t i v e  g l i t c h e s  w i t n e s s e d  w i t h  e i t h e r  t h e  

A S C - C S O F T  o r  L S C - R E F L  c h a n n e l s .  O v e r a l l ,  7 2 . 5 %  o f  4 0  o u t l y i n g  t r i g g e r s  i n  t h i s  s e a r c h  

p e r i o d  c a n  b e  v e t o e d  w i t h  o u r  a n a l y s i s .  T h e  r i g h t  p a n e l  i n  F i g u r e  5  s h o w s  t h a t  t h e  r a t e s  o f  

p  i n  t h e  c W B  t r i g g e r s  b e f o r e  a n d  a f t e r  t h e  v e t o .

A s  a  c o m p l e m e n t a r y  c h e c k ,  w e  c o m p a r e  o u r  v e t o  p e r f o r m a n c e  w i t h  t h a t  o b t a i n e d  b y  

t h e  c u r r e n t  L I G O  i n f r a s t r u c t u r e .  U s i n g  a  s e t  o f  v e t o  p e r i o d s  o b t a i n e d  f r o m  t h r e e  d i f f e r e n t  

f l a g  c a t e g o r i e s  i n d i c a t i n g :  1 )  a  c r i t i c a l  i s s u e  w i t h  a n  a b n o r m a l l y  o p e r a t i n g  d e t e c t o r  ( C A T 1 )  

; 2 )  t i m e s  o f  g l i t c h e s  w i t h  u n d e r s t o o d  p h y s i c a l  c o u p l i n g  b e t w e e n  a u x i l i a r y  c h a n n e l s  a n d  

t h e  d e t e c t o r ’ s  o u t p u t  ( C A T 2 ) ;  a n d  3 )  t i m e s  o f  g l i t c h e s  w i t h  u n k n o w n  c a u s e s  b u t  s t a t i s t i c a l  

c o r r e l a t i o n  ( C A T 3 ) ,  3 5  o u t  o f  t h e  c W B  o u t l i e r s  c a n  b e  v e t o e d .  B e c a u s e  t h e  p e r i o d s  o f  t h e  

C A T 1  f l a g  a r e  a l r e a d y  r e m o v e d  c o m m o n l y  f o r  t h e  a n a l y s e s ,  w e  c o m p a r e  u n v e t o e d  t r i g g e r s  

b e t w e e n  o u r  a n a l y s i s  a n d  t h e  u n i o n  o f  t h e  C A T 2  a n d  C A T 3  f l a g s .  T h e r e  a r e  4  c o m m o n l y  

u n v e t o e d  t r i g g e r s .  W e  v e t o  a  s i n g l e  t r i g g e r  t h a t  i s  n o t  v e t o e d  w i t h  t h e  C A T 2  a n d  C A T 3  f l a g s  

b e c a u s e  o f  t h e  c h a n c e - c o i n c i d e n t  e x c e s s  p o w e r  w i t n e s s e d  w i t h  t h e  L S C - L E F T  c h a n n e l .  

S e v e n  t r i g g e r s  a r e  v e t o e d  w i t h  t h e  C A T 2  a n d  C A T 3  f l a g s  b u t  n o t  v e t o e d  w i t h  o u r  a n a l y s i s .  

T h i s  d i s c r e p a n c y  c a n  b e  e x p l a i n e d  f o r  t w o  r e a s o n s .  B e c a u s e  o u r  v e t o  w i n d o w  i s  1  s e c o n d  

a r o u n d  t h e  t r i g g e r  t i m e ,  t h e  q u a n t i t y  f o r  t h e  e x c e s s  p o w e r  o u t s i d e  t h i s  w i n d o w  i s  n o t  l a r g e
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F i g u r e  5 .  L e f t :  4 0  o u t l y i n g  background. c W B  t r i g g e r s  w i t h  t h e  r a n k i n g  s t a t i s t i c  o f  p  > 9 .  

R i g h t :  R a t e  o f  a l l  t h e  background  c W B  t r i g g e r s  b e t w e e n  J a n u a r y  1 s t ,  2 0 2 0  a n d  F e b r u a r y  

3 r d ,  2 0 2 0 .  T h e  o r a n g e - x  ( b l u e - + )  m a r k e r s  d e n o t e  t h e  t r i g g e r s  v e t o e d  w i t h  A S C - C S O F T  

( L S C - R E F L )  c h a n n e l s  b a s e d  o n  t h e  c r i t e r i o n  o f  p v >  0 . 9 5 .  T h e  b l a c k  c i r c l e s  d e n o t e  t h e  

r e m a i n i n g  t r i g g e r s  i n  o u r  a n a l y s i s .  T h e  g r e e n  s q u a r e s  d e n o t e  t h e  t r i g g e r s  v e t o e d  w i t h  t h e  

C A T 2  a n d  C A T 3  f l a g s .  T h e  g r e y  a n d  r e d  h i s t o g r a m s  d e n o t e  t h e  r a t e s  w i t h  c W B  t r i g g e r s  

b e f o r e  a n d  a f t e r  o u r  v e t o ,  r e s p e c t i v e l y .  T h e  b l u e - d a s h e d  h i s t o g r a m  i s  t h e  r a t e  a f t e r  t h e  C A T  

a n d  C A T 3  f l a g s  a p p l i e d .

e n o u g h  t o  p a s s  o u r  v e t o  c r i t e r i o n .  O t h e r w i s e ,  c h a n n e l s  o t h e r  t h a n  t h e  t w o  h i g h - r a n k e d  

w i t n e s s  c h a n n e l s  s e l e c t e d  i n  o u r  a n a l y s i s  m i g h t  w i t n e s s  c o i n c i d e n t  e x c e s s  p o w e r .  T a b l e  1  

s u m m a r i z e s  d e t a i l s  a b o u t  t h e s e  t r i g g e r s .  I n  c o n c l u s i o n ,  w e  h a v e  8 0 %  o f  4 0  t r i g g e r s  a r e  i n  

c o m m o n  b e t w e e n  o u r  a n a l y s i s  a n d  t h e  C A T 2  a n d  C A T 3  f l a g s .

5. CONCLUSION

I n  t h i s  p a p e r ,  w e  h a v e  p r e s e n t e d  a  n e w  s o f t w a r e ,  P y C h C h o o ,  d e s i g n e d  t o  i d e n t i f y  

t h e  o r i g i n  o f  g l i t c h e s  a n d  r e m o v e  t h e  e f f e c t  o f  g l i t c h e s .

U s i n g  a  s e t  o f  t i m e  s e r i e s  r e c o r d e d  i n  t h e  i n s t r u m e n t a l  a n d  e n v i r o n m e n t a l  m o n i t o r s  

w h i c h  d o  n o t  c a u s a l l y  f o l l o w  f r o m  t h e  d e t e c t o r ’ s  o u t p u t ,  P y C h C h o o  q u e r i e s  t h e  t i m e  s e r i e s  

f r o m  e a c h  o f  t h e  s e n s o r s  a r o u n d  t h e  t i m e s  o f  g l i t c h e s  a n d  t h e n  c o u n t s  t h e  f r a c t i o n  (q)  o f  

f r e q u e n c y  b i n s  a b o v e  t h e  s t a t i o n a r i t y  u p p e r  t h r e s h o l d  t o  q u a n t i f y  e x c e s s  p o w e r .  C o m p a r i n g  

w i t h  a n o t h e r  d a t a  s e t  w h e n  t h e  d e t e c t o r ’ s  o u t p u t  i s  q u i e t  t h a t  i s  a n a l y z e d  i n  t h e  s a m e  w a y ,  t h e
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Figure 6. The time-frequency representation of the glitches in the detector’s output (top) and 
the excess power in the witness auxiliary channels (bottom) using the Q-transform (Robinet 
et al., 2020). The left and right panels show the glitches witnessed with the ASC-CSOFT 
and LSC-REFL channels, respectively. The trigger times are marked as zero on the maps. 
The ASC-CSOFT channel in 1-50 Hz and the LSC-REFL channel in 1-128 Hz have the 
values of p v = 0.999 and p v = 0.954 for each glitch, respectively.

witness sensors are probabilistically identified based on values of q. To remove the effect of 

the glitches in the detector’s output, time periods when the witness sensors monitor excess 

power in coincidence with the glitches, are marked as a veto. The veto criterion is given as 

a probability that a value of q obtained with a witness channel belongs to the distribution 

of q in the glitch set.

To demonstrate the effect on GW searches, we have used the background triggers 

given by the cWB pipeline running on the L1 and H1 detectors from January 1st, 2020 

to February 3rd, 2020. Because these triggers are generated by applying some time shifts 

longer than the light-travel time between detectors, there is no trigger of astrophysical 

signals in origin in our analysis. During this period, the detector’s output was significantly 

contaminated with glitches. We analyze the data of the L1 auxiliary channels using the L1 

trigger time of the outlying triggers with the ranking statistic of p > 9. We find at least
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T a b l e  1 .  L i s t  o f  1 1  u n v e t o e d  o u t l y i n g  background  c W B  t r i g g e r s  w i t h  p  > 9  i n  o u r  a n a l y s i s  

u s i n g  a  t h r e s h o l d  o f  p v > 0 .9 5  f o r  t h e  f i r s t  a n d  s e c o n d  r a n k e d  w i t n e s s  c h a n n e l s  w i t h  

c o m m e n t s  f o r  t r i g g e r s  i n  t h e  d i s c r e p a n c y  b e t w e e n  o u r  a n a l y s i s  a n d  t h e  C A T 2  a n d  C A T 3  

f l a g s .  T h e  t r i g g e r  i n  t h e  l a s t  r o w  i s  v e t o e d  b e c a u s e  o f  t h e  c h a n c e - c o i n c i d e n t  e x c e s s  p o w e r  

w i t n e s s e d  b y  t h e  L S C - R E F L  c h a n n e l .  T h e  v a l u e s  i n  t h e  c o l u m n s  o f  A S C - C S O F T  a n d  

L S C - R E F L  d e n o t e  v a l u e s  o f  p v . T h e  s h a d e d  r o w s  d e n o t e  t h e  u n v e t o e d  t r i g g e r s  b a s e d  o n  

t h e  C A T 2  a n d  C A T 3  d a t a  q u a l i t y  f l a g s  o f  L I G O .

G P S  t i m e  

i n  L 1

A S C - C S O F T  L S C - R E F L  

i n  1 - 5 0  H z  i n  1 - 1 2 8  H z
C o m m e n t s

1 2 6 2 3 2 6 8 9 2 . 3 0 0 . 8 7 4 0 . 9 0 5
E x c e s s  p o w e r  i n  ( - 2 . 0 ,  - 0 . 7 )  s e c o n d s  

i n  L S C - R E L F

1 2 6 2 4 0 3 6 6 1 . 6 8 0 . 8 2 4 0 . 9 3 6
E x c e s s  p o w e r  i n  1 - 5 0  H z  

i n  L S C - R E F L  w i t h  p v  =  0 . 9 5 3

1 2 6 2 6 5 5 7 8 7 . 2 2 0 . 7 8 5 0 . 9 4 2 G l i t c h e s  i n  ( 0 . 4 , 1 . 0 )  s e c o n d s  a t  ~  2 5  H z

1 2 6 2 6 7 4 2 3 0 . 3 7 0 . 8 7 4 0 . 9 3 0 A  g l i t c h  a t  - 1 . 4  s e c o n d s  a t  ~  1 2  H z

1 2 6 2 6 7 6 0 9 8 . 0 5 0 . 7 8 5 0 . 9 3 8 G l i t c h e s  b e l o w  9  H z

1 2 6 2 7 5 8 3 9 9 . 3 8 0 0 . 7 8 5 0 . 9 5 0 Q u i e t  w i t h i n  ( - 8 ,  8 )  s e c o n d s

1 2 6 2 8 4 2 8 8 9 . 3 0 0 . 8 2 4 0 . 8 9 9 -

1 2 6 3 3 6 3 1 7 5 . 4 8 0 . 8 7 4 0 . 9 0 5 -

1 2 6 3 7 1 5 7 0 8 . 1 6 0 . 9 4 1 0 . 9 0 3 -

1 2 6 4 3 2 7 0 9 9 . 4 3 0 . 7 8 5 0 . 9 0 5 -

1 2 6 4 7 0 3 1 3 9 . 1 2 0 . 7 8 5 0 . 9 0 5 A  g l i t c h  i n  ( - 2 . 5 , 0 )  s e c o n d s

1 2 6 2 6 6 4 6 5 9 . 8 4 0 . 8 2 4 0 . 9 6 0 E x c e s s  p o w e r  i n  t h e  L S C - R E F L  c h a n n e l

t w o  k i n d s  o f  a d v e r s e l y  a f f e c t i n g  g l i t c h e s  t o  t h e  p i p e l i n e ,  o n e  o f  w h i c h  s e e m s  t o  b e  d u e  

t o  t h e  m i r r o r - m o t i o n s  w i t n e s s e d  b y  t h e  A S C - C S O F T  c h a n n e l  a n d  t h e  o t h e r  o n e  s e e m s  t o  

b e  t y p i c a l l y  c a u s e d  b y  t h e  l a s e r  i n t e n s i t y  d i p s  w i t n e s s e d  b y  t h e  L S C - R E F L  c h a n n e l  w i t h  

h i g h  c o n f i d e n c e .  U s i n g  t h e s e  t w o  w i t n e s s  c h a n n e l s ,  w e  c o n s i d e r  t h a t  7 2 . 5 %  o f  4 0  o u t l y i n g  

t r i g g e r s  t o  b e  v e t o e d .  W e  f i n d  t h a t  n o n e  o f  t h e  c W B  t r i g g e r s  m a r k e d  a s  b e i n g  v e t o e d  a r e  i n  

c o i n c i d e n c e  w i t h  s u p e r  e v e n t s  r e p o r t e d  i n  t h e  d a t a b a s e  s e r v e r  o f  t h e  c a n d i d a t e  G W  e v e n t s  

( G r a c e D B )  ( P r e s t e g a r d  e ta l.,  2 0 2 1 ) .
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As a complementary check, we compare our results with the current LIGO infras­

tructure; the CAT2 and CAT3 flags. We veto a single trigger that is not vetoed with the 

CAT2 and CAT2 flags because of the coincident excess power witness with the LSC-LEFT 

channel. Our analysis does not veto 7 triggers that are vetoed with the CAT2 and CAT3 flags 

because the excess power is present outside of the 1-second window used in our analysis or 

the coincident excess power is not witnessed with our selected two channels. Overall, 80% 

of the triggers are in common between our analysis and the LIGO infrastructure.

As mentioned, these 40 outlying triggers seem to have at least two distinct sources 

of glitches. In our analysis, we have used all triggers to calculate p v. Values of p v could 

be higher by grouping glitch samples based on q of all channels and calculate p v for each 

group. To group samples, machine-learning clustering algorithms such as Gaussian M ix­

ture Clustering (Ghosh and Sen, 1984; Hartigan, 1985) or Agglomerative Clustering 

(Gower and Ross, 1969) can be applied after using some dimensionality reduction algo­

rithms including Principle Component Analysis (PCA) (F.R.S., 1901; Hotelling, 1933; 

Minka, 2000) in Scikit-Learn (Pedregosa et al., 2011). PyChChoo has the in-progress 

implementation using Gaussian M ixture Clustering and PCA incorporating statistical 

tests such as a one-sided binomial test and a one-sided Welch’s t-test (WELCH, 1947) to 

determine the number of clusters. Also, because the background cWB triggers are generated 

by applying some time shifts between detectors, our analysis might have a bias due to one 

realization of time shifts. To reduce the bias, a higher number of time shifts can be chosen 

to generate a larger number of background cWB triggers.

PyChChoo has several advantages. Firstly, it can work with any ETGs running only 

on the detector’s output without the use of them running on auxiliary channels. Secondly, 

because a list of glitches can be chosen by a user, it can be used to help to understand 

the origin of glitches which are only adversely affecting a particular GW detection pipeline 

with specific parameters, e.g., high ranking statistic. The current existing veto infrastructure 

typically uses Omicron ETG. Omicron is intended to capture a wide variety of glitches
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i n c l u d i n g  t h o s e  t h a t  a r e  n o t  s i m i l a r  t o  a s t r o p h y s i c a l  G W  s i g n a l s .  A n a l y z i n g  o n l y  t h e  d a t a  s e t  

o b t a i n e d  f r o m  a  p a r t i c u l a r  G W  d e t e c t i o n  p i p e l i n e  m i g h t  m a k e  i m p r o v e m e n t s  i n  r e d u c i n g  

v e t o  t i m e s .  A l s o ,  i t  t a k e s  l e s s  t h a n  1  m i n u t e  t o  a n a l y z e  a l l  t h e  s a f e  a u x i l i a r y  c h a n n e l s  

a n d  i d e n t i f y  p o t e n t i a l l y  w i t n e s s  c h a n n e l s  f o r  a  g i v e n  t r i g g e r .  T h e r e f o r e ,  i t  c a n  b e  u s e d  f o r  

m e d i u m  l a t e n c y  o p e r a t i o n s  t o  a s s e s s  i f  a  t r i g g e r  i s  d u e  t o  a s t r o p h y s i c a l  o r  t e r r e s t r i a l  o r i g i n .

I n  a d d i t i o n  t o  t h e  p u r p o s e  o f  v e t o i n g  g l i t c h e s  a n d  t h e  u s a g e  f o r  t h e  m e d i u m  l a t e n c y  

o p e r a t i o n s ,  P y C h C h o o  h a s  a n o t h e r  c r u c i a l  a d v a n t a g e .  A s  d i s c u s s e d  i n  S e c .  3 ,  P y C h C h o o  

c a n  f i n d  w i t n e s s  c h a n n e l s  t h a t  h V E T O  m i g h t  m i s s  s o  t h a t  i t  c a n  b e  u s e d  f o r  t h e  f o l l o w - u p  

s t u d y  a b o u t  g l i t c h e s  i d e n t i f i e d  b y  h V E T O .  T h i s  f e a t u r e  i s  b e n e f i c i a l  f o r  u n d e r s t a n d i n g  m o r e  

t h o r o u g h l y  a b o u t  n o i s e  c o u p l i n g s  i n s i d e  t h e  i n s t r u m e n t s .  F o r  g l i t c h e s  w i t h  t h e  i n s t r u m e n t a l  

o r i g i n ,  n o i s e  c o u p l i n g s  t h a t  c a u s e  g l i t c h e s  c o u l d  b e  p o t e n t i a l l y  m i t i g a t e d  b y  t u n i n g  t h e  

p i e c e s  o f  e q u i p m e n t  s e t t i n g  o r  r e p l a c i n g  t h e m  w i t h  i m p r o v e d  o n e s .  I f  m i t i g a t i n g  o f  t h e  

c a u s e  i s  d i f f i c u l t  t o  o p e r a t e  o r  t h e  c a u s e  i s  o f  e n v i r o n m e n t a l  o r i g i n ,  w e  e n v i s i o n  t h a t  t h o s e  

g l i t c h e s  c a n  b e  s u b t r a c t e d  u s i n g  t h e  d a t a  r e c o r d e d  i n  w i t n e s s  c h a n n e l s  b a s e d  o n  a  m e t h o d  

s i m i l a r  t o  O r m i s t o n  et al. ( 2 0 2 0 )  b u t  a d a p t e d  t o  t r a n s i e n t  n o i s e  a r t i f a c t s .  T h e  B a y e s i a n  

i n f e r e n c e  a p p r o a c h  t o  s u b t r a c t  g l i t c h e s  i s  a v a i l a b l e  f o r  a  s i g n a l  f r o m  t h e  c o m p a c t  b i n a r y  

m e r g e r  ( C h a t z i i o a n n o u  et al., 2 0 2 1 ;  C o r n i s h ,  2 0 2 1 ) .  H o w e v e r ,  a  s u b t r a c t i o n  m e t h o d  u s i n g  

a u x i l i a r y  c h a n n e l s  c o u l d  h a v e  a  s i g n i f i c a n t  i m p a c t  o n  u n m o d e l e d  s e a r c h  p i p e l i n e s  i n  t h e  

f u t u r e .

A s  t h e  d e t e c t o r ' s  s e n s i t i v i t y  i n c r e a s e s ,  i n  p a r t i c u l a r ,  a t  t h e  l o w - f r e q u e n c y  r e g i o n  

b e l o w  ~  8 0  H z ,  u n m o d e l e d  G W  d e t e c t i o n  p i p e l i n e s  p l a y  i m p o r t a n t  r o l e s  i n  o b s e r v i n g  

i n t e r m e d i a t e  b i n a r y  b l a c k  h o l e  ( I M B B H )  f o l l o w i n g  t h e  d e t e c t i o n  o n  M a y  2 1 s t , 2 0 1 9  ( A b b o t t  

e ta l.,  2 0 2 0 ) .  U n d e r s t a n d i n g  t h e  c a u s e  o f  g l i t c h e s  a n d  m i t i g a t i n g  t h o s e  w i l l  b e  m o r e  c r u c i a l .
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ABSTRACT

Excess transient noise artifacts, or “glitches” impact the data quality of ground- 

based GW detectors and impair the detection of signals produced by astrophysical sources. 

Mitigation of glitches is crucial for improving GW signal detectability. However, glitches are 

the product of short-lived linear and non-linear couplings among the interrelated detector- 

control systems that include mitigation of ground motion and regulation of optic motion, 

generally making it difficult to model noise couplings. Hence, typically time periods 

containing glitches are vetoed to mitigate the effect of glitches in GW searches at the cost 

of reduction of the analyzable data. To increase the available data period and improve 

the detectability for both model and unmodeled GW signals, we present a new machine 

learning-based method which encompasses on-site sensors monitoring the instrumental 

and environmental disturbances to model noise couplings and subtract glitches in GW 

detector data. We find that our method reduces 20-70% of the glitch signal-to-noise ratio. 

By injecting software simulated signals into the data and recovering them with one of 

the unmodeled GW detection pipelines, we address the robustness of the glitch-reduction 

technique to efficiently remove glitches with no unintended effects on GW signals. 

Keywords: gravitational-waves, glitch, statistics
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1. INTRODUCTION

T h e  f i r s t  d e t e c t i o n  o f  a  G W  s i g n a l  f r o m  a  B B H  m e r g e r  ( A b b o t t  et al., 2 0 1 6 b )  o n  

S e p t e m b e r  1 4 t h ,  2 0 1 9  w a s  t h e  b r e a k t h r o u g h  o f  G W  a s t r o n o m y .  O n e  o f  t h e  d o m i n a t i n g  

f a c t o r s  f o r  t h e  b r e a k t h r o u g h  i n  2 0 1 5  w a s  t h e  i m p r o v e m e n t  o f  t h e  d e t e c t o r  s e n s i t i v i t y  b y  

a  f a c t o r  o f  ~  1 0  a t  t h e  d e t e c t o r ’ s  m o s t  s e n s i t i v e  f r e q u e n c y  c o m p a r e d  t o  t h e  i n i t i a l  L I G O  

( A a s i  et al., 2 0 1 5 a ) .  R e d u c i n g  t r a n s i e n t  a n d  p e r i o d i c  n o i s e  s o u r c e s  i n  i n s t r u m e n t a l  a n d  

e n v i r o n m e n t a l  o r i g i n  m a y  e n h a n c e  t h e  i d e n t i f i c a t i o n  o f  G W  s i g n a l s  b y  i n c r e a s i n g  t h e  

s i g n i f i c a n c e  o f  c a n d i d a t e  e v e n t s  o f  a s t r o p h y s i c a l  s i g n a l s  a n d  a v o i d i n g  c l a s s i f y i n g  t h e m  

a s  s u b - t h r e s h o l d  t r i g g e r s  ( A b b o t t  et al., 2 0 1 9 ;  R i l e s ,  2 0 1 3 ) .

T h e  p h y s i c a l  c o u p l i n g s  d u e  t o  t h e  d e t e c t o r  d e s i g n  a r e  n o i s e  s o u r c e s  s u c h  a s  t h e  

f l u c t u a t i n g  a m p l i t u d e  o f  l a s e r  l i g h t  i n  t h e  a r m  c a v i t i e s ,  f l u c t u a t i o n s  o f  t h e  p h o t o n  a r r i v a l  t i m e  

a t  t h e  o u t p u t - p o r t  p h o t o d i o d e ,  t h e r m a l  f l u c t u a t i o n s  o f  m i r r o r  c o a t i n g s ,  a n d  o p t i c  s u s p e n s i o n  

( A a s i  et al., 2 0 1 5 b ) .  B e s i d e s ,  d u r i n g  o b s e r v a t i o n  r u n s ,  e n v i r o n m e n t a l  a n d  i n s t r u m e n t a l  

n o i s e  s o u r c e s  i n c l u d i n g  w i n d  o r  g r o u n d  m o t i o n s  a s  w e l l  a s  o p t i c - c o n t r o l l i n g  s y s t e m s  l i m i t  

t h e  d e t e c t o r  s e n s i t i v i t y  ( A b b o t t  et al., 2 0 1 6 a ) .  R e d u c i n g  t h e  e f f e c t  o f  t h e s e  n o i s e  s o u r c e s  

o n  t h e  d e t e c t o r ’ s  o u t p u t ,  strain  c h a n n e l ,  i s  c r u c i a l  t o  i m p r o v e  t h e  d e t e c t a b i l i t y  o f  a n y  G W  

s i g n a l s  a n d  b e t t e r  u n d e r s t a n d  p h y s i c s  i n  t h e  u n i v e r s e .

T h e  A d v a n c e d  L I G O  ( a L I G O )  d e t e c t o r  u s e  a p p r o x i m a t e l y  t w e n t y  h u n d r e d  t h o u s a n d  

a u x i l i a r y  channels,  o r  s e n s o r s / c o n t r o l - s u b s y s t e m s  t h a t  m o n i t o r  d i f f e r e n t  a s p e c t s  o f  e n v i ­

r o n m e n t a l  a n d  i n s t r u m e n t a l  c o n d i t i o n s  i n s i d e  a n d  a r o u n d  t h e  d e t e c t o r s  i n  p a r a l l e l  t o  t h e  

s t r a i n  c h a n n e l  i n  t h e  t i m e  d o m a i n .  T h e s e  a u x i l i a r y  c h a n n e l s  c a n  b e  p o t e n t i a l  w i t n e s s e s  o f  

c o u p l i n g s  o f  n o i s e  s o u r c e s  a n d  c a n  b e  u s e d  t o  s u b t r a c t  t h e  n o i s e  i n  t h e  s t r a i n  c h a n n e l .

L o n g - l a s t i n g  n o i s e  s o u r c e s  w i t h  a  d u r a t i o n  l o n g e r  t h a n  ~  4  s e c o n d s  h a v e  l i n e a r  

a n d / o r  n o n - l i n e a r  n o n - s t a t i o n a r y  c o u p l i n g  m e c h a n i s m s  ( O r m i s t o n  et al. ( 2 0 2 0 )  s e t  t h e  

a n a l y s i s  w i n d o w  t o  b e  8  s e c o n d s  f o r  t h e  l o n g - l a s t i n g  n o i s e ) .  A m o n g  o t h e r s ,  t h e  m a i n  

t e c h n i q u e  t o  s u b t r a c t  l i n e a r l y  c o u p l e d  l o n g - l a s t i n g  n o i s e  s o u r c e s  i s  t o  c a l c u l a t e  c o h e r e n c e  

b e t w e e n  t h e  w i t n e s s  c h a n n e l s  a n d  t h e  s t r a i n  c h a n n e l .  F o r  e x a m p l e ,  t h e  m a i n  s o u r c e  i n
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~  5 0  -  1 0 0 0  H z  f r e q u e n c y  b a n d  c o u p l e d  l i n e a r l y  w i t h  t h e  j i t t e r  o f  t h e  p r e - s t a b i l i z a t i o n  l a s e r  

b e a m  i n  a n g l e  a n d  s i z e  w a s  s u b t r a c t e d  ( D a v i s  et al., 2 0 1 9 ;  D r i g g e r s  et al., 2 0 1 9 ;  K w e e  

et al., 2 0 1 2 ;  S c h o f i e l d ,  2 0 1 6 ) .  F o r  n o n - l i n e a r l y  a n d  n o n - s t a t i o n a r y  c o u p l e d  n o i s e  s o u r c e s  i n  

e n v i r o n m e n t a l  a n d  i n s t r u m e n t a l  o r i g i n ,  t e c h n i q u e s  w i t h  m a c h i n e  l e a r n i n g  a l g o r i t h m s  s h o w  

s u c c e s s f u l  s u b t r a c t i o n s  a n d  i m p r o v e  t h e  d e t e c t o r  s e n s i t i v i t y  ( M e a d o r s  et al., 2 0 1 4 ;  M u k u n d  

et al., 2 0 2 0 ;  O r m i s t o n  et al., 2 0 2 0 ;  T i w a r i  et al., 2 0 1 5 ;  V a j e n t e  et al., 2 0 2 0 ) .

O t h e r  t h a n  l o n g - l a s t i n g  n o i s e ,  t r a n s i e n t  n o i s e  a r t i f a c t s ,  o r  glitches s i g n i f i c a n t l y  i m p a i r  

t h e  q u a l i t y  o f  G W  d e t e c t o r  d a t a  a n d  r e d u c e  c o n f i d e n c e  i n  t h e  s i g n i f i c a n c e  o f  c a n d i d a t e  G W  

e v e n t s  b e c a u s e  g l i t c h e s  m a y  r e s e m b l e  a s t r o p h y s i c a l  s i g n a l s .  G l i t c h  r e m o v a l  i s  c r u c i a l  f o r  

G W  s i g n a l  s e a r c h e s .  H o w e v e r ,  g l i t c h e s  a r e  t h e  p r o d u c t  o f  short-lived l i n e a r  a n d  n o n - l i n e a r  

c o u p l i n g s  a m o n g  i n t e r r e l a t e d  d e t e c t o r  s u b s y s t e m s ,  g e n e r a l l y  m a k i n g  i t  d i f f i c u l t  t o  f i n d  t h e i r  

c o u p l i n g  m e c h a n i s m s .  T o  m i t i g a t e  t h e  e f f e c t  o f  g l i t c h e s  o n  G W  s e a r c h e s ,  L I G O - V i r g o  

c o l l a b o r a t i o n  v e t o e s  t i m e  p e r i o d s  w h e r e  g l i t c h e s  a r e  p r e s e n t  ( A b b o t t  et al., 2 0 2 1 ;  D a v i s  

et al., 2 0 2 1 )  o r  r e d u c e s  t h e  s i g n i f i c a n c e  o f  G W  c a n d i d a t e s  b a s e d  o n  t h e  p r o b a b i l i t y  o f  

t h e  g l i t c h  p r e s e n c e  ( G o d w i n  et al., 2 0 2 0 ) .  S o f t w a r e  e n g i n e s  s u c h  a s  U P V  ( I s o g a i ,  2 0 1 0 ) ,  

h V E T O  S m i t h  et al. ( 2 0 1 1 ) ,  P o i n t y  P o i s s o n  E s s i c k  et al. ( 2 0 2 1 ) ,  P y C h C h o o  ( M o g u s h i ,  

2 0 2 1 ) ,  a n d  i D Q  ( B i s w a s  et al., 2 0 1 3 ;  E s s i c k  et al., 2 0 2 0 )  f i n d  t h e  s t a t i s t i c a l  c o r r e l a t i o n  

o f  g l i t c h e s  b e t w e e n  t h e  d e t e c t o r ' s  o u t p u t  a n d  n u m e r o u s  a u x i l i a r y  c h a n n e l s  t o  i d e n t i f y  t h e  

p r e s e n c e  o f  g l i t c h e s  w h i l e  a v o i d i n g  t h e  m i t i g a t i o n  o f  a s t r o p h y s i c a l  s i g n a l s .

T h e  a b o v e  m i t i g a t i o n  t e c h n i q u e s  h a v e  d i s a d v a n t a g e s :  r e d u c t i o n  o f  t h e  a n a l y z a b l e  

d a t a  w h i c h  m i g h t  c o n t a i n  G W  s i g n a l s  o r  r e m a i n i n g  t h e  e f f e c t  o f  t h e  g l i t c h  c o n t a m i n a t i o n  

o n  t h e  d a t a .  T h e r e f o r e ,  i t  i s  d e s i r a b l e  t o  s u b t r a c t  g l i t c h e s  f o r  o v e r c o m i n g  t h e  a b o v e  d i s a d ­

v a n t a g e s .  T h e  f u n c t i o n a l  f o r m s  t o  m o d e l  t h e  c o u p l i n g  m e c h a n i s m s  o f  g l i t c h e s  c a n  r e q u i r e  

d e t a i l e d  k n o w l e d g e  o f  i n s t r u m e n t a l  s u b s y s t e m s  a n d  a  l a r g e  n u m b e r  o f  p a r a m e t e r s  ( W a s  

et al., 2 0 2 1 ) .  A l s o ,  t h e r e  e x i s t  s i t u a t i o n s  w h e r e  f u n c t i o n a l  f o r m s  c a n  n o t  b e  o b t a i n e d  b e ­

c a u s e  o f  u n k n o w n  p h y s i c a l  m e c h a n i s m s  a b o u t  g l i t c h e s .  I n  a d d i t i o n  t o  s u b t r a c t i o n  t e c h n i q u e s  

f o r  l o n g - l a s t i n g  n o i s e  s o u r c e s  n o t e d  a b o v e ,  o t h e r  m a c h i n e  l e a r n i n g  t e c h n i q u e s  h a v e  s h o w n
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p r o m i s i n g  a p p l i c a t i o n s  t o  G W  a s t r o n o m y  ( C u o c o  eta l.,  2 0 2 1 ) .  F o r  i n s t a n c e ,  ( M u k u n d  eta l., 

2 0 1 7 )  p r e s e n t  a  m e t h o d  u s i n g  v a r i o u s  t e c h n i q u e s  i n c l u d i n g  t h e  w a v e l e t  d e c o m p o s i t i o n  t o  

c l a s s i f y  t r a n s i e n t  e x c e s s - p o w e r  w a v e f o r m s  i n j e c t e d  i n t o  t h e  s i m u l a t e d  G a u s s i a n  d a t a  a n d  

r e a l  d a t a  d u r i n g  t h e  L I G O ’ s  s i x t h  s c i e n c e  r u n .  S o n i  et al. ( 2 0 2 1 )  s h o w  u p d a t e d  r e s u l t s  o f  

a  g l i t c h - c l a s s i f i c a t i o n  s o f t w a r e  Gravity Spy ( Z e v i n  et al., 2 0 1 7 )  t o  t h e  t h i r d  o b s e r v a t i o n  

r u n  ( O 3 )  d a t a  w i t h  t h e  h e l p  o f  c i t i z e n  s c i e n t i s t s .  B i s w a s  et al. ( 2 0 1 3 )  s h o w  t h e  c o m p a r i s o n  

o f  v a r i o u s  m a c h i n e - l e a r n i n g  a l g o r i t h m s  t o  p r e d i c t  t h e  p r e s e n c e  o f  g l i t c h e s  b a s e d  o n  a u x i l ­

i a r y  c h a n n e l s  ( B i s w a s  et al., 2 0 1 3 ) .  ( M o g u s h i  et al., 2 0 2 1 )  i n t r o d u c e  a  m e t h o d  t o  e s t i m a t e  

t h e  d a t a  c o n t a i n i n g  a  C B C  s i g n a l  l o s t  d u e  t o  t h e  p r e s e n c e  o f  a n  o v e r l a p p i n g  g l i t c h .  T h e s e  

s u c c e s s e s  m o t i v a t e  u s  t o  d e v e l o p  a  n e w  m a c h i n e  l e a r n i n g - b a s e d  m e t h o d  t o  s u b t r a c t  g l i t c h e s  

u s i n g  a u x i l i a r y  c h a n n e l s  w i t h  n o  d e p e n d e n c y  f r o m  a n y  a s t r o p h y s i c a l - s i g n a l  w a v e f o r m s  a n d  

n o  p r e c i s e  p r i o r  k n o w l e d g e  o f  a l l  t h e  s y s t e m  c o n f i g u r a t i o n s ,  a l l o w i n g  t h e  m e t h o d  t o  b e  

e a s i l y  a d a p t i v e  t o  c h a n g e s  i n  t h e  d e t e c t o r  s e t t i n g s .

I n  t h i s  p a p e r ,  w e  p r e s e n t  a  m a c h i n e  l e a r n i n g - b a s e d  a l g o r i t h m  t h a t  s u b t r a c t s  g l i t c h e s  

i n  t h e  d e t e c t o r ’ s  o u t p u t  u s i n g  a u x i l i a r y  w i t n e s s  c h a n n e l s .  U s i n g  t w o  c l a s s e s  o f  g l i t c h e s  t h a t  

a r e  a d v e r s e l y  a f f e c t i n g  u n m o d e l e d  G W  d e t e c t i o n  s e a r c h e s ,  w e  c h a r a c t e r i z e  t h e  p e r f o r m a n c e  

o f  o u r  s u b t r a c t i o n  t e c h n i q u e .  A d d i n g  s i m u l a t e d  G W  s i g n a l s  t o  t h e  d a t a  b e f o r e  s u b t r a c t i o n ,  

w e  v a l i d a t e  t h e  a l g o r i t h m  n o t  t o  m a n i p u l a t e  o r  i n t r o d u c e  b i a s e s  t o  t h e  r e s u l t a n t  e s t i m a t e s  o f  

t h e  a s t r o p h y s i c a l  p a r a m e t e r s .

2. GLITCH SUBTRACTION PIPELINE

W e  i n t r o d u c e  t h e  a n a l y s i s  p i p e l i n e  a p p l i e d  t o  t h e  g r o u n d - b a s e d  G W  d a t a  f o r  g l i t c h  

s u b t r a c t i o n .  T h e  p i p e l i n e  p r o c e s s e s  t h e  s p e c t r o g r a m s  m a g n i t u d e  o f  t i m e  s e r i e s  r e c o r d e d  

i n  t h e  s t r a i n  c h a n n e l ,  h ( t ) ,  a n d  a  s e t  o f  w i t n e s s  a u x i l i a r y  c h a n n e l s  f o r  a  c l a s s  o f  g l i t c h e s ,  

a ( t ) .  T h o s e  w i t n e s s  a u x i l i a r y  c h a n n e l s  d o  n o t  c a u s a l l y  f o l l o w  f r o m  t h e  d e t e c t o r ’ s  o u t p u t  

w h e r e  a s t r o p h y s i c a l  s i g n a l s  a r e  p r e s e n t .  C h o o s i n g  s u c h  c h a n n e l s  a l l o w s  t h e  p i p e l i n e  t o  o n l y  

s u b t r a c t  g l i t c h e s  w h i l e  p r e s e r v i n g  a s t r o p h y s i c a l  s i g n a l s .  T h e  a l g o r i t h m  u s e s  a  2 - d i m e n s i o n a l
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C o n v o l u t i o n a l  N e u r a l  N e t w o r k  ( C N N )  w h i c h  u s e s  a  u s e r - c h o s e n  s e t  o f  w i t n e s s  c h a n n e l s  

a s  t h e  i n p u t  a n d  t h e n  o u t p u t s  t h e  p r e d i c t e d  s p e c t r o g r a m  m a g n i t u d e  o f  g l i t c h e s  i n  h(t). 

T h e  o u t p u t  o f  t h e  C N N  i s  t h e n  c o n v e r t e d  t o  t i m e  s e r i e s  u s i n g  t h e  F a s t  G r i f f i n - L i m  ( F G L )  

t r a n s f o r m a t i o n  ( G r i f f i n  a n d  J a e  L i m ,  1 9 8 4 ;  P e r r a u d i n  et al., 2 0 1 3 )  a n d  c o n d i t i o n e d  b e f o r e  

b e i n g  s u b t r a c t e d  f r o m  h ( t ) .

2.1. FORMALISM AND LOSS FUNCTION

T h e  t i m e  s e r i e s  h ( t )  i n  t h e  s t r a i n  c h a n n e l  c a n  b e  f o r m u l a t e d  a s

s ( t )  =  h ( t )  +  g ( t )  +  n ( t ) ,  ( 1 )

w h e r e  h ( t )  i s  t h e  a s t r o p h y s i c a l  s i g n a l  t h a t  m a y  b e  p r e s e n t  i n  t h e  d a t a ,  g ( t )  i s  a  u s e r - t a r g e t e d  

g l i t c h  w a v e f o r m  t h a t  i s  c o u p l e d  w i t h  w i t n e s s  c h a n n e l s ,  a n d  n (t )  r e p r e s e n t s  t h e  s u m  o f  

u n t a r g e t e d  g l i t c h  w a v e f o r m s  a n d  t h e  n o i s e  t h a t  a r e  n o t  w a n t e d  t o  b e  s u b t r a c t e d .  W e  d e s i g n  

t h e  p i p e l i n e  t o  p r o d u c e  a n  e s t i m a t e  o f  g ( t )  f r o m  a  s e t  o f  w i t n e s s  c h a n n e l s  a ( t )  a n d  s u b t r a c t  

i t  f r o m  s ( t ) .

B e c a u s e  t h e  a m p l i t u d e  o f  a  g l i t c h  w a v e f o r m  v a r i e s  r a p i d l y  a n d  d i f f e r e n t l y  i n  a  g i v e n  

f r e q u e n c y  b i n  o v e r  i t s  d u r a t i o n ,  i t  i s  m o r e  e f f i c i e n t  t o  b u i l d  t h e  f r e q u e n c y - d e p e n d e n t  f e a t u r e s  

b e f o r e  t h e  d a t a  b e i n g  f e d  i n t o  t h e  n e u r a l  n e t w o r k  t o  l e a r n  t h e  g l i t c h - c o u p l i n g s .  W e  c r e a t e  

t h e  d i s c r e t e  s h o r t - t i m e  F o u r i e r  t r a n s f o r m  ( S T F T )  f r o m  t h e  t i m e  s e r i e s .  T h e  S T F T  d i v i d e s  

t h e  t i m e  s e r i e s  i n t o  s m a l l  s e g m e n t s  a n d  c a l c u l a t e s  a  d i s c r e t e  F o u r i e r  t r a n s f o r m  o f  e a c h  

o f  d i v i d e d  s e g m e n t s .  T h e  S T F T  c o m p r i s e s  t h e  r e a l  a n d  i m a g i n a r y  p a r t s ,  w h i c h  c a n  b e  

i n v e r t e d  t o  t h e  c o r r e s p o n d i n g  t i m e  s e r i e s .  H o w e v e r ,  w e  f i n d  t h a t  t h e  n e u r a l  n e t w o r k  m o r e  

e f f i c i e n t l y  l e a r n s  t h e  w a n t e d  o u t p u t  w i t h  t h e  m a g n i t u d e  o f  S T F T  ( m S T F T )  t h a n  u s i n g  b o t h  

r e a l  a n d  i m a g i n a r y  p a r t s  t o g e t h e r  b e c a u s e  t h e  m S T F T  h a s  a  s i m p l e r  p a t t e r n  t h a n  t h e  r e a l  

a n d  i m a g i n a r y  p a r t s  i n d i v i d u a l l y  h a v e .  T h e  l i m i t a t i o n  o f  u s i n g  t h e  m S T F T  i s  t h a t  i t  i s  

n o t  i n v e r t i b l e .  T o  c o m p e n s a t e  f o r  t h i s  l i m i t a t i o n ,  w e  u s e  t h e  F G L  t r a n s f o r m a t i o n  ( G r i f f i n
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a n d  J a e  L i m ,  1 9 8 4 ;  P e r r a u d i n  et al., 2 0 1 3 )  t o  i n v e r t  t h e  m S T F T  t o  t h e  c o r r e s p o n d i n g  t i m e  

s e r i e s  b y  e s t i m a t i n g  t h e  p h a s e  e v o l u t i o n .  B e c a u s e  t h e  p h a s e  i s  n o t  f u l l y  r e c o v e r e d  i n  t h i s  

t r a n s f o r m a t i o n ,  t h e  p h a s e  o f  t h e  e s t i m a t e d  g l i t c h  w a v e f o r m  m i g h t  s l i g h t l y  s h i f t  f r o m  t h e  

p h a s e  o f  t h e  t r u e  w a v e f o r m  a n d  t h e  e s t i m a t e d  w a v e f o r m  m i g h t  h a v e  t h e  o p p o s i t e  s i g n  o f  t h e  

a m p l i t u d e .  U s i n g  t h e  l e a s t  s q u a r e  f i t t i n g  m e t h o d ,  w e  a l l o w  t h e  a m p l i t u d e  o f  t h e  e s t i m a t e d  

g l i t c h  w a v e f o r m  t o  c h a n g e  u p  t o  a  f a c t o r  o f  ± 3  a n d  a l l o w  t h e  p h a s e  t o  s h i f t  u p  t o  ± 0 . 0 2  

s e c o n d s .  W e  f i n d  t h a t  c o r r e c t i n g  t h e  a m p l i t u d e  o f  t h e  e s t i m a t e d  w a v e f o r m  p r o d u c e s  a  b e t t e r  

s u b t r a c t i o n  w h i l e  p r e s e r v i n g  p o t e n t i a l  a s t r o p h y s i c a l  s i g n a l s .  A l s o ,  c h a n g i n g  t h e  m a g n i t u d e  

o f  t h e  e s t i m a t e d  w a v e f o r m  h e l p s  u s  a v o i d  u n w a n t e d  d a t a  m a n i p u l a t i o n  b e c a u s e  t h e  a m p l i t u d e  

c o r r e c t i o n  f a c t o r  t e n d s  t o  b e  z e r o  w h e n  t h e  e s t i m a t e d  w a v e f o r m  m i s m a t c h e s  t h e  t r u e  g l i t c h  

w a v e f o r m .

B e c a u s e  o f  t h e  c o m p l e x i t y  i n  e s t i m a t i n g  g ( t )  d i r e c t l y ,  w e  d e s i g n  t h e  n e u r a l  n e t w o r k  

t o  u s e s  t h e  w i t n e s s  c h a n n e l s  a n d  p r o d u c e  a n  e s t i m a t e  o f  t h e  m S T F T  G ( t ,  f )  o f  a  g l i t c h  

w a v e f o r m ,  w h e r e  f  d e n o t e s  t h e  f r e q u e n c y .  T h e  n e u r a l  n e t w o r k  c a n  b e  r e p r e s e n t e d  a s  a  

f u n c t i o n  F ( A i(t, f ) ;  6 )  w h i c h  m a p s  t h e  m a g n i t u d e  m S T F T s  A i ( f ,  t )  o f  t h e  w i t n e s s  c h a n n e l s  

t o  G ( t ,  f )  g i v e n  a  s e t  o f  p a r a m e t e r s  6). T h e  p a r a m e t e r s  a r e  o b t a i n e d  b y  m i n i m i z i n g  a  l o s s  

f u n c t i o n  J  w h i c h  d e n o t e s  t h e  d i f f e r e n c e  b e t w e e n  t h e  r e a l  g l i t c h  m S T F T  a n d  t h e  p r e d i c t e d  

c o u n t e r p a r t .  T h e  o p e r a t i o n  i n  t h e  n e t w o r k  c a n  b e  f o r m u l a t e d  a s

6  =  a r g m i n O '  J G ( t ,  f ) ,  F (  A i  ( t ,  f ) ;  O ' ) ( 2 )

I n  t h e  a n a l y s i s ,  w e  c h o o s e  t h e  l o s s  f u n c t i o n  t o  b e  t h e  m e a n  s q u a r e d  e r r o r  ( M S E )  

a c r o s s  e a c h  p i x e l  o f  m S T F T  a s

1 N

J  =  N Z ( G [ k ] -  G [k ; 6 ] ) 2 ,  ( 3 )

N  k = 1

w h e r e  k  d e n o t e s  e a c h  p i x e l ,  N  i s  t h e  t o t a l  n u m b e r  o f  p i x e l s ,  a n d  G [k; 6] := F (A i( t, f ) ,  6 ) [ k ]

i s  a n  e s t i m a t e  o f  m S T F T  o b t a i n e d  w i t h  t h e  n e u r a l  n e t w o r k .
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I n  p r a c t i c e ,  t h e  d i m e n s i o n  o f  m S T F T  d e p e n d s  o n  t h e  d u r a t i o n  o f  g ( t ) ,  i t s  s a m p l i n g  

r a t e ,  a n d  a  u s e r - c h o s e n  f r e q u e n c y  r e s o l u t i o n  f o r  m S T F T .  U s i n g  a n  a p p r o p r i a t e  c o m b i n a t i o n  

o f  t h e  n e u r a l  i n t e r n a l  w i n d o w  f u n c t i o n  c a l l e d  kernel  a n d  t h e  m S T F T  d i m e n s i o n ,  t h e  n e u r a l  

n e t w o r k  c a n  e f f i c i e n t l y  m i n i m i z e  t h e  l o s s  f u n c t i o n .

2.2. DATA PRE-PROCESSING

T h e  t a r g e t  c l a s s  o f  g l i t c h e s  a n d  i t s  w i t n e s s  c h a n n e l s  a r e  c h o s e n  t o  c r e a t e  t h e  d a t a  s e t  

f o r  t h e  n e u r a l  n e t w o r k .  W e  s e l e c t  a  t a r g e t  g l i t c h  c l a s s  t h a t  i s  l a b e l e d  b y  a  m a c h i n e - l e a r n i n g  

c l a s s i f i c a t i o n  t o o l  c a l l e d  Gravity Spy ( Z e v i n  et al., 2 0 1 7 )  w h i c h  c l a s s i f i e s  g l i t c h e s  b a s e d  

o n  t h e i r  t i m e - f r e q u e n c y  r e p r e s e n t a t i o n  ( T F R )  m o r p h o l o g y  u s i n g  t h e  Q - t r a n s f o r m  ( R o b i n e t  

et al., 2 0 2 0 ) .  Gravity Spy m i g h t  m i s c l a s s i f y  s o m e  g l i t c h e s  b y  a s s i g n i n g  i n a p p r o p r i a t e  

n a m e s .  A l s o ,  s o m e  g l i t c h e s  a r e  n o t  l o u d  e n o u g h  t o  b e  w o r t h  t o  b e  s u b t r a c t e d .  B e c a u s e  o f  

t h e  a b o v e  t w o  r e a s o n s ,  w e  s e l e c t  a  s e t  o f  g l i t c h e s  i n  t h e  c l a s s  w i t h  a  r e l a t i v e l y  h i g h  S N R  

t h r e s h o l d  ( e . g . ,  1 0 )  a n d  c l a s s i f i c a t i o n  c o n f i d e n c e  l e v e l  ( e . g . ,  0 . 9 )  f o r  t h e  g l i t c h e s .

T o  f i n d  t h e  w i t n e s s  c h a n n e l s  f o r  t h e s e  g l i t c h e s ,  w e  u s e  t h e  s o f t w a r e  c a l l e d  P y C h C h o o  

w h i c h  a l l o w s  u s  t o  a n a l y z e  s a f e  a u x i l i a r y  c h a n n e l s  i n  t h e  c o i n c i d e n t  w i n d o w s  f o r  t h e  g l i t c h e s  

a n d  d i s c o v e r  w i t n e s s  c h a n n e l s  s t a t i s t i c a l l y .  B e c a u s e  o f  t h e  c o m p u t a t i o n a l  e f f i c i e n c y  f o r  

t r a i n i n g  t h e  n e u r a l  n e t w o r k  a n d  t h e  a c h i e v e m e n t  o f  a n  e f f i c i e n t  p r e d i c t i o n  m a d e  b y  t h e  

n e t w o r k ,  u s i n g  o n l y  w i t n e s s  c h a n n e l s  w i t h o u t  n o n - w i t n e s s  c h a n n e l s  i s  s u f f i c i e n t .  W e  u s e  

t h e  a u x i l i a r y  c h a n n e l s  h a v i n g  t h e  p r o b a b i l i t y  t h a t  t h e  g l i t c h  s e t  i s  l o u d e r  t h a n  t h e  q u i e t  s e t  

g r e a t e r  t h a n  0 . 9  a s  t h e  w i t n e s s  c h a n n e l s .  B e c a u s e  d i f f e r e n t  n o i s e  c o u p l i n g s  m i g h t  p r o d u c e  

a  s i m i l a r  T F R  m o r p h o l o g y ,  n o t  a l l  o f  t h e  g l i t c h e s  i n  t h e  c l a s s  h a v e  a  s t r o n g  c o r r e l a t i o n  w i t h  

e x c e s s  p o w e r  r e c o r d e d  i n  t h e  w i t n e s s  c h a n n e l s .  T h e r e f o r e ,  w e  s e l e c t  t h e  s u b s e t  o f  g l i t c h e s  

i n  a  c l a s s  w i t h  t h e i r  t o p - r a n k e d  w i t n e s s  c h a n n e l  h a s  t h e  p r o b a b i l i t y  o f  a n  e x c e s s - p o w e r  

m e a s u r e  b e l o n g i n g  t o  t h e  g l i t c h  s e t ,  a b o v e  0 . 9  ( M o g u s h i ,  2 0 2 1 )  t o  m a k e  s u r e  t h a t  t h e  s u b s e t  

o f  g l i t c h e s  h a s  a  s t r o n g  c o r r e l a t i o n  w i t h  t h e  w i t n e s s  c h a n n e l .  A r o u n d  t h e  t i m e  o f  g l i t c h e s ,  w e  

u s e  a  s e t  o f  t i m e  s e r i e s  o f  t h e  s t r a i n  a n d  t h e  w i t n e s s  c h a n n e l s  w i t h  a  d u r a t i o n  o f  3 6  s e c o n d s .
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G l i t c h e s  a r e  e x c e s s  p o w e r  t r a n s i e n t s  t h a t  a r e  d i s t i n c t i v e l y  d i f f e r e n t  f r o m  l o n g - t e r m  v a r y i n g  

n o i s e  s o u r c e s .  T o  f i l t e r  o u t  t h e  l o n g - t e r m  v a r y i n g  n o i s e  a n d  m a g n i f y  t h e  c h a r a c t e r i s t i c  o f  

g l i t c h e s ,  w e  w h i t e n  t h e  t i m e  s e r i e s  b y  c a l c u l a t i n g  t h e  c o n v o l u t i o n  b e t w e e n  t h e  t i m e  s e r i e s  

a n d  t h e  t i m e - d o m a i n  finite-im pulse-response  f i l t e r  c r e a t e d  w i t h  t h e  m e d i a n  v a l u e  o f  A S D s ,  

w h e r e  e a c h  A S D  i s  t h e  s q u a r e  r o o t  o f  P S D  o b t a i n e d  b y  c a l c u l a t i n g  t h e  r a t i o  o f  t h e  s q u a r e  

o f  t h e  F F T  a m p l i t u d e  w i t h  t h e  H a n n i n g  w i n d o w  ( E s s e n w a n g e r ,  1 9 8 6 )  o f  t h e  d i v i d e d  t i m e  

s e r i e s  w i t h  a  d u r a t i o n  o f  2  s e c o n d s ,  t o  a  g i v e n  f r e q u e n c y - b i n  w i d t h  ( s e e  d e t a i l s  i n  M a c l e o d  

et al. ( 2 0 2 0 ) ) .  T h e  c h o i c e  o f  3 6 - s e c o n d  d u r a t i o n  f o r  t h e  t i m e  s e r i e s  i s  m o t i v a t e d  s u c h  t h a t  

t h e  m e d i a n  v a l u e  o f  A S D  a p p r o p r i a t e l y  c a p t u r e s  t h e  l o n g - t e r m  v a r y i n g  n o i s e  c h a r a c t e r i s t i c .

T o  h a v e  t h e  s a m e  d i m e n s i o n  f o r  t h e  m S T F T s  o f  t h e  g l i t c h  w a v e f o r m  a n d  a ,  ( t )  

a n d  s a v e  t h e  c o m p u t a t i o n a l  c o s t ,  w e  r e - s a m p l e  t h e  w h i t e n e d  t i m e  s e r i e s  w i t h  t h e  s a m e  

s a m p l i n g  r a t e .  F o r  t h e  g l i t c h  c l a s s  u s e d  i n  t h e  r e s u l t s  i n  S e c .  3 ,  w e  c h o o s e  t h e  s a m p l i n g  

r a t e  t o  b e  t h e  l o w e s t  s a m p l i n g  r a t e  o f  w i t n e s s  c h a n n e l s .  T h i s  c h o i c e  o f  s a m p l e  r a t e  h a s  t h e  

N y q u i s t  f r e q u e n c y  ~  2  t i m e s  h i g h e r  t h a n  t h e  h i g h e s t  f r e q u e n c y  o f  t h e  g l i t c h  s o  t h a t  a l l  t h e  

c h a r a c t e r i s t i c s  o f  g l i t c h e s  a r e  c a p t u r e d .  T o  s u b t r a c t i n g  a  g l i t c h  w a v e f o r m  f r o m  s(t),  t h i s  

c h o i c e  a l s o  m a k e s  t h e  r e s o l u t i o n  o f  t h e  p r e d i c t e d  g l i t c h  w a v e f o r m  s m a l l  e n o u g h  t o  a p p l y  a  

s m a l l  t i m e  s h i f t  ( ~  0 . 0 2  s e c o n d s )  f o r  t h e  p h a s e  c o r r e c t i o n .

T o  e x t r a c t  a  g l i t c h  w a v e f o r m  g ( t ) ,  w e  c o n s i d e r  t w o  d i s t i n c t  t i m e - f r e q u e n c y  r e g i o n s .  

G l i t c h e s  a r e  e x p e c t e d  t o  b e  p r e s e n t  i n  o n e  o f  t h e  r e g i o n s  a n d  n o t  p r e s e n t  i n  t h e  o t h e r  r e g i o n .  

F o r  e x a m p l e ,  f o r  o n e  o f  t h e  g l i t c h  c l a s s e s  c a l l e d  Scattered light  g l i t c h e s  i n  S e c .  3 ,  w e  c o n s i d e r  

t h e  t w o  f r e q u e n c y  r e g i o n s  a b o v e  o r  b e l o w  t h e  h i g h e s t  f r e q u e n c y  o f  t h e  g l i t c h  ( e . g . ,  1 0 0  H z ) .  

W e  a s s u m e  t h a t  t h e  u p p e r - f r e q u e n c y  r e g i o n  r e p r e s e n t s  t h e  S T F T s  o f  n (t )  i n  E q u a t i o n  ( 1 )  

a n d  t h e  l o w e r - f r e q u e n c y  r e g i o n  r e p r e s e n t s  t h e  S T F T  c o n t a i n i n g  g l i t c h e s  ( s e e  A p p e n d i x  F  

f o r  t h e  v e r i f i c a t i o n  o f  t h i s  a s s u m p t i o n ) .  W e  k e e p  p i x e l s  i n  b o t h  r e a l  a n d  i m a g i n a r y  p a r t s  i n  

t h e  l o w e r  f r e q u e n c y  r e g i o n  o f  t h e  S T F T  w i t h  t h e i r  m a g n i t u d e  v a l u e s  a b o v e  9 9  p e r c e n t i l e  

( s e e  t h e  s t u d y  r e g a r d i n g  t h i s  t h r e s h o l d  c h o i c e  i n  A p p e n d i x  F )  o f  t h e  m S T F T  v a l u e  i n  t h e  

u p p e r - f r e q u e n c y  r e g i o n ,  o t h e r w i s e ,  s e t  t h e  p i x e l  v a l u e s  t o  b e  z e r o .  S u b s e q u e n t l y ,  w e  s e t  t h e
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p i x e l  v a l u e s  i n  t h e  u p p e r  r e g i o n  t o  b e  z e r o  a s  w e l l .  A f t e r  e x t r a c t i n g  t h e  S T F T  o f  a  g l i t c h  

w a v e f o r m ,  w e  i n v e r t  t h e  S T F T  t o  t h e  t i m e  s e r i e s  t o  o b t a i n  t h e  e x t r a c t e d  g l i t c h  w a v e f o r m .  F o r  

Scattered light  g l i t c h e s ,  w e  f i n d  t h a t  t h e  m e d i a n  v a l u e  o f  t h e  o v e r l a p  O  ( d e f i n e d  i n  E q u a t i o n  

( 4 ) )  b e t w e e n  t h e  p r e d i c t e d  m S T F T s  f r o m  t h e  n e t w o r k  a n d  t h e  m S T F T s  o f  t h e  e x t r a c t e d  

g l i t c h  w a v e f o r m  w i t h  t h e  c u t o f f  f r e q u e n c y  o f  1 0 0  H z  i s  1 %  g r e a t e r  t h a n  t h e  o v e r l a p  w i t h  

t h e  c u t o f f  f r e q u e n c y  o f  2 0 0  H z .  A s  A p p e n d i x  F  s h o w s  t h a t  t h e  m S T F T  d o e s  n o t  c o n t a i n  

e x c e s s  p o w e r  a b o v e  t h e  G a u s s i a n  f l u c t u a t i o n s  i n  t h e  f r e q u e n c y  r e g i o n  a b o v e  1 0 0  H z  i n  t h e  

d a t a  o f  Scattered light  g l i t c h e s ,  c h o o s i n g  t h e  c u t o f f  f r e q u e n c y  o f  2 0 0  H z  l e t s  t h e  d a t a  k e e p  

a  f e w  p i x e l s  o f  G a u s s i a n  f l u c t u a t i o n s  a b o v e  2 0 0  H z .  T h e r e f o r e ,  t h e  o v e r l a p  w i t h  t h e  c u t o f f  

f r e q u e n c y  o f  1 0 0  H z  i s  l a r g e r  t h a n  t h a t  w i t h  t h e  c u t o f f  f r e q u e n c y  o f  2 0 0  H z .  W e  c h o o s e  

a  d i f f e r e n t  c h o i c e  i n  s p l i t t i n g  t h e  t i m e - f r e q u e n c y  r e g i o n  i n  S T F T s  f o r  t h e  o t h e r  c l a s s  o f  

g l i t c h e s  ( s e e  d e t a i l s  i n  S e c .  3 ) .  T o  d e t e r m i n e  c h o i c e s  o f  s p l i t t i n g  t h e  t i m e - f r e q u e n c y  r e g i o n  

i n  S T F T s ,  o n e  c a n  u s e  t h e  m e t h o d  s h o w n  i n  A p p e n d i x  F  a n d / o r  u s e  t h e  p e a k  t i m e s  a n d  

p e a k  f r e q u e n c i e s  o f  Omicron t r i g g e r s  ( R o b i n e t  et al., 2 0 2 0 )  t o  f i n d  i f  g l i t c h e s  a r e  i s o l a t e d  

i n  t h e  t i m e  d o m a i n  ( s e e  d e t a i l s  i n  A p p e n d i x  F )  o r  g l i t c h e s  h a v e  e x c e s s  p o w e r  i n  a  p a r t i c u l a r  

f r e q u e n c y  r e g i o n  ( s e e  d e t a i l s  i n  S e c .  1 . 3 ) .

T o  h e l p  t h e  n e t w o r k  l e a r n  t h e  e x c e s s - p o w e r  c o u p l i n g s  m o r e  e f f i c i e n t l y ,  w e  t h e n  

d i v i d e  e a c h  t i m e  s e r i e s  i n t o  s m a l l e r  o v e r l a p p i n g  s e g m e n t s .  E a c h  t r a i n i n g  s a m p l e  c o m p r i s e s  

s e g m e n t s  f r o m  m u l t i p l e  w i t n e s s  c h a n n e l s .  L a r g e r  o v e r l a p  d u r a t i o n s  i n c r e a s e  t h e  d a t a - s e t  

s i z e  s o  t h a t  t h e  n e t w o r k  c a n  h a v e  m o r e  l e a r n a b l e  r e s o u r c e s  a n d  h e n c e  p r e d i c t  t h e  o u t p u t  

e f f i c i e n t l y  a t  t h e  c o s t  o f  c o m p u t a t i o n a l  t i m e  a n d  m e m o r y .

S o m e  o f  t h e  s e g m e n t s  m i g h t  c o n t a i n  n o  g l i t c h e s  o r  o n l y  g l i t c h e s  t h a t  a r e  n o t  c o u p l e d  

w i t h  a  s e t  o f  c h o s e n  w i t n e s s  c h a n n e l s .  R e m o v i n g  s u c h  s e g m e n t s  f r o m  t h e  d a t a  s e t  h e l p s  

t h e  n e t w o r k  l e a r n  t h e  c o u p l i n g s  m o r e  r o b u s t l y .  U s i n g  c o n s t a n t  Q - t r a n s f o r m  ( C Q T )  i n  

nnAudio ( C h e u k  et al., 2 0 2 0 ) ,  w e  o n l y  s e l e c t  s e g m e n t s  w i t h  t h e  p e a k  p i x e l  i n  t h e  C Q T  

o f  t h e  s t r a i n  c h a n n e l  b e i n g  l o u d  e n o u g h  a n d  b e i n g  n e a r  t h e  p e a k  p i x e l s  o f  a t  l e a s t  o n e  o f  

t h e  w i t n e s s  c h a n n e l s  w i t h i n  a  c o i n c i d e n c e  w i n d o w  ( e . g . ,  l e s s  t h a n  1  s e c o n d ) .  D u r i n g  t h e
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a b o v e  p r o c e s s ,  w e  f u r t h e r  s e l e c t  t h e  s u b s e t  o f  s e g m e n t s  w i t h  t h e  p e a k  f r e q u e n c y  w i t h i n  a n  

e x p e c t e d  f r e q u e n c y  r a n g e .  A s  a  c r i t e r i o n  o f  t h e  l o u d n e s s  o f  t h e  p i x e l ,  w e  c o n s i d e r  t h e  p e a k  

p i x e l  t o  b e  l o u d  e n o u g h  c o m p a r e d  t o  b e  t h e  G a u s s i a n  f l u c t u a t i o n s  w h e n  t h e  p e a k  p i x e l  v a l u e  

i s  l o u d e r  t h a n  t h e  9 0  p e r c e n t i l e  o f  t h e  p i x e l  v a l u e s  b y  a  f a c t o r  o f  3 .

A f t e r  s e l e c t i n g  t h e  s u b s e t  o f  s e g m e n t s ,  w e  f i n a l l y  c r e a t e  t h e  m S T F T s  o f  t r a i n i n g  

s a m p l e  s e g m e n t s  a n d  t h e  c o r r e s p o n d i n g  m S T F T  o f  a  g l i t c h  w a v e f o r m .  T o  l e t  t h e  n e t w o r k  

l e a r n  e f f i c i e n t l y ,  w e  n o r m a l i z e  t h e  m S T F T s  o f  t h e  s t r a i n  a n d  w i t n e s s  c h a n n e l s  w i t h  t h e i r  

m e a n  ^  a n d  s t a n d a r d  d e v i a t i o n  <r, t h e n  u s e  t h e s e  n o r m a l i z e d  m S T F T s  a s  t h e  i n p u t  a n d  t h e  

t r u e  o u t p u t  i n  E q u a t i o n  ( 2 )  t o  b u i l d  t h e  n e t w o r k  m o d e l  p a r a m e t e r s .

2.3. NEURAL NETWORK ARCHITECTURE

A s  m e n t i o n e d  i n  t h e  e a r l i e r  s e c t i o n ,  t h e  p i p e l i n e  u s e s  a  2 - d i m e n s i o n a l  C N N  t h a t  u s e s  

t h e  w i t n e s s  c h a n n e l s  a n d  p r e d i c t s  t h e  m S T F T  o f  a  g l i t c h  w a v e f o r m  i n  t h e  d e t e c t o r ’ s  o u t p u t .  

T h e  i n p u t  f o r  t h e  n e t w o r k  i s  a  m u l t i - d i m e n s i o n a l  i m a g e  w i t h  t h e  w i d t h  ( h e i g h t ,  d e p t h )  

c o r r e s p o n d i n g  t o  t i m e - b i n s  ( f r e q u e n c y - b i n s ,  c h a n n e l s ) .  T h e  C N N  t y p i c a l l y  c o n s i s t s  o f  a  

s e r i e s  o f  c o n v o l u t i o n a l  l a y e r s ,  w h e r e  e a c h  l a y e r  u s e s  d i s c r e t e  w i n d o w  f u n c t i o n s ,  o r  k e r n e l  

w i t h  t r a i n a b l e  w e i g h t .  A f t e r  t a k i n g  t h e  i n p u t  i m a g e ,  t h e  l a y e r  s l i d e s  i t s  k e r n e l  t h r o u g h  t h e  

i n p u t  i m a g e  a n d  t h e n  c o m p u t e s  t h e  d o t  p r o d u c t s  b e t w e e n  t h e  k e r n e l s  a n d  t h e  p o r t i o n  o f  

t h e  i m a g e  i n s i d e  o f  t h e  k e r n e l .  T y p i c a l l y ,  t h e  k e r n e l ’ s  d i m e n s i o n  i s  s m a l l e r  t h a n  t h a t  o f  

t h e  i m a g e  s o  t h a t  t h e  C N N  l e a r n s  l o c a l  f e a t u r e s  i n  t h e  i m a g e ,  m a k i n g  t h e  n e t w o r k  s u i t a b l e  

t o  p r o c e s s  l o c a l l y  o u t s t a n d i n g  c h a r a c t e r i s t i c s  o f  e x c e s s - p o w e r  t r a n s i e n t s  i n  t h e  i m a g e .  T h e  

o u t p u t  o f  e a c h  l a y e r  i s  p a s s e d  t o  a  n o n - l i n e a r  a c t i v a t i o n  f u n c t i o n  a n d  b e c o m e s  t h e  i n p u t  f o r  

t h e  s u b s e q u e n t  l a y e r .  B e c a u s e  t h e  o u t p u t  o f  e a c h  l a y e r  i s  d o w n - s a m p l e d ,  t h e  s u b s e q u e n t  

l a y e r  r e p r e s e n t s  t h e  i n p u t  i m a g e  w i t h  a  f e w e r  n u m b e r  o f  f e a t u r e s .  T h i s  s e q u e n c e  o f  l a y e r s  

i s  k n o w n  a s  a n  encoder  t h a t  c a n  e x t r a c t  t h e  g l i t c h - c o u p l e d  e x c e s s - p o w e r  c h a r a c t e r i s t i c s  a n d  

s u p p r e s s  t h e  s l o w l y - v a r y i n g  n o i s e  i n  t h e  i m a g e  ( B a n k  et al., 2 0 2 1 ) .  A f t e r  t h e  c o n v o l u t i o n a l  

l a y e r ,  t h e  n e t w o r k  c o n s i s t s  o f  t r a n s p o s e d  c o n v o l u t i o n a l  l a y e r s  k n o w n  a s  a  decoder  ( B a l d i ,
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2 0 1 2 ;  M a s c i  et al., 2 0 1 1 ;  R u m e l h a r t  et al., 1 9 8 8 ;  V i n c e n t  et al., 2 0 1 0 ) .  E a c h  t r a n s p o s e d  

c o n v o l u t i o n  l a y e r  i n s e r t s  p i x e l s  o f  z e r o  b e t w e e n  t h e  p i x e l s  i n  t h e  i n p u t  i m a g e  a n d  t h e n  s l i d e s  

t h e  k e r n e l  t o  c o m p u t e s  t h e  d o t  p r o d u c t s  o f  k e r n e l s  a n d  t h e  m o d i f i e d  i n p u t  i m a g e  w i t h i n  t h e  

k e r n e l .  A s  a  c o n s e q u e n c e ,  t r a n s p o s e d  c o n v o l u t i o n a l  l a y e r s  r e c a s t  t h e  e n c o d e d  i m a g e  t o  h a v e  

a  h i g h e r  n u m b e r  o f  p i x e l s  b y  u p - s a m p l i n g .  C o m p r i s i n g  t h e  e n c o d i n g  a n d  d e c o d i n g  l a y e r s  

( s o - c a l l e d  autoencoder)  ( B a l d i ,  2 0 1 2 ;  M a s c i  et al., 2 0 1 1 ;  R u m e l h a r t  et al., 1 9 8 8 ;  V i n c e n t  

et al., 2 0 1 0 ) ,  t h e  o u t p u t  o f  t h e  n e t w o r k  w i l l  h a v e  t h e  s a m e  d i m e n s i o n  a s  t h e  g l i t c h  i m a g e  

w i t h  e x t r a c t e d  g l i t c h - c o u p l e d  f e a t u r e s .

T h e  a b o v e  c o n s i d e r a t i o n s  m o t i v a t e  u s  t o  u s e  t h e  f u l l y  c o n n e c t e d  c o n v o l u t i o n a l  

a u t o e n c o d e r  i n  o u r  n e t w o r k  t h a t  p r o v i d e s  a n  e s t i m a t e  o f  t h e  g l i t c h  i m a g e  f r o m  t h e  w i t n e s s  

c h a n n e l s '  c o u n t e r p a r t .  I n  a d d i t i o n  t o  t h e  a u t o e n c o d e r ,  w e  e m p l o y  a  c o n v o l u t i o n a l  l a y e r  

b e f o r e  t h e  e n c o d e r  t o  n o r m a l i z e  t h e  i n p u t  i m a g e s ,  a n d  u s e  a  c o n v o l u t i o n  l a y e r  a f t e r  t h e  

d e c o d e r  t o  m a k e  t h e  o u t p u t - i m a g e  d i m e n s i o n  t o  b e  t h e  s a m e  a s  t h a t  o f  t h e  g l i t c h  i m a g e .  

M o r e  s p e c i f i c a l l y ,  t h e  i n p u t  i m a g e s  o f  t h e  w i t n e s s  c h a n n e l s  a r e  f i r s t  p a s s e d  t o  t h e  i n p u t  

c o n v o l u t i o n a l  l a y e r  a n d  t h e n  n o r m a l i z e d  w i t h  Batch Norm alization  ( I o f f e  a n d  S z e g e d y ,  

2 0 1 5 ) .  T o  m a k e  t h e  d i m e n s i o n  o f  t h e  i n p u t  a n d  o u t p u t  i m a g e s  f o r  t h e  n e t w o r k ,  t h e  i n p u t  

l a y e r  u s e s  a  s t r i d e  o f  1  a n d  a n  a p p r o p r i a t e  z e r o  p a d d i n g  a r r a n g e m e n t .  I n  t h e  e n c o d e r ,  t h e  

w i d t h  a n d  h e i g h t  o f  t h e  i m a g e  a r e  r e d u c e d  b y  a  f a c t o r  o f  2  w h i l e  t h e  d e p t h  ( o r  t h e  n u m b e r  o f  

c h a n n e l s )  i s  i n c r e a s e d  b y  a  f a c t o r  o f  2 .  I n s t e a d  o f  u s i n g  p o o l i n g  l a y e r s  ( e . g . ,  M a x  P o o l i n g  

( Y a m a g u c h i  et al., 1 9 9 0 ) ) ,  e a c h  l a y e r  m a k e s  u s e  o f  a  s t r i d e  o f  2  w i t h  a n  a p p r o p r i a t e  z e r o  

p a d d i n g  a r r a n g e m e n t .  T h e  o u t p u t  o f  t h e  e n c o d i n g  l a y e r  i s  p a s s e d  t o  t h e  d e c o d i n g  l a y e r .  I n  

t h e  d e c o d i n g  l a y e r ,  t h e  w i d t h  a n d  h e i g h t  o f  t h e  i m a g e  a r e  i n c r e a s e d  b y  a  f a c t o r  o f  2  w h i l e  

t h e  d e p t h  i s  r e d u c e d  b y  a  f a c t o r  o f  2  b y  u s i n g  a  s t r i d e  o f  2  w i t h  a n  a p p r o p r i a t e  z e r o  p a d d i n g  

a r r a n g e m e n t .  T h e  o u t p u t  o f  t h e  d e c o d i n g  l a y e r  i s  f e d  i n t o  t h e  o u t p u t  c o n v o l u t i o n a l  l a y e r ,  i n  

w h i c h  a n  a p p r o p r i a t e  k e r n e l  w i t h  a  s t r i d e  o f  1  i s  c h o s e n  t o  m a k e  t h e  f i n a l  o u t p u t  i m a g e  h a s  

t h e  s a m e  d i m e n s i o n  a s  t h a t  o f  t h e  g l i t c h  i m a g e .  E x c e p t  f o r  t h e  o u t p u t  l a y e r ,  t h e  o u t p u t  o f  

e a c h  l a y e r  i s  p a s s e d  t o  a n  a c t i v a t i o n  f u n c t i o n  b e f o r e  b e i n g  f e d  i n t o  t h e  s u b s e q u e n t  l a y e r .
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W e  a d o p t  t h e  s y m m e t r i c a l  s t r u c t u r e  f o r  t h e  a u t o e n c o d e r  s i m i l a r  t o  O r m i s t o n  et al. 

( 2 0 2 0 )  b e c a u s e  e a c h  c o n v o l u t i o n a l  l a y e r  i s  c o m m o n l y  k n o w n  t o  l e a r n  a  d i f f e r e n t  l e v e l  o f  

c h a r a c t e r i s t i c s  o f  t h e  i n p u t  i m a g e s .  A n  e a r l i e r  ( l a t e r )  l a y e r  i n  t h e  e n c o d e r  t e n d s  t o  l e a r n  a  

l o w e r  ( h i g h e r )  l e v e l  o f  c h a r a c t e r i s t i c s .  H e n c e ,  t h e  f i r s t  ( l a s t )  l a y e r  i n  t h e  e n c o d e r  e x t r a c t s  

a  l o w e r  ( h i g h e r )  l e v e l  o f  c h a r a c t e r i s t i c s  t h a t  a r e  t h e n  r e c a s t  b y  t h e  l a s t  ( f i r s t )  l a y e r  i n  t h e  

d e c o d e r .  L i k e w i s e ,  t h e  i n t e r m e d i a t e  l e v e l s  o f  c h a r a c t e r i s t i c s  a r e  a l s o  e x t r a c t e d  a n d  r e c a s t  

b y  a  p a i r  o f  l a y e r s  i n  t h e  e n c o d e r  a n d  d e c o d e r .

I n  o u r  a n a l y s i s ,  t h e  n e t w o r k  c o m p r i s e s  f o u r  c o n v o l u t i o n a l  l a y e r s  f o r  b o t h  t h e  e n c o d e r  

a n d  d e c o d e r .  W e  c h o o s e  d i f f e r e n t  s i z e s  ( ~  1 0 )  o f  a  k e r n e l  f o r  d i f f e r e n t  c l a s s e s  o f  g l i t c h e s .  

F o r  t h e  a c t i v a t i o n  f u n c t i o n ,  w e  t h e  R eLU  ( H a h n l o s e r  et al., 2 0 0 0 ;  N a i r  a n d  H i n t o n ,  2 0 1 0 )  

i n  t h e  i n p u t  a n d  t h e  a u t o e n c o d e r  l a y e r s .  W e  d o  n o t  u s e  a n y  a c t i v a t i o n  f u n c t i o n  a f t e r  t h e  

o u t p u t  l a y e r .  E a c h  e n c o d i n g  l a y e r  i n c r e a s e s  t h e  n u m b e r  o f  c h a n n e l s  f r o m  t h e  v a l u e  i n  t h e  

i n p u t  i m a g e  t o  8 ,  1 6 ,  3 2 ,  a n d  6 4 ,  r e s p e c t i v e l y .  E a c h  d e c o d i n g  l a y e r  d e c r e a s e s  t h e  n u m b e r  

o f  c h a n n e l s  i n  i n v e r s e  o r d e r .

2.4. TRAINING AND VALIDATION

T h e  a n a l y s i s  o f  t h e  n e t w o r k  c a n  b e  d i v i d e d  t o  b e  t w o  p a r t s ;  t r a i n i n g  a n d  v a l i d a t i o n .  

D u r i n g  t r a i n i n g ,  t h e  d a t a  s e t  a r e  d i v i d e d  i n t o  s m a l l e r  c h u n k s  o f  d a t a ,  o r  s o - c a l l e d  m ini­

batches  t o  r e d u c e  t h e  c o m p u t a t i o n a l  m e m o r y .  D a t a  i n  e a c h  m i n i - b a t c h  a r e  f e d  i n t o  t h e  

n e t w o r k  a n d  t h e  l o s s  f u n c t i o n  i n  E q u a t i o n  ( 3 )  i s  c o m p u t e d  b y  a v e r a g i n g  o v e r  e a c h  m i n i ­

b a t c h .  T h e  n e t w o r k  p a r a m e t e r s  0 a r e  u p d a t e d  a c c o r d i n g  t o  t h e  g r a d i e n t  o f  t h e  l o s s  f u n c t i o n  

w i t h  r e s p e c t  t o  t h e  p a r a m e t e r s .  F o r  c a l c u l a t i n g  t h e  g r a d i e n t ,  w e  u s e  o n e  o f  t h e  f i r s t - o r d e r  

s t o c h a s t i c  g r a d i e n t  d e s c e n t  m e t h o d s ,  A D A M  ( K i n g m a  a n d  B a ,  2 0 1 4 ) .  W e  i t e r a t i v e l y  u p d a t e  

0 b y  r e p e a t i n g  t h e  a b o v e  c a l c u l a t i o n s  o v e r  a  n u m b e r  o f  c y c l e s ,  o r  epochs. A f t e r  e a c h  e p o c h ,  

t h e  l o s s  v a l u e  a n d  t h e  c o e f f i c i e n t  o f  d e t e r m i n a t i o n  a r e  c a l c u l a t e d  u s i n g  t h e  v a l i d a t i o n  s e t  

t o  p r e v e n t  o v e r - f i t t i n g ;  t h e  n e t w o r k  p a r a m e t e r s  a r e  t u n e d  w i t h  t h e  t r a i n i n g  s e t  s o  t h a t  t h e  

n e t w o r k  t e n d s  t o  r e p r e s e n t  t h e  g l i t c h  c o u p l i n g s  c o n t a i n e d  i n  t h e  t r a i n i n g  s e t  i n s t e a d  o f
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r e p r e s e n t i n g  t h e  c o u p l i n g s  i n  a  b r o a d e r  d a t a  s e t  s u c h  a s  a  v a l i d a t i o n  s e t  w h i c h  i s  n o t  u s e d  

t o  t u r n  t h e  n e t w o r k  p a r a m e t e r s .  T o  a v o i d  o v e r - f i t t i n g ,  t h e  v a l i d a t i o n  s e t  i s  c h o s e n  n o t  t o  b e  

o v e r l a p p i n g  w i t h  a n y  d a t a  i n  t h e  t r a i n i n g  s e t .  W e  s t o p  t h e  i t e r a t i o n  i f  t h e  n e t w o r k  s h o w s  

o v e r - f i t t i n g  a c c o r d i n g  t o  t h e  c o e f f i c i e n t  o f  d e t e r m i n a t i o n  o f  t h e  v a l i d a t i o n  s e t .

2.5. OUTPUT DATA POST-PROCESSING

T h e  o u t p u t  o f  t h e  n e t w o r k  i s  c o n d i t i o n e d  b e f o r e  s u b t r a c t i n g  g l i t c h e s  i n  t h e  d e t e c t o r ’ s  

o u t p u t  d a t a .  B e c a u s e  t h e  g l i t c h  m S T F T  i s  n o r m a l i z e d  w i t h  t h e  m e a n  u  a n d  t h e  s t a n d a r d  

d e v i a t i o n  a  o f  t h e  p i x e l  v a l u e s  a c r o s s  t h e  t r a i n i n g  s e t  b e f o r e  b e i n g  f e d  i n t o  t h e  n e t w o r k ,  w e  

i n v e r t  t h e  n o r m a l i z a t i o n  b y  m u l t i p l y i n g  t h e  p r e d i c t e d  m S T F T  b y  a  a n d  a d d  u .  W h i l e  t h e  

t r u e  m S T F T  h a s  n o  n e g a t i v e  v a l u e s  b y  d e f i n i t i o n  o f  m S T F T ,  t h e  p r e d i c t e d  m S T F T  c o u l d  

h a v e  n e g a t i v e  v a l u e s  d u e  t o  t h e  i m p e r f e c t i o n  o f  t h e  n e t w o r k  p r e d i c t i o n .  W e  f i n d  t h a t  t h e  

n e g a t i v e  v a l u e s  o f  t h e  p r e d i c t e d  m S T F T  a r e  t y p i c a l l y  a n t i - c o r r e l a t e d  w i t h  t h e  v a l u e s  o f  

t h e  t r u e  m S T F T .  T h e  m e d i a n  v a l u e s  o f  t h e  o v e r l a p  O  i n  4  b e t w e e n  n e g a t i v e  p i x e l s  o f  t h e  

p r e d i c t e d  m S T F T s  a n d  t h e  c o r r e s p o n d i n g  p i x e l s  i n  t h e  t r u e  m S T F T s  a r e  a p p r o x i m a t e l y  - 0 . 1  

a n d  - 0 . 3 5  f o r  Scattered light  a n d  Extrem ely loud  g l i t c h e s ,  r e s p e c t i v e l y .  T a k i n g  a b s o l u t e  

v a l u e s  o f  t h e  p r e d i c t e d  m S T F T s  m a k e s  t h e s e  n e g a t i v e  p i x e l s  h a v e  a  p o s i t i v e  e f f e c t  o n  t h e  

o v e r l a p  o f  a l l  p i x e l s  t h o u g h  t h e  e f f e c t  i s  s m a l l  b e c a u s e  t h e  a v e r a g e  o f  t h e  a b s o l u t e  v a l u e s  

o f  t h e  n e g a t i v e  p i x e l s  i s  o n l y  ~  5 %  a n d  ~  9 %  o f  t h e  a v e r a g e  v a l u e  o f  t h e  p o s i t i v e  p i x e l s  

f o r  Scattered light  a n d  Extrem ely loud  g l i t c h e s ,  r e s p e c t i v e l y .  U s i n g  t h e  F G L  t r a n s f o r m a t i o n  

( G r i f f i n  a n d  J a e  L i m ,  1 9 8 4 ;  P e r r a u d i n  et al., 2 0 1 3 ) ,  w e  e s t i m a t e  t h e  g l i t c h  w a v e f o r m  f r o m  

t h e  a b s o l u t e  v a l u e  o f  m S T F T  p r e d i c t e d  b y  t h e  n e t w o r k .

B e c a u s e  t h e  e s t i m a t e d  w a v e f o r m  h a s  a  s l i g h t l y  l a r g e r  o r  s m a l l e r  a m p l i t u d e  c o m p a r e d  

t o  t h e  e x t r a c t e d  g l i t c h  w a v e f o r m  a n d  t h e  p h a s e  o f  t h e  e s t i m a t e d  w a v e f o r m  i s  s l i g h t l y  s h i f t e d  

d u e  t o  t h e  n e t w o r k - p r e d i c t i o n  i m p e r f e c t i o n  a n d  t h e  p h a s e - e s t i m a t i o n  u n c e r t a i n t y  i n  t h e  F G L  

t r a n s f o r m a t i o n ,  w e  l e t  t h e  e s t i m a t e d  w a v e f o r m  c h a n g e  o n l y  i t s  a m p l i t u d e  b y  a  f a c t o r  u p  t o  

± 3  a n d  c h a n g e  t h e  p h a s e  u p  t o  ± 0 . 0 4  s e c o n d s  t o  s u b t r a c t  g l i t c h e s  e f f i c i e n t l y  a n d  a v o i d
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i n t r o d u c i n g  u n i n t e n d e d  e f f e c t s  o n  a s t r o p h y s i c a l  s i g n a l s  p o t e n t i a l l y  p r e s e n t .  T o  d e t e r m i n e  

v a l u e s  o f  t h e  a m p l i t u d e  a n d  p h a s e  c o r r e c t i o n  f a c t o r s ,  w e  u s e  t h e  l e a s t  s q u a r e  f i t t i n g  m e t h o d  

w i t h i n  t h e  t i m e  p e r i o d s  w h e r e  t h e  g l i t c h  i s  p r e s e n t .  T o  d e t e r m i n e  t h e  p o r t i o n  o f  t h e  

g l i t c h  p r e s e n c e ,  w e  ( 1 )  c a l c u l a t e  t h e  a b s o l u t e  v a l u e s  o f  t h e  e s t i m a t e d  g l i t c h  w a v e f o r m ,  ( 2 )  

t h e n  s m o o t h  t h e  c u r v e  w i t h  t h e  c o n v o l u t i o n  w i t h  t h e  r e c t a n g u l a r  f u n c t i o n ,  a n d  ( 3 )  f i n a l l y  

d e t e r m i n e  t h e  t i m e  w i n d o w  w h e r e  t h e  a b s o l u t e  v a l u e s  a r e  a b o v e  a  t h r e s h o l d .

B e c a u s e  t h e  g l i t c h  w a v e f o r m s  ( i n c l u d i n g  b o t h  t h e  e s t i m a t e  a n d  e x t r a c t e d )  a r e  f l u c ­

t u a t e d  i n s t e a d  o f  t h a t  t h e i r  v a l u e s  a r e  s m o o t h l y  i n c r e a s e d  t o w a r d s  t h e  p e a k  o f  a m p l i t u d e ,  

t a k i n g  t h e  t i m e  w i n d o w  w h e r e  t h e  a b s o l u t e  v a l u e s  a r e  a b o v e  a  t h r e s h o l d  w i t h o u t  s m o o t h i n g  

t h e  c u r v e s  m a k e s  t h e  t i m e  w i n d o w s  t o  b e  d i v i d e d  a n d  t o  c o v e r  o n l y  s u b - p o r t i o n s  o f  g l i t c h e s  

( c o r r e s p o n d i n g  t o  h i g h  t h r e s h o l d s )  o r  t h e  t i m e  w i n d o w  t o  c o v e r  w i d e  p o r t i o n s  i n c l u d i n g  

t h e  r e g i o n  w i t h  n o  g l i t c h e s  ( c o r r e s p o n d i n g  t o  l o w  t h r e s h o l d s ) .  T h e r e f o r e ,  w e  e m p l o y  t h e  

c o n v o l u t i o n  w i t h  a  r e c t a n g u l a r  f u n c t i o n  a s  o n e  o f  t h e  s m o o t h i n g  m e t h o d s .  W e  t y p i c a l l y  

s e t  t h i s  t h r e s h o l d  t o  b e  t h e  ~  9 0  p e r c e n t i l e  o f  t h e  a b s o l u t e s  v a l u e s  o f  a  s e t  o f  t h e  e s t i m a t e d  

g l i t c h  w a v e f o r m s  ( s e e  d e t a i l s  f o r  e a c h  g l i t c h  c l a s s  i n  A p p e n d i x  F  a n d  S e c .  3 ) .  T o  s u b t r a c t  

g l i t c h e s  e v e n  m o r e  e f f i c i e n t l y ,  w e  d i v i d e  t h i s  t i m e  p o r t i o n  a n d  a p p l y  t h e  l e a s t  s q u a r e  f i t t i n g  

a g a i n s t  t h e  s t r a i n  d a t a  w i t h i n  t h e  d i v i d e d  p o r t i o n s  ( s e e  d e t a i l s  f o r  e a c h  g l i t c h  c l a s s  i n  S e c .  3 ) .  

S m a l l e r  l e n g t h s  o f  t h e  d i v i d e d  p o r t i o n s  a l l o w  u s  t o  s u b t r a c t  g l i t c h e s  m o r e  e f f i c i e n t l y  b u t  l e s s  

r o b u s t l y  p r e s e r v e  t h e  w a v e f o r m  o f  a s t r o p h y s i c a l  s i g n a l s .  T o  b a l a n c e  t h e  a b o v e  t w o  f a c t o r s ,  

w e  d i v i d e  t h e  t i m e  p o r t i o n  f i n e r  a r o u n d  t h e  c e n t e r  t i m e  o f  t h e  g l i t c h  w a v e f o r m  b e c a u s e  

t y p i c a l l y  g l i t c h e s  h a v e  h i g h e r  f r e q u e n c i e s  a n d  l a r g e r  a m p l i t u d e s  a r o u n d  t h e  c e n t e r  t i m e  o f  

t h e  w a v e f o r m .  I n  t h e  l e a s t  s q u a r e  f i t t i n g ,  w e  f i n d  t h a t  t h e  s u b t r a c t i o n  i s  b e t t e r  b y  s e p a r a t i n g  

t h e  f i t t i n g  w i t h  t h e  b o u n d s  o f  t h e  a m p l i t u d e  c o r r e c t i o n  f a c t o r  e i t h e r  i n  t h e  r a n g e  ( 0 , 3 )  o r  

( - 3 , 0 )  a n d  t h e n  c h o o s e  t h e  b e t t e r  f i t t i n g  r e s u l t  b a s e d  o n  i t s  c o e f f i c i e n t  o f  d e t e r m i n a t i o n  R 2 .
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3. PIPELINE PERFORMANCE ON LIGO DATA

W e  a p p l y  o u r  g l i t c h  s u b t r a c t i o n  p i p e l i n e  t o  t h e  d a t a  o f  t h e  L 1  d e t e c t o r  f r o m  J a n u a r y  

1 s t ,  2 0 2 0  t o  F e b r u a r y  3 r d ,  2 0 2 0 .  W e  c h o o s e  t w o  d i s t r i c t  c l a s s e s  o f  g l i t c h e s  c o m p r i s i n g  

d i f f e r e n t  t y p e s  o f  n o i s e  c o u p l i n g s  t h a t  a r e  d o m i n a n t  e v e n t s  f o r  c r e a t i n g  background  c W B  

( K l i m e n k o  et al., 2 0 0 8 ,  2 0 1 6 )  t r i g g e r s  w i t h  h i g h - r a n k i n g  s t a t i s t i c s  t o  s t u d y  a n d  q u a n t i f y  t h e  

p e r f o r m a n c e  o f  o u r  p i p e l i n e .

T o  q u a n t i f y  t h e  n e t w o r k - p r e d i c t i o n  a c c u r a c y ,  w e  u s e  t h e  o v e r l a p  o f  t h e  t r u e  m S T F T  

a n d  t h e  p r e d i c t e d  m S T F T  o f  t h e  g l i t c h  g i v e n  a s

O =
G [ i ] G [ i ]

V j  G 2  [ j  ]  Z jL i  G 2 [ k  ]  ’

( 4 )

w h e r e  G [ i ]  a n d  G [ i ]  a r e  t h e  t r u e  a n d  e s t i m a t e d  m S T F T s  o f  t h e  g l i t c h ,  r e s p e c t i v e l y ,  a n d  

(i, j ,  k )  r u n  o v e r  p i x e l  i n d i c e s ,  a n d  N  i s  t h e  t o t a l  n u m b e r  o f  p i x e l s .  T h e  o v e r l a p  i n d i c a t e s  

t h e  d i r e c t  m e a s u r e  o f  t h e  n e t w o r k  p r e d i c t i o n  a c c u r a c y ,  r a n g i n g  f r o m  0  ( m i s m a t c h e d )  t o  1  

( p e r f e c t  m a t c h e d ) .

S N R  i s  t h e  d o m i n a n t  f a c t o r  f o r  t h e  d e t e c t i o n  o f  G W  s i g n a l  s e a r c h e s .  L o w e r i n g  

S N R  o f  n o i s e  a r t i f a c t s  i m p r o v e s  t h e  d e t e c t a b i l i t y  o f  G W  s i g n a l s .  . W e  q u a n t i f y  t h e  

p e r f o r m a n c e  o f  t h e  g l i t c h  r e d u c t i o n  w i t h  o u r  p i p e l i n e  b y  c a l c u l a t i n g  t h e  f r a c t i o n  o f  g l i t c h  

S N R  r e d u c t i o n  ( F N R )  a f t e r  t h e  s u b t r a c t i o n  a s

F N R  =
S N R b - S N R fl 

S N R b
( 5 )

w h e r e  S N R b  a n d  S N R a  a r e  t h e  m a t c h e d - f i l t e r  S N R s  ( U s m a n  et al., 2 0 1 6 )  o b t a i n e d  u s i n g  

t h e  e x t r a c t e d  g l i t c h  w a v e f o r m  a s  a  t e m p l a t e  a n d  t h e  d a t a  b e f o r e  a n d  a f t e r  t h e  s u b t r a c t i o n ,  

r e s p e c t i v e l y  ( s e e  h o w  t o  o b t a i n  t h e  e x t r a c t e d  g l i t c h  w a v e f o r m  i n  S e c  2 . 2 ) .  V a l u e s  o f  F N R  

c l o s e  t o  1  i n d i c a t e  e f f i c i e n t  g l i t c h  r e d u c t i o n s  w h i l e  n e g a t i v e  v a l u e s  o f  F N R  i m p l y  t h e  i n c r e a s e  

o f  t h e  g l i t c h  e n e r g y  i n  t h e  d a t a .
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3.1. SCATTERED LIGHT GLITCHES

W e  f i r s t  a p p l y  o u r  s u b t r a c t i o n  t e c h n i q u e  t o  a  c l a s s  o f  g l i t c h e s  c a l l e d  Scattered light 

g l i t c h e s .  T y p i c a l l y ,  w i n d s  a n d / o r  e a r t h q u a k e s  s h a k e  t h e  d e t e c t o r  a n d  m o v e  t h e  t e s t  m a s s  

m i r r o r s  i n  t h e  d e t e c t o r  a r m s .  T h e  d i s p l a c e m e n t s  o f  t h e  m i r r o r s  i n  t h e  l o n g i t u d i n a l  o r  

r o t a t i o n a l  d i r e c t i o n s  d i f f e r  t h e  r e l a t i v e  a r m  l e n g t h s  t o  p r o d u c e  a r c h - l i k e  g l i t c h e s  i n  t h e  

m S T F T  i n  1 0  -  9 0  H z ,  w i t h  a  d u r a t i o n  o f  ~  2  s e c o n d s  ( D a v i s  et al., 2 0 2 1 ;  S o n i  et al., 2 0 2 0 ,  

2 0 2 1 ) .

T o  i d e n t i f y  t h e  w i t n e s s  c h a n n e l s  f o r  t h i s  g l i t c h  c l a s s ,  w e  u s e  P y C h C h o o  ( M o g u s h i ,  

2 0 2 1 )  o n  t h e  l i s t  o f  Scattered light  g l i t c h e s  w i t h  S N R  a b o v e  1 0  b e t w e e n  J a n u a r y  1 s t ,  

2 0 2 0  a n d  F e b r u a r y  3 r d ,  2 0 2 0  i n  t h e  L 1  d e t e c t o r  f r o m  t h e  Gravity Spy c a t a l o g .  W e  u s e  

t w o  w i t n e s s  c h a n n e l s  w i t h  h i g h  c o n f i d e n c e :  L 1 : A S C - C S O F T _ P _ O U T _ D Q  a n d  L 1 : A S C -  

X _ T R _ B _ N S U M _ O U T _ D Q  w h i c h  m o n i t o r  t h e  c o m m o n  l e n g t h  o f  t h e  t w o  a r m s  a n d  t h e  

t r a n s m i t t e d  l i g h t  f r o m  t h e  m i r r o r  a t  t h e  e n d  o f  t h e  x - a r m ,  r e s p e c t i v e l y .

T o  c h e c k  t h a t  t h e  t o p  t w o  w i t n e s s  c h a n n e l s  a r e  s u f f i c i e n t ,  w e  t r a i n  t h e  n e t w o r k  w i t h  

v a r i o u s  s e t s  o f  c h a n n e l s  w i t h  t h e  c o n f i d e n c e  o f  b e i n g  w i t n e s s e s  o f  t h i s  g l i t c h  c l a s s  f r o m  

p g  =  0 . 9 3  u p  t o  p g =  0 . 7 1  ( M o g u s h i ,  2 0 2 1 ) .  W e  c o n s i d e r  1 1  d i f f e r e n t  c h a n n e l  s e t s ,  w h e r e  

i t h  s e t  c o n t a i n s  u p  t o  i t h  r a n k e d  c h a n n e l s .  W e  t r a i n  t h e  n e t w o r k  w i t h  a  l e a r n i n g  r a t e  o f  

1 0 - 3  ( 1 0 - 4 / 1 0 - 5 )  f o r  t h e  1 - 1 0  ( 1 1 - 3 0 / 3 1 - 6 0 )  e p o c h s ,  w h e r e  l e a r n i n g  r a t e s  d e t e r m i n e  t h e  

g r a d i e n t  t o  u p d a t e  t h e  n e t w o r k  p a r a m e t e r s  a n d  s m a l l e r  l e a r n i n g  r a t e s  c o r r e s p o n d  t o  s m a l l e r  

g r a d i e n t s .  W e  t e r m i n a t e  t h e  t r a i n i n g  p r o c e s s  i f  a  v a l u e  o f  R 2 i n  t h e  v a l i d a t i o n  s e t  p l a t e a u s ,  

i . e . ,  a  v a l u e  o f  R 2  i n  t h e  c u r r e n t  e p o c h  d o e s  n o t  d i f f e r  f r o m  t h e  v a l u e  i n  t h e  p r e v i o u s  e p o c h  

g r e a t e r  t h a n  ± 0 . 0 0 1 % .  F i g u r e  1  s h o w s  l o s s e s  i n  E q u a t i o n  ( 3 )  a n d  o v e r l a p s  i n  t h e  v a l i d a t i o n  

s e t s ,  t h e  v a l i d a t i o n  s a m p l e  s i z e ,  a n d  t h e  G P U  m e m o r i e s  u s e d  t o  t r a i n  t h e  n e t w o r k  f o r  v a r i o u s  

c h a n n e l  s e t s .  O v e r l a p s  a t  t h e  t e r m i n a t i o n  f o r  a l l  c h a n n e l  s e t s  r a n g e  i n  ~  0 . 7  ~  0 . 8 ,  w h e r e  t h e  

G P U  m e m o r y  f o r  t h e  1 1 t h  c h a n n e l  s e t  i s  g r e a t e r  t h a n  t h e  m e m o r y  f o r  t h e  1 s t  c h a n n e l  s e t  b y  

a  f a c t o r  o f  2 . 5 .  U s i n g  a  h i g h e r  n u m b e r  o f  w i t n e s s  c h a n n e l s  w i t h  h i g h  c o n f i d e n c e  p r o v i d e s  

a  l a r g e r  a m o u n t  o f  g l i t c h - c o u p l i n g  i n f o r m a t i o n  t o  t h e  n e t w o r k  a n d  l e t  t h e  p e r f o r m a n c e
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b e t t e r  w h e r e a s  a d d i n g  l o w  c o n f i d e n t  w i t n e s s  c h a n n e l s  o n l y  p r o v i d e s  n o n - g l i t c h - c o u p l i n g  

i n f o r m a t i o n  t o  t h e  n e t w o r k  a n d  d o e s  n o t  i m p r o v e  t h e  p e r f o r m a n c e  b e c a u s e  t h e  n e t w o r k  

s e e m s  n o t  t o  u s e  t h o s e  l o w  c o n f i d e n t  c h a n n e l s .  F u r t h e r m o r e ,  u s i n g  l o w  c o n f i d e n t  c h a n n e l s  

m i g h t  a d d  d a t a  s a m p l e s  t h a t  h a v e  c h a n c e  c o i n c i d e n t  e x c e s s  p o w e r  b e t w e e n  t h e s e  c h a n n e l s  

a n d  t h e  s t r a i n  c h a n n e l s  a n d / o r  s u b d o m i n a n t  g l i t c h - c o u p l i n g  i n f o r m a t i o n  ( s e e  d e t a i l s  f o r  t h e  

c o i n c i d e n t  s e l e c t i o n  i n  S e c .  2 . 2 ) ,  w h e r e  t h e  s i z e  o f  t h e  v a l i d a t i o n  s e t  f o r  t h e  1 1 t h  c h a n n e l  s e t  

i s  g r e a t e r  t h a n  t h e  s i z e  f o r  t h e  1 s t  c h a n n e l  s e t  b y  a  f a c t o r  o f  1 . 5 .  T h e r e f o r e ,  t h e  t e r m i n a t i o n  

o v e r l a p  t e n d s  t o  d e c r e a s e  w i t h  t h e  u s e  o f  r e d u n d a n t  G P U  m e m o r i e s  b y  a d d i n g  c h a n n e l s  

a b o v e  t h e  5 t h  r a n k  a s  s h o w n  i n  t h e  t o p - r i g h t  p a n e l  i n  F i g u r e  1 .  U s i n g  t h e  f i r s t  t w o  r a n k e d  

c h a n n e l s  i s  s u f f i c i e n t  b e c a u s e  t h e  t e r m i n a t i o n  o v e r l a p  f o r  t h e  2 n d  c h a n n e l  s e t  i s  o n l y  l e s s  t h a n  

3 %  s m a l l e r  t h a n  t h e  l a r g e s t  v a l u e  o f  t h e  t e r m i n a t i o n  o v e r l a p  ( o b t a i n e d  b y  t h e  4 t h  c h a n n e l  

s e t )  a n d  s a v e s  1 8 %  G P U  m e m o r y .  I n  t h e  f o l l o w i n g ,  w e  u s e  t h e  t o p - t o w  r a n k e d  c h a n n e l s  f o r  

Scattered light  g l i t c h e s .

W e  p r e - p r o c e s s  t h e  d a t a  a s  d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n  w i t h  t h e  t i m e  s e r i e s  o f  

t h e  s t r a i n  a n d  t h e  w i t n e s s  c h a n n e l s  b e i n g  r e - s a m p l e d  t o  a  s a m p l i n g  r a t e  o f  5 1 2  H z .  D u r i n g  

t h e  p r e - p r o c e s s i n g ,  w e  c o n s i d e r  t h e  f r e q u e n c y  r a n g e  a b o v e  1 0 0  H z  t o  b e  t h e  b a c k g r o u n d -  

n o i s e  r e g i o n  a n d  u s e  t h e  9 9  p e r c e n t i l e  p i x e l - v a l u e  t o  e x t r a c t  t h e  g l i t c h  w a v e f o r m  b e l o w  1 0 0  

H z .  W e  a l s o  a p p l y  a  h i g h - p a s s  f i l t e r  t o  t h e  s t r a i n  c h a n n e l  a t  1 0  H z .  W e  s e t  t h e  s a m p l e  

d i m e n s i o n s  o f  t h e  ( t r a i n i n g / v a l i d a t i o n / t e s t i n g )  s e t s  t o  b e  ( 9 1 3 1 / 2 2 3 3 / 6 7 8 )  w i t h  t h e  s e g m e n t  

o v e r l a p s  o f  ( 9 3 . 7 / 9 3 . 7 / 7 5 ) % ,  w h e r e  t h e  s e g m e n t  o v e r l a p  i s  t h e  f r a c t i o n  o f  t h e  t i m e - w i n d o w  

o v e r l a p  b e t w e e n  s e g m e n t s  c r e a t e d  b y  s l i d i n g  a  t i m e  w i n d o w  t o  d i v i d e  a  l a r g e r  s e g m e n t  

i n t o  s m a l l e r  s e g m e n t s  ( s o - c a l l e d  data augm entation  ( L e m l e y  et al., 2 0 1 7 ;  P e r e z  a n d  W a n g ,  

2 0 1 7 ;  S h o r t e n  a n d  K h o s h g o f t a a r ,  2 0 1 9 ) ) .  W e  s e t  t h a t  t h e r e  i s  n o  o v e r l a p p i n g  t i m e  b e t w e e n  

t h e  t h r e e  s e t s  a n d  t h e  t e s t i n g  s e t  i s  l a t e r  t h a n  t h e  o t h e r  s e t s .  W e  c r e a t e  t h e  m S T F T  w i t h  a  

d u r a t i o n  o f  8  s e c o n d s ,  a  f r e q u e n c y  r a n g e  u p  t o  2 5 6  H z ,  a n d  ( t i m e / f r e q u e n c y )  r e s o l u t i o n s  o f  

0 . 0 6 2 5  s e c o n d s  a n d  2  H z ,  r e s p e c t i v e l y .  W e  u s e  a  s q u a r e  k e r n e l  w i t h  a  s i z e  o f  ( 8 , 8 )  i n  t h e  

a u t o e n c o d e r  i n  t h e  n e t w o r k .  D u r i n g  t h e  p o s t - p r o c e s s i n g ,  w e  c o n s i d e r  t h e  r e g i o n  w h e r e  t h e
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F i g u r e  1 .  L o s s e s  d e f i n e d  i n  E q u a t i o n  ( 3 )  ( t o p - l e f t )  a n d  o v e r l a p s  ( t o p - r i g h t )  o v e r  e p o c h s  

i n  t h e  v a l i d a t i o n  s e t s  u s i n g  c h a n n e l  s e t s  c o n t a i n i n g  i t h  r a n k e d  c h a n n e l s  f o r  Scattered light 
g l i t c h e s .  T h e  b o t t o m  p a n e l s  s h o w  s i z e s  o f  t h e  v a l i d a t i o n  s e t s ,  o v e r l a p s  a t  t h e  e n d  o f  t h e  

t r a i n i n g ,  a n d  u s e d  G P U  m e m o r i e s .

g l i t c h e s  a r e  p r e s e n t  t o  b e  t h e  t i m e  w h e n  t h e  a b s o l u t e  v a l u e  o f  t h e  e s t i m a t e d  g l i t c h  w a v e f o r m  

i s  a b o v e  t h e  7 5  p e r c e n t i l e  o f  t h e  c o r r e s p o n d i n g  v a l u e s  a c r o s s  t h e  t e s t i n g  s e t .  W e  c h o o s e  t h e  

d i v i d e d  w i n d o w  l e n g t h  f o r  t h e  l e a s t  s q u a r e  f i t t i n g  t o  b e  a s  s m a l l  a s  0 . 1  s e c o n d s  a n d  e x p a n d  

t h e  w i n d o w  l e n g t h  f r o m  t h e  c e n t e r  o f  t h e  g l i t c h  b y  a  f a c t o r  o f  1 . 1 .

F i g u r e  2  s h o w s  t h e  d i s t r i b u t i o n  o f  t h e  o v e r l a p  o f  t h e  m S T F T  a n d  t h e  F N R  o f  t h e  

t e s t i n g  s e t  o f  Scattered light  g l i t c h e s .  M o r e  s i m i l a r  m S T F T s  c o r r e s p o n d  t o  m o r e  s i m i l a r  

w a v e f o r m s  a f t e r  t h e  F G L  t r a n s f o r m a t i o n ,  r e s u l t i n g  i n  m o r e  e f f i c i e n t  r e d u c t i o n s  o f  g l i t c h
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S N R s .  W e  f i n d  t h e  o v e r l a p  r a n g i n g  f r o m  ~ 0 . 6 - 0 . 9  a n d  t h e  F N R  r a n g i n g  ~  0 . 4  -  0 . 7  i n  1  - a  

p e r c e n t i l e s  a n d  n o  n e g a t i v e  F N R ,  i n d i c a t i n g  n o  a d d i t i o n a l  g l i t c h  e n e r g y  a d d e d  t o  t h e  s t r a i n  

d a t a .

pj 0.8

-d
0̂

0.2Ph

0.2 0.4 0.6
Overlap L*°Fraction of counts

0.00

0.6

0.4

0.00.0 0.8

F i g u r e  2 .  D i s t r i b u t i o n  o f  t h e  o v e r l a p  o f  t h e  e x t r a c t e d  a n d  e s t i m a t e d  m S T F T s  o f  Scattered  
light  g l i t c h e s  i n  t h e  t e s t i n g  s e t .  T h e  b l a c k  s o l i d  a n d  d a s h e d  l i n e s  d e n o t e  t h e  m e d i a n  a n d  1 - a  

p e r c e n t i l e s .

F i g u r e s  3  ( 4 / 5 )  s h o w s  t h e  m S T F T  o f  a  s t r a i n  d a t a  d o w n - s a m p l e d  a t  5 1 2  H z  a n d  

h i g h - p a s s e d  a t  1 0  H z  i n  t h e  t e s t i n g  s e t ,  t h e  c o r r e s p o n d i n g  e s t i m a t e d  m S T F T ,  a n d  t h e  t i m e  

s e r i e s  u s e d  t o  s u b t r a c t  t h e  g l i t c h e s  o f  t h e  o p t i m a l  ( m e d i a n / l e a s t )  c a s e ,  w h e r e  t h e  o v e r l a p  

b e t w e e n  t h e  m S T F T  o f  t h e  e x t r a c t e d  g l i t c h  w a v e f o r m  a n d  t h e  e s t i m a t e d  m S T F T  i s  O = 0 . 9 2  

( 0 . 6 5 / 0 . 2 1 )  a n d  F N R  =  0 . 8 4  ( 0 . 5 8 / 0 . 0 2 ) .  I n  t h e  l e a s t  c a s e ,  a  s h o r t - l i v e d  a r c h - l i k e  g l i t c h  a t  

~  6  s e c o n d s  i n  t h e  t o p - l e f t  p a n e l  i n  F i g u r e  5  i s  e s t i m a t e d  b y  t h e  n e t w o r k .  H o w e v e r ,  o n l y  t h e  

f r a c t i o n s  o f  t h i s  g l i t c h  a r e  s u b t r a c t e d  d u e  t o  o u r  s e l e c t i o n  c r i t e r i o n  a b o u t  t h e  g l i t c h  p r e s e n c e  

m e n t i o n e d  a b o v e .  I n  t h i s  c a s e ,  t h e  s m a l l  v a l u e  o f  F N R  =  0 . 0 2  i s  a l s o  d u e  t o  t h e  p r e s e n c e  

o f  a  n o n - S c a t t e r e d  l i g h t  g l i t c h  a t  ~  0 . 5  s e c o n d s  b e c a u s e  t h i s  g l i t c h  c o n t r i b u t e s  t o  S N R b



90

d o m i n a n t l y .  W e  n o t e  t h a t  w e  b u i l d  t h e  n e t w o r k  f o r  a  p a r t i c u l a r  c l a s s  o f  g l i t c h e s  s o  t h a t  

t h e  g l i t c h  a t  ~  0 . 5  s e c o n d s  i n  t h e  l e a s t  c a s e  i s  c o n s i s t e n t  w i t h  t h e  p e r f o r m a n c e  o f  o u r  b u i l t  

n e t w o r k .
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F i g u r e  3 .  T h e  m S T F T  o f  t h e  s t r a i n  d a t a  ( t o p - l e f t ) ,  t h e  n e t w o r k  e s t i m a t e d  m S T F T  ( t o p - r i g h t ) ,  

a n d  t h e  m S T F T  o f  t h e  s t r a i n  d a t a  a f t e r  g l i t c h  s u b t r a c t i o n  ( t o p - l e f t )  i n  t h e  o p t i m a l  t e s t i n g  

s a m p l e  o f  Scattered light  g l i t c h e s .  I n  t h e  b o t t o m - r i g h t  p a n e l ,  t h e  g r a y  ( b l u e / g r e e n / r e d )  

c u r v e s  d e n o t e  t h e  o r i g i n a l  ( e s t i m a t e d / e s t i m a t e d - m a t c h e d / s u b t r a c t e d )  w h i t e n e d  t i m e  s e r i e s ,  

w h e r e  t h e  e s t i m a t e d - m a t c h e d  t i m e  s e r i e s  i s  c r e a t e d  a f t e r  t h e  a m p l i t u d e  a n d  p h a s e  c o r r e c t i o n s  

w i t h  t h e  l e a s t  s q u a r e  f i t t i n g  w i t h i n  d i v i d e d  s e g m e n t s  s h o w n  a s  t h e  g r a y  b a n d s .  T h e  o v e r l a p  

b e t w e e n  m S T F T  o f  t h e  e x t r a c t e d  g l i t c h  w a v e f o r m  a n d  t h e  e s t i m a t e d  m S T F T  i s  O = 0 . 9 2  

a n d  F N R  =  0 . 8 4 .
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F i g u r e  4 .  T h e  m S T F T  o f  a  d o w n - s a m p l e d  s t r a i n  d a t a  a t  5 1 2  H z  w i t h  a  h i g h - p a s s  f i l ­

t e r  a t  1 0  H z  ( t o p - l e f t ) ,  t h e  n e t w o r k  e s t i m a t e d  m S T F T  ( t o p - r i g h t ) ,  a n d  t h e  m S T F T  o f  t h e  

s t r a i n  d a t a  a f t e r  g l i t c h  s u b t r a c t i o n  ( t o p - l e f t )  i n  t h e  m e d i a n  t e s t i n g  s a m p l e  o f  Scattered light 
g l i t c h e s .  I n  t h e  b o t t o m - r i g h t  p a n e l ,  t h e  g r a y  ( b l u e / g r e e n / r e d )  c u r v e s  d e n o t e  t h e  o r i g i ­

n a l  ( e s t i m a t e d / e s t i m a t e d - m a t c h e d / s u b t r a c t e d )  w h i t e n e d  t i m e  s e r i e s ,  w h e r e  t h e  e s t i m a t e d -  

m a t c h e d  t i m e  s e r i e s  i s  c r e a t e d  a f t e r  t h e  a m p l i t u d e  a n d  p h a s e  c o r r e c t i o n s  w i t h  t h e  l e a s t  s q u a r e  

f i t t i n g  w i t h i n  d i v i d e d  s e g m e n t s  s h o w n  a s  t h e  g r a y  b a n d s .  T h e  o v e r l a p  b e t w e e n  m S T F T  o f  

t h e  e x t r a c t e d  g l i t c h  w a v e f o r m  a n d  t h e  e s t i m a t e d  m S T F T  i s  O = 0 . 6 5  a n d  F N R  =  0 . 5 8 .

3.2. EXTREMELY LOUD GLITCHES

U n l i k e  Scattered light  g l i t c h e s  w h e r e  t h e  w a v e f o r m s  i n  t h e  s t r a i n  c a n  b e  a n a l y t i c a l l y  

m o d e l e d  w i t h  m o n i t o r e d  m i r r o r  m o t i o n s  a n d  t h e  s u s p e n s i o n  s y s t e m s  ( W a s  et al., 2 0 2 1 ) ,  

m a n y  o t h e r  g l i t c h e s  a r e  s o  f a r  n o t  m o d e l e d  b e c a u s e  o f  a n  i n c o m p l e t e  u n d e r s t a n d i n g  o f  t h e i r  

p h y s i c a l  n o n - l i n e a r  n o i s e - c o u p l i n g  m e c h a n i s m s .  T h e  n o n - l i n e a r  a c t i v a t i o n  f u n c t i o n  u s e d  i n  

t h e  n e t w o r k  a l l o w s  u s  t o  m o d e l  n o n - l i n e a r  n o i s e  c o u p l i n g s  a n d  s u b t r a c t  g l i t c h e s .  W e  a p p l y
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F i g u r e  5 .  T h e  m S T F T  o f  a  d o w n - s a m p l e d  s t r a i n  d a t a  a t  5 1 2  H z  w i t h  a  h i g h - p a s s  f i l ­

t e r  a t  1 0  H z  ( t o p - l e f t ) ,  t h e  n e t w o r k  e s t i m a t e d  m S T F T  ( t o p - r i g h t ) ,  a n d  t h e  m S T F T  o f  t h e  

s t r a i n  d a t a  a f t e r  g l i t c h  s u b t r a c t i o n  ( t o p - l e f t )  i n  t h e  l e a s t  t e s t i n g  s a m p l e  o f  Scattered light 
g l i t c h e s .  I n  t h e  b o t t o m - r i g h t  p a n e l ,  t h e  g r a y  ( b l u e / g r e e n / r e d )  c u r v e s  d e n o t e  t h e  o r i g i ­

n a l  ( e s t i m a t e d / e s t i m a t e d - m a t c h e d / s u b t r a c t e d )  w h i t e n e d  t i m e  s e r i e s ,  w h e r e  t h e  e s t i m a t e d -  

m a t c h e d  t i m e  s e r i e s  i s  c r e a t e d  a f t e r  t h e  a m p l i t u d e  a n d  p h a s e  c o r r e c t i o n s  w i t h  t h e  l e a s t  s q u a r e  

f i t t i n g  w i t h i n  d i v i d e d  s e g m e n t s  s h o w n  a s  t h e  g r a y  b a n d s .  T h e  o v e r l a p  b e t w e e n  m S T F T  o f  

t h e  e x t r a c t e d  g l i t c h  w a v e f o r m  a n d  t h e  e s t i m a t e d  m S T F T  i s  O = 0 . 2 1  a n d  F N R  =  0 . 0 2 .

o u r  m e t h o d  t o  a  c l a s s  o f  Extrem ely loud  g l i t c h e s  w i t h  S N R  a b o v e  7 . 5  b e t w e e n  J a n u a r y  

1 s t ,  2 0 2 0  a n d  F e b r u a r y  3 r d ,  2 0 2 0  i n  t h e  L 1  d e t e c t o r  f r o m  t h e  Gravity Spy c a t a l o g .  W e  

u s e  4  w i t n e s s  c h a n n e l s  w i t h  h i g h  c o n f i d e n c e :  L 1 : L S C - P O P _ A _ L F _ O U T _ D Q ,  L 1 : L S C -  

R E F L _ A _ L F _ O U T _ D Q ,  L 1 : A S C - X _ T R _ A _ N S U M _ O U T _ D Q ,  a n d  L 1 : A S C - Y _ T R _ B _  

N S U M _ O U T _ D Q ,  i d e n t i f i e d  b y  P y C h C h o o  ( M o g u s h i ,  2 0 2 1 ) .  T h i s  g l i t c h  c l a s s  i s  e x p e c t e d  

t o  b e  p r o d u c e d  b y  t h e  l a s e r  i n t e n s i t y  d i p s  a n d  h a v e  e x t r e m e l y  h i g h  e x c e s s  p o w e r  i n  1 0 -  4 0 9 6  

H z ,  l a s t i n g  ~  0 . 2  s e c o n d s .
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T o  c h e c k  t h a t  t h e  c h o i c e  o f  w i t n e s s  c h a n n e l s  n o t e d  a b o v e  i s  s u f f i c i e n t ,  w e  t r a i n  

t h e  n e t w o r k  w i t h  v a r i o u s  s e t s  c o n t a i n i n g  c h a n n e l s  w i t h  p g = 0 . 9 9  u p  t o  p g =  0 . 5 5 .  W e  

c o n s i d e r  1 1  d i f f e r e n t  c h a n n e l  s e t s ,  w h e r e  i t h  s e t  c o n t a i n s  u p  t o  i t h  r a n k e d  c h a n n e l s .  A l s o ,  w e  

c o n s i d e r  t h e  1 2 t h  c h a n n e l  s e t  c o n t a i n i n g  t h e  1 - 3 t h  r a n k e d  c h a n n e l s  a n d  5 t h  r a n k e d  c h a n n e l s  

b e c a u s e  t h e  3 r d  r a n k e d  c h a n n e l  ( L 1 : A S C - Y _ T R _ B _ N S U M _ O U T _ D Q )  w i t h  p g  =  0 . 9 8  

a n d  t h e  4 t h  r a n k e d  c h a n n e l  ( L 1 : A S C - Y _ T R _ A _ N S U M _ O U T _ D Q )  w i t h  p g  =  0 . 9 7  b o t h  

r e c o r d  t h e  t r a n s m i t t e d  l i g h t  i n  y a w - d i r e c t i o n  i n  t h e  a l i g n m e n t  l e n g t h  c o n t r o l  s u b - s y s t e m  

a n d  h a v e  a l m o s t  t h e  s a m e  g l i t c h - c o u p l i n g  i n f o r m a t i o n .  T h e  5 t h  r a n k e d  c h a n n e l  ( L 1 : L S C -  

P O P _ A _ L F _ O U T _ D Q )  r e c o r d s  t h e  t r a n s m i t t e d  l i g h t  i n  l o w  f r e q u e n c i e s  f r o m  t h e  p o w e r  

r e c y c l i n g  c a v i t y .  W i t h  t h e  s a m e  p r o c e d u r e  i n  S e c .  3 . 1 ,  w e  c o m p a r e  l o s s e s ,  o v e r l a p s ,  G P U  

m e m o r i e s ,  a n d  s i z e  o f  t h e  v a l i d a t i o n  s e t s  f o r  a l l  c h a n n e l  s e t s  a s  s h o w n  i n  F i g u r e  6 .  T h e  

t e r m i n a t i o n  o v e r l a p s  r a n g e  f r o m  0 . 7 7  o b t a i n e d  w i t h  t h e  1 0 t h  c h a n n e l  s e t  t o  0 . 8 4  o b t a i n e d  

w i t h  t h e  3 r d  c h a n n e l  s e t .  T h e  o v e r l a p  d e c r e a s e s  b y  a d d i n g  c h a n n e l s  4 - 1 1 t h  r a n k e d  c h a n n e l s .  

I n  p a r t i c u l a r ,  6 - 1 1  c h a n n e l s  h a v e  v a l u e s  o f  p g  <  0 . 5 7 ,  i n d i c a t i n g  n o  e v i d e n c e  o f  b e i n g  

w i t n e s s e s  s o  t h a t  t h e  n e t w o r k  o b t a i n  n o  s i g n i f i c a n t  g l i t c h - c o u p l i n g  i n f o r m a t i o n  f r o m  t h e s e  

l o w  c o n f i d e n c e  c h a n n e l s  w i t h  t h e  u s e  o f  r e d u n d a n t  G P U  m e m o r i e s  u p  t o  8 . 4  G B .  I n  t h e  

f o l l o w i n g ,  w e  c h o o s e  t h e  1 2 t h  c h a n n e l  s e t  c o n t a i n i n g  w i t n e s s  c h a n n e l s  n o t e d  i n  t h e  p r e v i o u s  

p a r a g r a p h  b e c a u s e  i t s  t e r m i n a t i o n  o v e r l a p  i s  o n l y  l e s s  t h a n  2 %  c o m p a r e d  t o  t h e  l a r g e s t  v a l u e  

o b t a i n e d  w i t h  t h e  3 r d  c h a n n e l  s e t ,  a n d  0 . 5 %  i n c r e a s e  o f  t h e  d a t a  s e t .

D u r i n g  t h e  d a t a  p r e - p r o c e s s i n g ,  w e  r e - s a m p l e  t h e  t i m e  s e r i e s  o f  t h e  s t r a i n  a n d  t h e  

w i t n e s s  c h a n n e l s  t o  a  s a m p l i n g  r a t e  o f  2 0 4 8  H z  a n d  a p p l y  a  h i g h - p a s s  f i l t e r  a t  1 0  H z .  W e  

c o n s i d e r  t h e  t i m e  r a n g e  o u t s i d e  o f  t h e  5 - s e c o n d  w i n d o w  a r o u n d  t h e  g l i t c h  t i m e  f r o m  t h e  

Gravity Spy c a t a l o g  t o  b e  t h e  b a c k g r o u n d - n o i s e  r e g i o n  a n d  u s e  t h e  9 9  p e r c e n t i l e  p i x e l -  

v a l u e  t o  e x t r a c t  t h e  g l i t c h  w a v e f o r m  w i t h i n  t h e  5 - s e c o n d  w i n d o w  b e c a u s e  t h e s e  g l i t c h e s  a r e  

i s o l a t e d  a n d  n o t  r e p e a t i n g ,  u n l i k e  Scattered light  g l i t c h e s .  W e  s e t  t h e  s a m p l e  d i m e n s i o n s  

o f  t h e  ( t r a i n i n g / v a l i d a t i o n / t e s t i n g )  s e t s  t o  b e  ( 3 8 7 9 / 9 4 0 / 1 2 3 3 )  w i t h  t h e  s e g m e n t  o v e r l a p s  

o f  ( 9 6 . 8 / 9 6 . 8 / 8 7 . 5 ) % ,  w h e r e  t h e r e  i s  n o  o v e r l a p p i n g  t i m e  b e t w e e n  t h e  t h r e e  s e t s  a n d  t h e
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F i g u r e  6 .  L o s s e s  d e f i n e d  i n  E q u a t i o n  ( 3 )  ( t o p - l e f t )  a n d  o v e r l a p s  ( t o p - r i g h t )  o v e r  e p o c h s  

i n  t h e  v a l i d a t i o n  s e t s  u s i n g  c h a n n e l  s e t s  c o n t a i n i n g  i t h  r a n k e d  c h a n n e l s  f o r  Extrem ely loud  
g l i t c h e s .  T h e  b o t t o m  p a n e l s  s h o w  s i z e s  o f  t h e  v a l i d a t i o n  s e t s ,  o v e r l a p s  a t  t h e  e n d  o f  t h e  

t r a i n i n g ,  a n d  u s e d  G P U  m e m o r i e s .

t e s t i n g  s e t  i s  l a t e r  t h a n  t h e  o t h e r  s e t s .  W e  c r e a t e  t h e  m S T F T  w i t h  a  d u r a t i o n  o f  2  s e c o n d s ,  a  

f r e q u e n c y  r a n g e  u p  t o  1 0 2 4  H z ,  a n d  ( t i m e / f r e q u e n c y )  r e s o l u t i o n s  o f  0 . 0 1 5 6  s e c o n d s  a n d  8  

H z ,  r e s p e c t i v e l y .  W e  u s e  a  r e c t a n g u l a r  k e r n e l  w i t h  a  s i z e  o f  ( 1 3 , 4 )  i n  t h e  a u t o e n c o d e r  i n  t h e  

n e t w o r k .  D u r i n g  t h e  p o s t - p r o c e s s i n g ,  w e  c o n s i d e r  t h e  r e g i o n  o f  t h e  g l i t c h  p r e s e n c e  t o  b e  t h e  

t i m e  w h e n  t h e  a b s o l u t e  v a l u e  o f  t h e  e s t i m a t e d  g l i t c h  w a v e f o r m  i s  a b o v e  t h e  9 0  p e r c e n t i l e  o f  

t h e  c o r r e s p o n d i n g  v a l u e s  a c r o s s  t h e  t e s t i n g  s e t .  W e  c h o o s e  t h e  d i v i d e d  w i n d o w  l e n g t h  f o r  

t h e  l e a s t  s q u a r e  f i t t i n g  t o  b e  a s  s m a l l  a s  0 . 0 2  s e c o n d s  a n d  e x p a n d  t h e  w i n d o w  l e n g t h  f r o m  

t h e  c e n t e r  o f  t h e  g l i t c h  b y  a  f a c t o r  o f  1 . 1 .
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F i g u r e  7  s h o w s  t h e  d i s t r i b u t i o n  o f  t h e  o v e r l a p  o f  t h e  m S T F T  a n d  t h e  F N R  o f  t h e  

t e s t i n g  s e t  o f  Extrem ely loud  g l i t c h e s .  W e  f i n d  t h e  o v e r l a p  r a n g i n g  f r o m  ~ 0 . 7 - 0 . 9  a n d  t h e  

F N R  r a n g i n g  ~  0 . 1  -  0 . 6  w i t h  \-<r p e r c e n t i l e s  a n d  n o  n e g a t i v e  F N R  i n d i c a t i n g  n o  a d d i t i o n a l  

g l i t c h  a d d e d  t o  t h e  s t r a i n  d a t a .
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F i g u r e  7 .  D i s t r i b u t i o n  o f  t h e  o v e r l a p  o f  t h e  e x t r a c t e d  a n d  e s t i m a t e d  m S T F T s  o f  Extremely  
loud  g l i t c h e s  i n  t h e  t e s t i n g  s e t .  T h e  b l a c k  s o l i d  a n d  d a s h e d  l i n e s  d e n o t e  t h e  m e d i a n  a n d  \-<r 
p e r c e n t i l e s .

F i g u r e s  8  ( 9 / 1 0 )  s h o w s  t h e  m S T F T  o f  a  s t r a i n  d a t a  d o w n - s a m p l e d  a t  2 0 4 8  H z  a n d  

h i g h - p a s s e d  a t  1 0  H z  i n  t h e  t e s t i n g  s e t ,  t h e  c o r r e s p o n d i n g  e s t i m a t e d  m S T F T ,  a n d  t h e  t i m e  

s e r i e s  u s e d  t o  s u b t r a c t  t h e  g l i t c h e s  o f  t h e  o p t i m a l  ( m e d i a n / l e a s t )  c a s e ,  w h e r e  t h e  o v e r l a p  

b e t w e e n  t h e  m S T F T  o f  t h e  e x t r a c t e d  g l i t c h  w a v e f o r m  a n d  t h e  e s t i m a t e d  m S T F T  i s  O  =  0 . 9 3  

( 0 . 8 6 / 0 . 1 7 )  a n d  F N R  =  0 . 8 4  ( 0 . 3 3 / 0 ) .  I n  t h e  l e a s t  c a s e ,  o u r  c h o s e n  f o u r  w i t n e s s  c h a n n e l s  

s e e m  n o t  t o  w i t n e s s  n o  e x c e s s  p o w e r  c o i n c i d e n t  w i t h  t h e  g l i t c h  s o  t h a t  t h e  n e t w o r k  e s t i m a t e s  

n o  g l i t c h e s .

O u r  m e t h o d  s u b t r a c t s  Scattered light  g l i t c h e s  m o r e  e f f i c i e n t l y  t h a n  Extrem ely loud  

g l i t c h e s  b e c a u s e  t h e  n e t w o r k  f i n d s  i t  d i f f i c u l t  t o  m o d e l  s h o r t - l i v e d  ( ~  0 . 2  s e c o n d s )  n o n ­

l i n e a r  c o u p l i n g s  f o r  Extrem ely loud  g l i t c h e s .  I n  v a l u e s  o f  t h e  o v e r l a p  b i n n e d  f r o m  0 . 5  t o  1 . 0
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F i g u r e  8 .  T h e  m S T F T  o f  a  d o w n - s a m p l e d  s t r a i n  d a t a  a t  2 0 4 8  H z  w i t h  a  h i g h - p a s s  f i l ­

t e r  a t  1 0  H z  ( t o p - l e f t ) ,  t h e  n e t w o r k  e s t i m a t e d  m S T F T  ( t o p - r i g h t ) ,  a n d  t h e  m S T F T  o f  t h e  

s t r a i n  d a t a  a f t e r  g l i t c h  s u b t r a c t i o n  ( t o p - l e f t )  i n  t h e  o p t i m a l  t e s t i n g  s a m p l e  o f  Extremely  
loud  g l i t c h e s .  I n  t h e  b o t t o m - r i g h t  p a n e l ,  t h e  g r a y  ( b l u e / g r e e n / r e d )  c u r v e s  d e n o t e  t h e  o r i g ­

i n a l  ( e s t i m a t e d / e s t i m a t e d - m a t c h e d / s u b t r a c t e d )  w h i t e n e d  t i m e  s e r i e s ,  w h e r e  t h e  e s t i m a t e d -  

m a t c h e d  t i m e  s e r i e s  i s  c r e a t e d  a f t e r  t h e  a m p l i t u d e  a n d  p h a s e  c o r r e c t i o n s  w i t h  t h e  l e a s t  s q u a r e  

f i t t i n g  w i t h i n  d i v i d e d  s e g m e n t s  s h o w n  a s  t h e  g r a y  b a n d s .  T h e  o v e r l a p  b e t w e e n  m S T F T  o f  

t h e  e x t r a c t e d  g l i t c h  w a v e f o r m  a n d  t h e  e s t i m a t e d  m S T F T  i s  O = 0 . 9 3  a n d  F N R  =  0 . 8 7 .

w i t h  a  b i n  w i d t h  o f  0 . 1 ,  t h e  a v e r a g e d  v a l u e  o f  F N R  f o r  Scattered light  g l i t c h e s  a r e  g r e a t e r  

t h a n  t h e  c o r r e s p o n d i n g  v a l u e s  f o r  Extrem ely loud  g l i t c h e s  b y  a  f a c t o r  r a n g i n g  f r o m  1 . 3  f o r  

t h e  b i n  O = 0.9 -  1 . 0  t o  3 . 8  f o r  t h e  b i n  O = 0 . 6  -  0 . 7 .



97

1024

896

~  768
H i

640

o
512CD
384

CD
256

128

0
0.0  0.5  1.0 1.5 2.0

Time [s]

400

CD300 ^  77

200 CO
s

100

0.0  0.5  1.0  1.5  2.0

Time [s]

1024

896

~  768
H

640

o
512

CD

384
CD

256

128

0
0.0  0.5  1.0 1.5 2.0

Time [s]

£

co
0)

1.64 1.66 1.68 1.70 1.72 1.74 1.76
Time [s]

F i g u r e  9 .  T h e  m S T F T  o f  a  d o w n - s a m p l e d  s t r a i n  d a t a  a t  2 0 4 8  H z  w i t h  a  h i g h - p a s s  f i l ­

t e r  a t  1 0  H z  ( t o p - l e f t ) ,  t h e  n e t w o r k  e s t i m a t e d  m S T F T  ( t o p - r i g h t ) ,  a n d  t h e  m S T F T  o f  t h e  

s t r a i n  d a t a  a f t e r  g l i t c h  s u b t r a c t i o n  ( t o p - l e f t )  i n  t h e  m e d i a n  t e s t i n g  s a m p l e  o f  Extremely  
loud  g l i t c h e s .  I n  t h e  b o t t o m - r i g h t  p a n e l ,  t h e  g r a y  ( b l u e / g r e e n / r e d )  c u r v e s  d e n o t e  t h e  o r i g ­

i n a l  ( e s t i m a t e d / e s t i m a t e d - m a t c h e d / s u b t r a c t e d )  w h i t e n e d  t i m e  s e r i e s ,  w h e r e  t h e  e s t i m a t e d -  

m a t c h e d  t i m e  s e r i e s  i s  c r e a t e d  a f t e r  t h e  a m p l i t u d e  a n d  p h a s e  c o r r e c t i o n s  w i t h  t h e  l e a s t  s q u a r e  

f i t t i n g  w i t h i n  d i v i d e d  s e g m e n t s  s h o w n  a s  t h e  g r a y  b a n d s .  T h e  o v e r l a p  b e t w e e n  m S T F T  o f  

t h e  e x t r a c t e d  g l i t c h  w a v e f o r m  a n d  t h e  e s t i m a t e d  m S T F T  i s  O = 0 . 8 6  a n d  F N R  =  0 . 3 3 .

3.3. INJECTION RECOVERY WITH COHERENT WAVEBURST

S u b t r a c t i n g  g l i t c h e s  r e s u l t s  i n  a  n e w  s t r a i n  d a t a  w h i c h  i s  e x p e c t e d  t o  c o n t a i n  s m a l l e r  

e n e r g y  d u e  t o  t h e  p r e s e n c e  o f  g l i t c h e s ,  l e a d i n g  t o  b e t t e r  d e t e c t a b i l i t y  o f  a s t r o p h y s i c a l  

s i g n a l s .  O n e  w a y  o f  e x a m i n i n g  t h e  r o b u s t n e s s  o f  o u r  g l i t c h - s u b t r a c t i o n  m e t h o d  i s  t o  a d d  

s o f t w a r e - s i m u l a t e d  s i g n a l s  w i t h  k n o w n  a s t r o p h y s i c a l  p a r a m e t e r s  i n t o  t h e  s t r a i n  d a t a  b e f o r e  

s u b t r a c t i o n  a n d  u s e  G W  d e t e c t i o n  p i p e l i n e s  t o  r e c o v e r  t h e  i n j e c t e d  s i g n a l s .  I n  t h i s  p r o c e s s ,
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F i g u r e  1 0 .  T h e  m S T F T  o f  a  d o w n - s a m p l e d  s t r a i n  d a t a  a t  2 0 4 8  H z  w i t h  a  h i g h - p a s s  f i l ­

t e r  a t  1 0  H z  ( t o p - l e f t ) ,  t h e  n e t w o r k  e s t i m a t e d  m S T F T  ( t o p - r i g h t ) ,  a n d  t h e  m S T F T  o f  t h e  

s t r a i n  d a t a  a f t e r  g l i t c h  s u b t r a c t i o n  ( t o p - l e f t )  i n  t h e  l e a s t  t e s t i n g  s a m p l e  o f  Extrem ely loud  
g l i t c h e s .  I n  t h e  b o t t o m - r i g h t  p a n e l ,  t h e  g r a y  ( b l u e / g r e e n / r e d )  c u r v e s  d e n o t e  t h e  o r i g i ­

n a l  ( e s t i m a t e d / e s t i m a t e d - m a t c h e d / s u b t r a c t e d )  w h i t e n e d  t i m e  s e r i e s ,  w h e r e  t h e  e s t i m a t e d -  

m a t c h e d  t i m e  s e r i e s  i s  c r e a t e d  a f t e r  t h e  a m p l i t u d e  a n d  p h a s e  c o r r e c t i o n s  w i t h  t h e  l e a s t  s q u a r e  

f i t t i n g  w i t h i n  d i v i d e d  s e g m e n t s  s h o w n  a s  t h e  g r a y  b a n d s .  T h e  o v e r l a p  b e t w e e n  m S T F T  o f  

t h e  e x t r a c t e d  g l i t c h  w a v e f o r m  a n d  t h e  e s t i m a t e d  m S T F T  i s  O = 0 . 1 7  a n d  F N R  =  0 .

w e  c a n  a s s e s s  w h e t h e r  t h e  g l i t c h  s u b t r a c t i o n  t e c h n i q u e  r e d u c e s  o n l y  t h e  t a r g e t e d  g l i t c h e s  

w i t h o u t  m a n i p u l a t i n g  t h e  m e a s u r e d  a s t r o p h y s i c a l  s i g n a l s .  W e  u s e  o u r  g l i t c h - s u b t r a c t i o n  

m e t h o d  a f t e r  i n j e c t i n g  a  s i g n a l  i n  c o i n c i d e n c e  w i t h  a  g l i t c h .

T h e  p r e s e n c e  o f  g l i t c h e s  a d v e r s e l y  a f f e c t s  t h e  u n m o d e l e d  G W  s i g n a l  s e a r c h e s  t h a t  

d o  n o t  r e l y  o n  k n o w n  w a v e f o r m s  i n  p r i o r i .  I n  O 3 a ,  t h e  p e r c e n t a g e s  o f  t h e  s i n g l e - d e t e c t o r  

o b s e r v i n g  t i m e  r e m o v e d  b y  t h e  d a t a - q u a l i t y  v e t o e s  f o r  t h e  u n m o d e l e d  s e a r c h e s  a r e  g r e a t e r  

t h a n  t h e  p e r c e n t a g e s  f o r  m o d e l e d  s e a r c h e s  b y  a  f a c t o r  o f  ~  2 . 7  a n d  ~  7 . 9  f o r  t h e  H 1 - d e t e c t o r
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a n d  L 1 - d e t e c t o r ,  r e s p e c t i v e l y  ( A b b o t t  et al., 2 0 2 1 ) .  T h e r e f o r e ,  i t  i s  m o r e  b e n e f i c i a l  t o  a p p l y  

g l i t c h - s u b t r a c t i o n  t e c h n i q u e s  f o r  u n m o d e l e d  s e a r c h e s .  W e  u s e  c W B  t o  r e c o v e r  i n j e c t i o n s  

b e f o r e  a n d  a f t e r  s u b t r a c t i o n  a n d  c o m p a r e  t h e s e  r e c o v e r e d  s i g n a l s  a s  w e l l  a s  t h e  r e c o v e r e d  

s i g n a l  i n j e c t e d  i n  a  s i m u l a t e d  c o l o r e d  G a u s s i a n  n o i s e  w i t h  t h e  P S D  o f  t h e  L 1  d a t a  w h e n  t h e  

g l i t c h  s u b t r a c t i o n  i s  a p p l i e d .

T o  a c c o u n t  f o r  t h e  p e r f o r m a n c e  o f  o u r  g l i t c h  s u b t r a c t i o n  o p e r a t e d  o n  o n l y  t h e  L 1  

d a t a ,  w e  c r e a t e  a  s i m u l a t e d  c o l o r e d  G a u s s i a n  n o i s e  f o r  t h e  H 1  d a t a  w i t h  t h e  s a m e  s e n s i t i v i t y  

a s  t h e  L 1  d a t a  a n d  i n j e c t  s i g n a l s  b o t h  i n  t h e  L 1  a n d  H 1  d e t e c t o r s  w h e r e  t h e  s i g n a l  c o i n c i d e s  

w i t h  a  g l i t c h  i n  t h e  L 1  d a t a .  T h e  r a n k i n g  s t a t i s t i c  p  o f  c W B  a c c o u n t s  f o r  t h e  c o r r e l a t i o n  o f  a  

s i g n a l  i n j e c t e d  o n  t h e  t w o - d e t e c t o r  d a t a  s o  t h a t  h i g h e r - r a n k i n g  s t a t i s t i c s  f o r  a  g i v e n  i n j e c t i o n  

i m p l y  t h a t  t h e  r e c o v e r e d  s i g n a l  i n  t h e  L 1  d a t a  i s  m o r e  s i m i l a r  t o  t h e  s i g n a l  i n  t h e  H 1  d a t a ,  

i n d i c a t i n g  s u c c e s s f u l  g l i t c h  s u b t r a c t i o n  a n d  a  b e t t e r  d e t e c t a b i l i t y .

3.3.1. Gaussian-modulated Sinusoid Injections. F o l l o w i n g  s t u d i e s  o f  u n m o d e l e d  

G W  s i g n a l  s e a r c h e s  ( A b a d i e  et al., 2 0 1 2 a , b ;  A b b o t t  et al., 2 0 0 8 ,  2 0 1 0 ;  A d r i a n - M a r t i n e z  

eta l.,  2 0 1 3 ;  W a s  et al., 2 0 1 2 ) ,  w e  i n j e c t  a  c i r c u l a r l y  p o l a r i z e d  G a u s s i a n - m o d u l a t e d  s i n u s o i d  

s i g n a l :

h+(t) A c o s { 2 n fc (t  -  t 0 ) }

i

<N

h x ( t ) =  d s i n { 2 n fc (t -  t0) }
e x p

2 Q 2  _
( 6 )

w h e r e  f c i s  t h e  c e n t r a l  f r e q u e n c y ,  t 0  i s  t h e  c e n t e r  t i m e ,  d  i s  t h e  d i s t a n c e  t o  t h e  s o u r c e ,  A  i s  

a n  a r b i t r a r y  a m p l i t u d e  s c a l i n g  f a c t o r ,  Q  d e t e r m i n e s  t h e  l e n g t h  o f  t h e  s i g n a l .

M o t i v a t e d  b y  s t u d i e s  ( A b a d i e  et al., 2 0 1 2 a , b ;  A b b o t t  et al., 2 0 0 8 ,  2 0 1 0 ;  A d r i a n -  

M a r t i n e z  et  a l . ,  2 0 1 3 ;  W a s  et al., 2 0 1 2 )  t h a t  u s e  f c = 1 5 0  H z ,  w e  a l s o  c h o o s e  f c = 1 5 0  H z .  

T o  v a l i d a t e  t h e  g l i t c h  s u b t r a c t i o n  t e c h n i q u e  s u c c e s s f u l l y  s u b t r a c t  g l i t c h e s  i n  t h e  p r e s e n c e  o f  

s i g n a l s  w i t h  d u r a t i o n  c o m p a t i b l e  g l i t c h e s ,  w e  c h o o s e  Q  =  3 0 ,  w h e r e  t h e  i n j e c t e d  s i g n a l  l a s t s  

~  1 . 5  s e c o n d s  w h i c h  i s  c o m p a t i b l e  w i t h  t h e  d u r a t i o n  o f  Scattered light  g l i t c h e s .  I n  a d d i t i o n  

t o  t h e  a b o v e  m o t i v a t i o n ,  w e  c o n s i d e r  s i g n a l s  s i m i l a r  t o  t h e  f i r s t  d e t e c t i o n  o f  I M B B H  ( A b b o t t  

et al., 2 0 2 0 a ) ,  w h e r e  t h e  d e t e c t e d  s i g n a l  h a s  a  p e a k  f r e q u e n c y  o f  ~  5 0  H z  a n d  ~  3  w a v e
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c y c l e s .  T h e  i m p r o v e m e n t  i n  t h e  I M B B H  d e t e c t i o n  b y  s u b t r a c t i n g  g l i t c h e s  m i g h t  b e  u s e f u l  t o  

u n d e r s t a n d  t h e  m e c h a n i s m  o f  a s t r o p h y s i c a l  p o p u l a t i o n s  ( A b b o t t  et al., 2 0 2 0 b ) .  T h e r e f o r e ,  

w e  c h o o s e  f c  =  5 0  H z  a n d  Q  =  5  f o r  t h e  s e c o n d  c h o i c e .

U s i n g  t h e  t w o  r e p r e s e n t a t i v e  s i g n a l  w a v e f o r m s  w i t h  d i f f e r e n t  s e t s  o f  p a r a m e t e r s :  

f c  =  5 0  H z ,  Q  =  5  a n d  f c  =  1 5 0  H z ,  Q  =  3 0 ,  a n d  c h o o s i n g  t h e  i n j e c t e d  S N R s  t o  b e  u n i f o r m l y  

s a m p l e d  f r o m  a  s e t  o f  S N R s ,  t h e  s o u r c e  d i r e c t i o n  t o  b e  i s o t r o p i c a l l y  s a m p l e d  i n  t h e  s k y ,  

t h e  i n j e c t e d  t i m e  t o  b e  u n i f o r m l y  s a m p l e d  i n  a  g i v e n  t i m e  w i n d o w ,  w e  e x a m i n e  t h e  p i p e l i n e  

p e r f o r m a n c e  o n  t h e  t e s t i n g  s a m p l e s  w i t h  a n  o p t i m a l  s e t  o f  v a l u e s  o f  F N R  =  0 . 8 4 , 0  = 0 . 9 2  

( s h o w n  i n  F i g u r e  3 )  a n d  a  m e d i a n  v a l u e  o f  F N R  =  0 . 5 8 ,  O  =  0 . 6 5  ( s h o w n  i n  F i g u r e  4 )  

f o r  Scattered light  g l i t c h e s  a s  w e l l  a s  a n  o p t i m a l  s e t  o f  v a l u e s  o f  F N R  =  0 . 8 7 ,  O  =  0 . 9 3  

( s h o w n  i n  F i g u r e  8 )  a n d  a  m e d i a n  v a l u e  o f  F N R  =  0 . 3 3 , O  =  0 . 8 6  ( s h o w n  i n  F i g u r e  9 )  

f o r  Extrem ely loud  g l i t c h e s .  T o  a s s e s s  t h e  e f f e c t  o f  t h e  i n j e c t i o n  t i m e  o n  t h e  p i p e l i n e  

p e r f o r m a n c e ,  w e  c o n s i d e r  t w o  d i f f e r e n t  i n j e c t i o n - t i m e  w i n d o w s :  t h e  s u b t r a c t e d  p o r t i o n  i n  

t h e  t e s t i n g - s a m p l e  d a t a  o r  t h e  f u l l  l e n g t h  o f  t h e  t e s t i n g - s a m p l e  d a t a .  B e c a u s e  w e  a p p l y  t h e  

g l i t c h  s u b t r a c t i o n  i n  t h e  p a r t i a l  d a t a  w i t h  e x c e s s  p o w e r  d e t e c t e d  f r o m  t h e  e s t i m a t e d  g l i t c h  

w a v e f o r m  a n d  k e e p  t h e  o r i g i n a l  d a t a  f o r  t h e  r e s t  o f  t h e  d a t a  p o r t i o n ,  w e  i n j e c t  s i g n a l s  i n  t h e  

s u b t r a c t e d  p o r t i o n  t o  s t u d y  i f  o u r  t e c h n i q u e  c a n  s u b t r a c t  g l i t c h e s  t h a t  a r e  o v e r l a p p i n g  w i t h  

s i g n a l s .  W e  a l s o  c o n s i d e r  t h e  f u l l  l e n g t h  o f  t h e  t e s t i n g - s a m p l e  d a t a  a s  t h e  i n j e c t i o n - t i m e  

w i n d o w  b e c a u s e  s u b t r a c t i n g  g l i t c h e s  m a y  a f f e c t  d e t e c t i o n s  o f  s i g n a l s  n e a r  t o  g l i t c h e s  b u t  

n o t  o v e r l a p p i n g  w i t h  t h e m .  T h e  i n j e c t i o n  t i m e s  a r e  u n i f o r m l y  s a m p l e d  i n  t h e  f u l l  w i n d o w  

o f  0 . 4 - 7 . 6  a n d  0 . 1 - 1 . 8  s e c o n d s ,  a n d  t h e  p a r t i a l  w i n d o w  o f  0 . 1 - 1 . 8  ( 3 . 5 - 5 . 4 )  a n d  1 . 6 5 - 1 . 7 5  

( 1 . 6 5 - 1 . 7 5 )  s e c o n d s  f o r  t h e  o p t i m a l  ( m e d i a n )  c a s e  o f  t h e  Scattered light  a n d  Extremely  

loud  g l i t c h e s ,  r e s p e c t i v e l y ,  w i t h  a  t i m e  s t e p  o f  5 %  o f  t h e  w i n d o w  l e n g t h .  W e  u s e  s e t s  

o f  i n j e c t e d  S N R s  o f  { 2 , 4 , 8 , 1 6 , 3 0 , 5 0 , 1 0 0 }  a n d  { 2 , 4 , 8 , 1 6 , 3 0 , 5 0 , 1 0 0 , 2 0 0 , 3 0 0 , 4 0 0 , 5 0 0 }  

Scattered-light  a n d  Extrem ely-loud  g l i t c h  s e t s ,  r e s p e c t i v e l y ,  w h e r e  l a r g e r  i n j e c t e d  S N R s  a r e  

c h o s e n  f o r  Extrem ely-loud  g l i t c h  s e t  t o  a s s e s s  t h e  c W B  d e t e c t i o n  p e r f o r m a n c e  f o r  i n j e c t i o n s
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o v e r l a p p i n g  w i t h  g l i t c h e s  w i t h  h i g h  e x c e s s  p o w e r .  W e  i n j e c t  5 0 0  ( 2 5 0 )  w a v e f o r m s  w i t h  

e i t h e r  h i g h  o r  l o w  f c  i n  t h e  f u l l  ( p a r t i a l )  i n j e c t i o n - t i m e  w i n d o w  f o r  e a c h  t e s t i n g  s a m p l e  i n  

e a c h  g l i t c h  c l a s s  s u c h  t h a t  w e  h a v e  1 6  i n j e c t i o n - t e s t  s e t s .

F i g u r e  1 1  s h o w s  t h e  e n h a n c e m e n t  o f  p  a f t e r  g l i t c h  s u b t r a c t i o n  f o r  G a u s s i a n - m o d u l a t e d  

s i n u s o i d a l  i n j e c t i o n s .  W i t h  t h e  t y p i c a l  s e t t i n g  i n  c W B ,  o n l y  a  s i g n a l  w i t h  a  r a n k i n g  s t a t i s t i c  

g r e a t e r  t h a n  6  i s  r e p o r t e d .  W e  s e t  t h e  s t a t i s t i c  f o r  t h o s e  m i s s e d  s i g n a l s  t o  b e  6  t o  q u a n t i f y  

t h e  e n h a n c e m e n t  d u e  t o  s u b t r a c t i o n .  T h e  p e r c e n t a g e s  o f  i n j e c t i o n s  w i t h  v a l u e s  o f  p  a f t e r  

g l i t c h  s u b t r a c t i o n  g r e a t e r  o r  e q u a l  t o  t h e  c o r r e s p o n d i n g  v a l u e s  b e f o r e  g l i t c h  s u b t r a c t i o n  

r a n g e s  f r o m  6 7 %  ( o b t a i n e d  f r o m  t h e  s e t  w i t h  h i g h - f r e q u e n c y  s i g n a l s  i n j e c t e d  i n  t h e  f u l l  

w i n d o w  o f  t h e  o p t i m a l  t e s t i n g  s a m p l e s  o f  Scattered light)  t o  1 0 0 %  ( o b t a i n e d  f r o m  t h e  s e t  

w i t h  h i g h - f r e q u e n c y  s i g n a l s  i n j e c t e d  i n  t h e  p a r t i a l  w i n d o w  o f  t h e  o p t i m a l  t e s t i n g  s a m p l e  o f  

Extrem ely loud  g l i t c h e s ) .  S i m i l a r l y ,  v a l u e s  t h e  e n h a n c e m e n t  ( p a / p b ) ,  w h e r e  p a  a n d  p b  a r e  

p  o b t a i n e d  f r o m  t h e  d a t a  a f t e r  a n d  b e f o r e  t h e  g l i t c h  s u b t r a c t i o n ,  r e s p e c t i v e l y ,  a v e r a g e d  o v e r  

i n j e c t i o n s  r a n g e  f r o m  1 . 2  ( o b t a i n e d  f r o m  t h e  s e t  w i t h  h i g h - f r e q u e n c y  s i g n a l s  i n j e c t e d  i n  t h e  

f u l l  w i n d o w  o f  t h e  o p t i m a l  t e s t i n g  s a m p l e s  o f  Scattered light)  t o  3 . 5  ( o b t a i n e d  f r o m  t h e  s e t  

w i t h  h i g h - f r e q u e n c y  s i g n a l s  i n j e c t e d  i n  t h e  p a r t i a l  w i n d o w  o f  t h e  o p t i m a l  t e s t i n g  s a m p l e  o f  

Extrem ely loud  g l i t c h e s ) .

R e m o v i n g  g l i t c h e s  w i t h  t h e i r  c h a r a c t e r i s t i c  f r e q u e n c i e s  c l o s e  t o  t h a t  o f  s i g n a l s  

t y p i c a l l y  i m p r o v e s  v a l u e s  o f  p  e f f e c t i v e l y  b e c a u s e  c W B  r e c o n s t r u c t s  s i g n a l s  m o r e  e f f e c t i v e l y .  

B e c a u s e  Scattered light  g l i t c h e s  h a v e  t h e  l a r g e s t  p o w e r  a t  a  f r e q u e n c y  o f  ~  3 0  H z ,  t h e  p  

e n h a n c e m e n t s  f o r  t h e  l o w - f r e q u e n c y  i n j e c t i o n  s e t s  a r e  l a r g e r  t h a n  t h e  e n h a n c e m e n t  f o r  t h e  

h i g h - f r e q u e n c y  i n j e c t i o n  s e t s  b y  a  f a c t o r  o f  u p  t o  ~  1 . 3 .  S i m i l a r l y ,  Extrem ely loud  g l i t c h e s  

h a v e  a  p e a k  f r e q u e n c y  o f  ~  1 1 0  H z  ( s e e  d e t a i l s  i n  S e c .  1 . 3 )  s o  t h a t  v a l u e s  o f  t h e  e n h a n c e m e n t  

f o r  t h e  h i g h - f r e q u e n c y  i n j e c t i o n  s e t s  a r e  g r e a t e r  t h a n  v a l u e s  f o r  t h e  l o w - f r e q u e n c y  i n j e c t i o n  

s e t s  b y  a  f a c t o r  o f  u p  t o  ~  1 . 8 .
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H i g h e r  v a l u e s  F N R  i n d i c a t e  l a r g e r  r e d u c t i o n s  o f  e x c e s s  p o w e r  d u e  t o  g l i t c h e s .  H e n c e ,  

v a l u e s  o f  p  o b t a i n e d  f r o m  t h e  o p t i m a l  t e s t i n g  s a m p l e s  a r e  l a r g e r  t h a n  v a l u e s  o b t a i n e d  f r o m  

t h e  m e d i a n  s a m p l e s .  T h e  p  e n h a n c e m e n t s  i n  o p t i m a l - s a m p l e  s e t s  a r e  g r e a t e r  t h a n  t h e  

m e d i a n - s a m p l e  s e t s  b y  a  f a c t o r  ~  1 . 1 5  ~  1 . 2 3  ( ~  1 . 5  ~  1 . 7 )  a n d  ~  1 . 8  ~  2 . 2  ( ~  1 . 7  ~  2 . 3 )

f o r  t h e  f u l l  ( p a r t i a l )  i n j e c t e d  w i n d o w  f o r  Scattered light  a n d  Extrem ely loud  g l i t c h e s .  B e c a u s e  

Extrem ely loud  g l i t c h e s  t y p i c a l l y  h a v e  e x t r e m e l y  l o u d  S N R  ~  1 5 0 0  w h i l e  Scattered glitch 

g l i t c h e s  h a v e  S N R  ~  1 7  ( s e e  m o r e  d e t a i l s  i n  S e c .  1 . 3 ) ,  s u b t r a c t i n g  Extrem ely loud  g l i t c h e s  

i m p r o v e s  p  m o r e  t h a n  s u b t r a c t i n g  Scattered light  g l i t c h e s .  A l s o ,  t h e  p a r t i a l  i n j e c t i o n -  

w i n d o w  s e t s ,  w h e r e  s i g n a l s  a r e  o v e r l a p p i n g  w i t h  g l i t c h e s  t e n d  t o  c o r r e s p o n d  t o  l a r g e r  p  

e n h a n c e m e n t s  t h a n  t h e  f u l l  i n j e c t i o n - w i n d o w  s e t s .  V a l u e s  o f  p  a r e  t y p i c a l l y  i m p r o v e d  a f t e r  

g l i t c h  s u b t r a c t i o n  f o r  t h e  m a j o r i t y  o f  i n j e c t i o n s  n e a r  t o  g l i t c h e s  b u t  n o t  o v e r l a p p i n g  w i t h  t h e m  

b e c a u s e  t h e  i n c o h e r e n t  e n e r g y  b e t w e e n  d e t e c t o r s  i s  r e d u c e d  a n d  t h e  c W B  o b t a i n s  h i g h e r  

c o r r e l a t i o n s  o f  s i g n a l s  b e t w e e n  d e t e c t o r s .  T a b l e .  1  s h o w s  v a l u e s  o f  t h e  p  e n h a n c e m e n t  a n d  

p e r c e n t a g e s  o f  i n j e c t i o n  w i t h  n o n - r e d u c e d  p  a f t e r  g l i t c h  s u b t r a c t i o n  f o r  a l l  s e t s .

I n j e c t i o n s  w i t h  r e d u c e d  p  a f t e r  g l i t c h  s u b t r a c t i o n  a r e  m a i n l y  d u e  t o  1 )  t h e  l e a s t  

s q u a r e  f i t t i n g  p r o c e s s  o p e r a t e d  b e t w e e n  e s t i m a t e d  g l i t c h  w a v e f o r m s  a n d  t h e  d a t a ,  o r  2 )  

t h e  c W B  r e c o n s t r u c t  p r o c e s s .  T h e  f i r s t  r e a s o n  i s  t y p i c a l l y  o b s e r v e d  w h e n  t h e  a m p l i t u d e  

o f  s i g n a l s  i s  s i g n i f i c a n t l y  l a r g e  s o  t h a t  t h e  l e a s t - s q u a r e  f i t t i n g  m e t h o d  d o m i n a n t l y  r e d u c e s  

t h e  d i f f e r e n c e  b e t w e e n  a  s i g n a l  a n d  a n  e s t i m a t e d  g l i t c h  w a v e f o r m  i n  t h e s e  c a s e s .  H e n c e ,  

t h e  s i g n a l  e n e r g y  i s  r e d u c e d .  f o r  e x a m p l e ,  t h e s e  c a s e s  a r e  o b s e r v e d  w h e n  s i g n a l s  w i t h  

h i g h  v a l u e s  o f  p  o b t a i n e d  f r o m  t h e  n o - g l i t c h  d a t a  a r e  i n j e c t e d  a t  t h e  c e n t e r  o f  g l i t c h e s .  

F i g u r e  1 2  s h o w s  a n  e x a m p l e  f a i l u r e  c a s e  d u e  t o  t h i s  r e a s o n :  w h e n  a n  i n j e c t e d  s i g n a l  h a s  

l a r g e r  o r  c o m p a r a b l e  t o  t h e  a m p l i t u d e  o f  t h e  o v e r l a p p i n g  g l i t c h ,  t h e  l e a s t  s q u a r e  f i t t i n g  

m e t h o d  d o m i n a n t l y  m i n i m i z e s  t h e  d i f f e r e n c e  b e t w e e n  t h e  e s t i m a t e d  g l i t c h  w a v e f o r m  a n d  

t h e  i n j e c t i o n .  T h e  s e c o n d  r e a s o n  i s  o b s e r v e d  w h e n  t h e  a m p l i t u d e  o f  t h e  r e m a i n i n g  g l i t c h e s  

a f t e r  s u b t r a c t i o n  i s  c o m p a r a b l e  t o  t h e  a m p l i t u d e  o f  t h e  n e a r b y  n o n - o v e r l a p p i n g  i n j e c t e d  

s i g n a l s  s o  t h a t  c W B  r e c o n s t r u c t s  t h e  s u m  o f  t h e  r e m a i n i n g  g l i t c h  a n d  t h e  t r u e  s i g n a l  a s  a
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F i g u r e  1 1 .  E n h a n c e m e n t s  o f  p  a f t e r  g l i t c h  s u b t r a c t i o n  f o r  G a u s s i a n - m o d u l a t e d  s i n u s o i d a l  

i n j e c t i o n s .  T h e  p a n e l s  s h o w  e n h a n c e m e n t s  o f  p  f o r  h i g h - f r e q u e n c y  ( 1 - 2 t h  c o l u m n s )  a n d  

l o w - f r e q u e n c y  ( 3 - 4 t h  c o l u m n s )  G a u s s i a n - m o d u l a t e d  s i n u s o i d a l  w a v e f o r m s  i n j e c t e d  i n  t h e  

f u l l  ( 1 , 3 t h  c o l u m n s )  a n d  p a r t i a l  ( 2 , 4 t h  c o l u m n s )  w i n d o w s  o f  t h e  o p t i m a l  ( 1 , 3 t h  r o w s )  a n d  

m e d i a n  ( 2 , 4 t h  r o w s )  t e s t i n g  s a m p l e s  o f  Scattered light  ( 1 - 2 t h  r o w s )  a n d  Extrem ely loud  ( 2 - 4 t h  

r o w s )  g l i t c h e s ,  r e s p e c t i v e l y .

s i g n a l  a n d  t h e  c o r r e l a t i o n  o f  s i g n a l s  b e t w e e n  d e t e c t o r s  b e c o m e s  s m a l l e r .  T h e  s e c o n d  r e a s o n  

c a n  b e  s e e n  i n  0 - 1  s e c o n d s  i n  t h e  p a n e l s  i n  t h e  3rd- 1 , 3 t h  c o l u m n s  i n  F i g u r e  1 1 ,  w h e r e  t h e  

o r i g i n a l  d a t a  w i t h o u t  s u b t r a c t i o n  i s  u s e d  ( s e e  F i g u r e s  9  a n d  8  f o r  t h e  s u b t r a c t e d  p o r t i o n s . )  

F i g u r e  1 3  s h o w s  a n  e x a m p l e  o f  u n s u c c e s s f u l  c W B  r e c o n s t r u c t i o n  f o r  a n  i n j e c t i o n  n e a r b y  

t h e  r e m a i n i n g  g l i t c h  a f t e r  s u b t r a c t i o n .  I n  t h i s  c a s e ,  t h e  o r i g i n a l  d a t a  w i t h  i n j e c t i o n s  i s  u s e d  

a r o u n d  t h e  i n j e c t i o n  t i m e  b e c a u s e  n o  e x c e s s  p o w e r  i s  d e t e c t e d  a t  t h e  t i m e  o f  i n j e c t i o n s  f r o m  

t h e  e s t i m a t e d  g l i t c h  w a v e f o r m .  H o w e v e r ,  c W B  r e c o n s t r u c t s  t h e  i n j e c t i o n  d i f f e r e n t l y  b e f o r e  

a n d  a f t e r  g l i t c h  s u b t r a c t i o n .  B e f o r e  g l i t c h  s u b t r a c t i o n ,  t h e  c W B  r e c o n s t r u c t i o n  p r o c e s s  

d o e s  n o t  u s e  t h e  t i m e  p o r t i o n  c o n t a i n i n g  t h e  g l i t c h  b e c a u s e  t h e  a m p l i t u d e  o f  t h e  g l i t c h  i s  

n o t  c o m p a t i b l e  w i t h  t h e  s i g n a l  a m p l i t u d e .  A f t e r  g l i t c h  s u b t r a c t i o n ,  t h e  c W B  u s e d  t h e  d a t a
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p o r t i o n  c o n t a i n i n g  t h e  r e m a i n i n g  g l i t c h  w h o s e  a m p l i t u d e  i s  c o m p a t i b l e  w i t h  t h e  a m p l i t u d e  

o f  t h e  i n j e c t i o n .  A s  a  r e s u l t ,  t h e  c W B  n e t w o r k  c o r r e l a t i o n  c o e f f i c i e n t  i n  E q u a t i o n  ( 1 . 1 2 8 )  i s  

r e d u c e d  t o  0 . 6 5  f r o m  0 . 9 9  a f t e r  g l i t c h  s u b t r a c t i o n ,  l e a d i n g  t o  p a / p b  =  0 . 3 6 .

F i g u r e  1 2 .  S u c c e s s f u l  g l i t c h  s u b t r a c t i o n  f o r  a  l o w - f r e q u e n c y  ( f c = 5 0  H z  a n d  Q = 5 )  

G a u s s i a n  m o d u l a t e d  s i n u s o i d a l  i n j e c t i o n  w i t h  S N R  o f  5 0  ( l e f t )  a n d  f a i l u r e  s u b t r a c t i o n  f o r  

t h e  s a m e  i n j e c t i o n  w i t h  S N R  o f  2 0 0  ( r i g h t )  i n  t h e  o p t i m a l  t e s t i n g  s a m p l e  o f  Extrem ely loud  
g l i t c h e s .

F i g u r e  1 3 .  S u c c e s s f u l  c W B  r e c o n s t r u c t i o n  f o r  a  h i g h - f r e q u e n c y  ( f c = 1 5 0  H z  a n d  Q  =  3 0 )  

G a u s s i a n  m o d u l a t e d  s i n u s o i d a l  i n j e c t i o n  b e f o r e  g l i t c h  s u b t r a c t i o n  ( l e f t )  a n d  u n s u c c e s s f u l  

c W B  r e c o n s t r u c t i o n  a f t e r  g l i t c h  s u b t r a c t i o n  d u e  t o  t h e  n e a r b y  r e m a i n i n g  g l i t c h  ( r i g h t )  i n  t h e  

o p t i m a l  t e s t i n g  s a m p l e  o f  Extrem ely loud  g l i t c h e s .  T h e  c W B  c o r r e l a t i o n  c o e f f i c i e n t s  a r e  

0 . 9 9  a n d  0 . 6 5  f o r  t h e  r e c o n s t r u c t e d  s i g n a l s  b e f o r e  a n d  a f t e r  g l i t c h  s u b t r a c t i o n ,  r e s p e c t i v e l y .  

T h e  r a t i o  o f  p  a f t e r  a n d  b e f o r e  s u b t r a c t i o n  i s  p a / p b  =  0 . 3 6 .  N o t e  t h a t  t h e  t i m e  s c a l e s  i n  t h e  

l e f t  a n d  r i g h t  p a n e l s  a r e  d i f f e r e n t  d u e  t o  t h e  c W B  a u t o m a t e d  r e c o n s t r u c t i o n  p r o c e s s ,  w h e r e  

t h e  g l i t c h  i s  o u t s i d e  o f  t h e  r e c o n s t r u c t i o n  t i m e  w i n d o w  b e f o r e  g l i t c h  s u b t r a c t i o n .
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M o r e  a c c u r a t e  s i g n a l  r e c o n s t r u c t i o n s  o r  h i g h e r  v a l u e s  o f  t h e  n e t w o r k  c o r r e l a t i o n  

c o e f f i c i e n t  p r o d u c e  b e t t e r  e s t i m a t e s  o f  t h e  s o u r c e  d i r e c t i o n .  T o  a s s e s s  t h e  a c c u r a c y  o f  

t h e  c W B  s o u r c e - d i r e c t i o n  e s t i m a t e s ,  w e  c a l c u l a t e  t h e  o v e r l a p  o f  s k y  m a p s  o b t a i n e d  w i t h  

t h e  n o - g l i t c h  d a t a  a n d  s k y  m a p s  o b t a i n e d  w i t h  p r e - s u b t r a c t e d  d a t a ,  w h e r e  t h e  s k y  m a p  i s  

p r o v i d e d  a s  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  o v e r  p i x e l i z e d  s o l i d  a n g l e s  a n d  t h e  s k y - m a p  o v e r l a p  

i s  c a l c u l a t e d  b y  t a k i n g  t h e  i n n e r  p r o d u c t  b e t w e e n  t w o  s k y  m a p s  s i m i l a r  t o  E q u a t i o n  ( 4 ) .  

A l s o ,  w e  c a l c u l a t e  t h e  o v e r l a p  o f  s k y  m a p s  o b t a i n e d  w i t h  t h e  n o - g l i t c h  d a t a  a n d  s k y  m a p s  

o b t a i n e d  w i t h  t h e  p o s t - s u b t r a c t e d  d a t a .  F o r  i n j e c t i o n  m i s s e d  b y  c W B  w i t h  n o  r e p o r t e d  s k y  

m a p s ,  w e  s e t  s k y  m a p s  t o  b e  u n i f o r m  p r o b a b i l i t y  d i s t r i b u t i o n s  o v e r  s o l i d  a n g l e s  a c c o r d i n g  

t o  t h e  m a x i m u m  e n t r o p y  p r i n c i p l e  ( R a t n a p a r k h i ,  1 9 9 6 ;  R e y n a r  a n d  R a t n a p a r k h i ,  1 9 9 7 )  f o r  

t h e  l e a s t  a m o u n t  o f  k n o w l e d g e  a b o u t  t h e  s o u r c e  d i r e c t i o n .  W e  c o u n t  p e r c e n t a g e s  P s k y  o f  

i n j e c t i o n s  w i t h  t h e  s k y - m a p  o v e r l a p  o f  t h e  n o - g l i t c h - p o s t - s u b t r a c t i o n  d a t a  g r e a t e r  o r  e q u a l  t o  

t h e  s k y - m a p  o v e r l a p  o f  t h e  n o - g l i t c h - p r e - s u b t r a c t e d  d a t a .  V a l u e s  o f  P s k y  g r e a t e r  5 0 %  i m p l y  

t h a t  e s t i m a t e s  o f  t h e  s o u r c e  d i r e c t i o n  b e c o m e  m o r e  a c c u r a t e  a f t e r  g l i t c h  s u b t r a c t i o n  a n d  

P s k y  5 0 %  i n d i c a t e s  t h a t  s o u r c e - d i r e c t i o n  e s t i m a t e s  a r e  c o m p a t i b l e  b e f o r e  a n d  a f t e r  g l i t c h  

s u b t r a c t i o n .

F i g u r e  1 4  s h o w s  r a t i o s  o f  s k y - m a p  o v e r l a p s  b e t w e e n  t h e  n o - g l i t c h  d a t a  a n d  t h e  

p o s t - s u b t r a c t e d  d a t a  t o  s k y - m a p  o v e r l a p s  w i t h  t h e  f o r m e r  a n d  t h e  p o s t - s u b t r a c t e d  d a t a  f o r  

G a u s s i a n  m o d u l a t e d  s i n u s o i d a l  i n j e c t i o n s .  V a l u e s  o f  P s k y  r a n g e  f r o m  6 0 %  ( o b t a i n e d  w i t h  

t h e  s e t  w i t h  h i g h - f r e q u e n c y  i n j e c t i o n s  i n  t h e  f u l l  w i n d o w  o f  t h e  o p t i m a l  t e s t i n g  s a m p l e  o f  

Scattered light  g l i t c h e s )  t o  9 4 %  ( o b t a i n e d  w i t h  t h e  s e t  w i t h  h i g h - f r e q u e n c y  i n j e c t i o n s  i n  t h e  

p a r t i a l  w i n d o w  o f  t h e  o p t i m a l  t e s t i n g  s a m p l e  o f  Extrem ely loud  g l i t c h e s ) .  B e c a u s e  b e t t e r  

s i g n a l  r e c o n s t r u c t i o n s  c o r r e s p o n d  t o  m o r e  a c c u r a t e  s o u r c e - d i r e c t i o n  e s t i m a t e s ,  V a l u e s  o f  

P s k y  w i t h  o p t i m a l - t e s t i n g - s a m p l e  s e t s  a r e  g r e a t e r  t h a n  v a l u e s  w i t h  m e d i a n - t e s t i n g - s a m p l e  

s e t s  b y  a  f a c t o r  o f  ~  0 . 8 6  ~  1 . 2  ( ~  1 . 0 1  ~  1 . 1 )  f o r  Scattered light  a n d  Extrem ely loud  

g l i t c h e s .  T h e  e x c e p t i o n a l  s e t s  w i t h  h i g h - f r e q u e n c y  i n j e c t i o n s  i n  t h e  f u l l  w i n d o w  f o r  Scattered  

light  g l i t c h e s  h a v e  P s k y  =  6 0 %  f o r  t h e  o p t i m a l - t e s t i n g - s a m p l e  s e t  a n d  P s k y  =  6 9 %  f o r  t h e
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m e d i a n - t e s t i n g - s a m p l e  s e t ,  r e s p e c t i v e l y .  H o w e v e r ,  t h e y  a r e  c o m p a t i b l e .  9 0 %  o f  i n j e c t i o n s  

i n  t h e  a b o v e  t w o  e x c e p t i o n a l  s e t s  h a v e  t h e  r a t i o  o f  t h e  s k y - m a p  o v e r l a p  o f  t h e  n o - g l i t c h -  

p o s t - s u b t r a c t e d  d a t a  t o  t h e  s k y - m a p  o v e r l a p  o f  t h e  n o - g l i t c h - p r e - s u b t r a c t e d  d a t a  i n  0 . 9 3 ­

2 . 3  ( 0 . 9 4 - 1 . 2 )  f o r  t h e  o p t i m a l  ( m e d i a n ) - t e s t i n g  s a m p l e  s e t  b e c a u s e  t h e  c e n t r a l  f r e q u e n c y  

f c  =  1 5 0  H z  i s  d i s t i n c t i v e l y  d i f f e r e n t  f r o m  t h e  p e a k  f r e q u e n c y  ( ~  3 0  H z )  o f  Scattered light 

g l i t c h e s .  W e  f i n d  t h a t  t h e  m a x i m u m  v a l u e  o f  t h e  r a t i o  o f  t h e  s k y - m a p  o v e r l a p s  t o  b e  1 5 0  

a n d  4 . 5  f o r  t h e  a b o v e  o p t i m a l  a n d  m e d i a n - t e s t i n g - s a m p l e  s e t s ,  r e s p e c t i v e l y .  V a l u e s  o f  P sky 

o b t a i n e d  w i t h  t h e  l o w  ( h i g h ) - f r e q u e n c y  s e t s  a r e  g r e a t e r  t h a n  v a l u e s  o b t a i n e d  w i t h  h i g h  ( l o w ) -  

f r e q u e n c y  s e t s  f o r  Scattered light (Extremely loud)  g l i t c h e s  b y  a  f a c t o r  o f  ~  1 . 0 8  ~  1 . 3 5  

( ~  1 . 0 1  ~  1 . 1 )  b e c a u s e  r e m o v i n g  g l i t c h e s  w i t h  t h e i r  c h a r a c t e r i s t i c  f r e q u e n c i e s  c o m p a t i b l e  

w i t h  c e n t r a l  f r e q u e n c i e s  o f  i n j e c t i o n s  i m p r o v e  t h e  c W B  r e c o n s t r u c t i o n s  m o r e  e f f e c t i v e l y .  

T a b l e .  1  s h o w s  p e r c e n t a g e s  o f  i n j e c t i o n  w i t h  t h e  n o n - r e d u c e d  r a t i o  o f  s k y - m a p  o v e r l a p s  

a f t e r  g l i t c h  s u b t r a c t i o n  f o r  a l l  s e t s .

T o  a s s e s s  t h e  a c c u r a c y  o f  t h e  c W B  e s t i m a t e d  c e n t r a l  f r e q u e n c y  f c  a c r o s s  a l l  i n j e c ­

t i o n s ,  w e  c a l c u l a t e  t h e  n o r m a l i z e d  r e s i d u a l :

w h e r e  f c  i s  t h e  i n j e c t e d  c e n t r a l  f r e q u e n c y .  T o  q u a n t i f y  t h e  s i m i l a r i t y  b e t w e e n  t w o  d i s ­

t r i b u t i o n s ,  w e  c a l c u l a t e  t h e  t w o - s i d e d  K S  s t a t i s t i c  Snb ( M a s s e y ,  1 9 5 1 )  b e t w e e n  v a l u e s  o f  

A f c  o b t a i n e d  w i t h  t h e  n o - g l i t c h  d a t a  a n d  t h e  d a t a  b e f o r e  g l i t c h  s u b t r a c t i o n  a s  w e l l  a s  t h e  

K S  s t a t i s t i c  S n a  b e t w e e n  v a l u e s  o f  A f c  o b t a i n e d  w i t h  t h e  f o r m e r  a n d  t h e  d a t a  a f t e r  g l i t c h  

s u b t r a c t i o n .  K S  s t a t i s t i c s  a r e  b o u n d e d  b e t w e e n  0  a n d  1  a n d  s m a l l e r  v a l u e s  i n d i c a t e  t w o  

d i s t r i b u t i o n s  a r e  m o r e  s i m i l a r .  V a l u e s  o f  t h e  r a t i o  R n b  : =  S n b / S n a  g r e a t e r  1  i m p l y  t h a t  t h e  

c W B  e s t i m a t e d  v a l u e s  o f  f c  i n  t h e  p o s t - s u b t r a c t e d  d a t a  a r e  m o r e  s i m i l a r  t o  c o r r e s p o n d i n g  

v a l u e s  i n  t h e  n o - g l i t c h  d a t a  t h a n  t h e  p r e - s u b t r a c t e d  d a t a  w h i l e  s m a l l e r  v a l u e s  i n d i c a t e  t h e
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F i g u r e  1 4 .  R a t i o  o f  s k y - m a p  o v e r l a p s  f o r  G a u s s i a n - m o d u l a t e d  s i n u s o i d a l  i n j e c t i o n s .  T h e  

p a n e l s  s h o w  r a t i o s  o f  t h e  s k y - m a p  o v e r l a p  b e t w e e n  t h e  n o - g l i t c h  d a t a  a n d  t h e  p o s t - s u b t r a c t e d  

d a t a  t o  t h e  s k y - m a p  o v e r l a p  w i t h  t h e  f o r m e r  a n d  t h e  p o s t - s u b t r a c t e d  d a t a ,  a s  a  f u n c t i o n  o f  

t h e  i n j e c t i o n  t i m e  f o r  h i g h - f r e q u e n c y  ( l - 2 t h  c o l u m n s )  a n d  l o w - f r e q u e n c y  ( 3 - 4 t h  c o l u m n s )  

G a u s s i a n - m o d u l a t e d  s i n u s o i d a l  w a v e f o r m s  i n j e c t e d  i n  t h e  f u l l  ( 1 , 3 t h  c o l u m n s )  a n d  p a r t i a l  

( 2 , 4 t h  c o l u m n s )  w i n d o w s  o f  t h e  o p t i m a l  ( 1 , 3 t h  r o w s )  a n d  m e d i a n  ( 2 , 4 t h  r o w s )  t e s t i n g  s a m p l e s  

o f  Scattered light ( l - 2 t h  r o w s )  a n d  Extremely loud ( 2 - 4 t h  r o w s )  g l i t c h e s ,  r e s p e c t i v e l y .

c W B  e s t i m a t e s  i n  t h e  p o s t - s u b t r a c t e d  d a t a  a r e  l e s s  a c c u r a t e  t h a n  t h e  p r e - s u b t r a c t e d  d a t a .  

R J j h  ~  1  i m p l i e s  t h a t  t h e  g l i t c h - s u b t r a c t i o n  t e c h n i q u e  d o e s  n o t  p r o d u c e  u n i n t e n d e d  e f f e c t s  

o n  t h e  d a t a  f o r  t h e  e s t i m a t e s  o f  t h e  c e n t r a l  f r e q u e n c y .

F i g u r e  1 5  s h o w s  d i s t r i b u t i o n s  o f  A  f c o b t a i n e d  w i t h  t h e  n o - g l i t c h ,  t h e  p r e -  a n d  p o s t -  

s u b t r a c t e d  d a t a .  V a l u e s  o f  R J j h  r a n g e  f r o m  0 . 4 1  ( o b t a i n e d  f r o m  t h e  s e t  w i t h  l o w - f r e q u e n c y  

i n j e c t i o n s  i n  t h e  f u l l  w i n d o w  o f  t h e  o p t i m a l  t e s t i n g  s a m p l e  o f  Extremely loud g l i t c h e s )  

t o  4 . 4 7  ( o b t a i n e d  f r o m  t h e  s e t  w i t h  h i g h - f r e q u e n c y  i n j e c t i o n s  i n  t h e  p a r t i a l  w i n d o w  o f  

t h e  o p t i m a l  t e s t i n g  s a m p l e  o f  Scattered light g l i t c h e s ) .  W h e n  i n j e c t i o n s  a r e  o v e r l a p p i n g  

w i t h  t h e  r e m a i n i n g  Extremely l o u d  g l i t c h  a f t e r  s u b t r a c t i o n  o r  t h e  c W B  r e c o n s t r u c t s  t h e  

s u m  o f  t h e  i n j e c t i o n  a n d  n e a r  n o n - o v e r l a p p i n g  g l i t c h e s  a s  a  s i g n a l ,  t h e  e s t i m a t e d  c e n t r a l
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f r e q u e n c y  f c d e v i a t e s  f r o m  t h e  i n j e c t e d  v a l u e  f c . F o r  e x a m p l e ,  t h e  s e t  w i t h  t h e  l o w e s t  

R ^  =  0 . 4 1  h a s  9 . 6 %  o f  i n j e c t i o n s  h a v e  v a l u e s  o f  A f c = 0 . 2 8 - 0 . 9 1  f r o m  t h e  i n j e c t e d  

v a l u e  f c =  5 0  H z  ( c o r r e s p o n d i n g  t o  f c =  6 4 - 9 5  H z )  f o r  t h e  p o s t - s u b t r a c t e d  d a t a  a n d  n o  

i n j e c t i o n  a b o v e  f c = 64  H z  f o r  t h e  p r e - s u b t r a c t e d  d a t a .  F o r  t h e  s e t  w i t h  t h e  h i g h e s t  v a l u e  

R n a  =  4 . 4 7 ,  d i s t r i b u t i o n  o f  A f c i n  t h e  p o s t - s u b t r a c t e d  d a t a  d i f f e r  f r o m  t h e  d i s t r i b u t i o n  i n  

t h e  p r e - s u b t r a c t e d  d a t a  a n d  c o m p a t i b l e  t o  t h e  d i s t r i b u t i o n  i n  t h e  n o - g l i t c h  d a t a  ( s e e  t h e  1 s t  

r o w - 2 n d  c o l u m n  i n  F i g u r e  1 5 ) .  V a l u e s  o f  R ^  f o r  t h e  l o w  ( h i g h ) - f r e q u e n c y  i n j e c t i o n  s e t s  a r e  

g r e a t e r  t h a n  v a l u e s  f o r  t h e  h i g h  ( l o w ) - f r e q u e n c y  i n j e c t i o n  s e t s  b y  a  f a c t o r  o f  ~  1 . 0 4  ~  1 . 6 8  

( ~  0 . 9 5  ~  2 . 4 )  b e c a u s e  s u b t r a c t i n g  g l i t c h e s  w i t h  t h e i r  c h a r a c t e r i s t i c  f r e q u e n c y  c o m p a t i b l e  

w i t h  s i g n a l  f r e q u e n c y  i m p r o v e s  t h e  c W B  r e c o n s t r u c t i o n  a c c u r a c y .  F o r  h i g h - f r e q u e n c y  

i n j e c t i o n  s e t s ,  v a l u e s  o f  R a  o b t a i n e d  w i t h  o p t i m a l - t e s t i n g - s a m p l e  s e t s  a r e  g r e a t e r  t h a n  

v a l u e s  o b t a i n e d  w i t h  c o r r e s p o n d i n g  m e d i a n - t e s t i n g - s a m p l e  s e t  b y  a  f a c t o r  ~  1 . 0 4  -  2 . 8  

a c r o s s  t h e  t w o  g l i t c h  c l a s s e s .  F o r  l o w - f r e q u e n c y  i n j e c t i o n  s e t s ,  v a l u e s  o f  R ^  o b t a i n e d  w i t h  

m e d i a n - t e s t i n g - s a m p l e  s e t s  a r e  g r e a t e r  t h a n  v a l u e s  o b t a i n e d  w i t h  o p t i m a l - t e s t i n g - s a m p l e  

s e t s  b y  a  f a c t o r  o f  ~  1 . 0 5  ~  2 . 4 3  b e c a u s e  o f  t h e  c o n t r i b u t i o n  o f  h i g h - f r e q u e n c y  n e a r b y  

r e m a i n i n g  g l i t c h e s  t o  t h e  c W B  s i g n a l  r e c o n s t r u c t i o n ,  m e n t i o n e d  a b o v e  f o r  t h e  s e t  w i t h  t h e  

l o w e s t  v a l u e  R ^  =  0 . 4 1 .  T a b l e  2  s h o w s  p e r c e n t a g e s  o f  f o u n d  i n j e c t i o n s  a n d  v a l u e s  o f  R ^ .

3.3.2. Binary Black Hole Injections. I n  a d d i t i o n  t o  t e s t s  w i t h  G a u s s i a n - m o d u l a t e d  

s i n u s o i d  s i g n a l s  i n  S e c .  3 . 3 . 1 ,  w e  a l s o  a s s e s s  t h e  p e r f o r m a n c e  o f  t h e  c W B - s i g n a l  r e c o v e r y  

b y  i n j e c t i n g  n o n - s p i n n i n g  IMRphenomD B B H  m e r g e r  w a v e f o r m s  ( K h a n  et al., 2 0 1 6 ) .  

F o l l o w i n g  t h e  c h o i c e  o f  i n j e c t i o n  p a r a m e t e r s  u s e d  i n  O r m i s t o n  et al. ( 2 0 2 0 ) ,  w e  c h o o s e  

t h e  c o m p o n e n t  m a s s e s  t o  b e  u n i f o r m l y  d i s t r i b u t e d  i n  [ 2 6 ,  6 4 ]  M 0  w i t h  a  c o n s t r a i n t  o f  

t h e  p r i m a r y - m a s s  m 1 t o  t h e  s e c o n d a r y - m a s s  m 2 r a t i o  i n  [ 0 . 1 2 5 , 1 ] ,  t h e  s o u r c e  d i r e c t i o n  

a n d  b i n a r y  o r i e n t a t i o n  t o  b e  i s o t r o p i c a l l y  d i s t r i b u t e d ,  a n d  t h e  c o a l e s c e n c e  p h a s e  a n d  t h e  

p o l a r i z a t i o n  a n g l e  t o  b e  u n i f o r m l y  d i s t r i b u t e d  i n  [ 0 , 2 n ]  a n d  [ 0 , n ] ,  r e s p e c t i v e l y .  W e  c h o o s e
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Residual central frequency

F i g u r e  1 5 .  D i s t r i b u t i o n s  o f  t h e  r e s i d u a l  c e n t r a l  f r e q u e n c y  f o r  G a u s s i a n - m o d u l a t e d  s i n u ­

s o i d a l  i n j e c t i o n s .  T h e  p a n e l s  s h o w  d i s t r i b u t i o n s  o f  t h e  r e s i d u a l  c e n t r a l  f r e q u e n c y  A  f c f o r  

h i g h - f r e q u e n c y  ( l - 2 t h  c o l u m n s )  a n d  l o w - f r e q u e n c y  ( 3 - 4 t h  c o l u m n s )  G a u s s i a n - m o d u l a t e d  s i ­

n u s o i d a l  w a v e f o r m s  i n j e c t e d  i n  t h e  f u l l  ( 1 , 3 t h  c o l u m n s )  a n d  p a r t i a l  ( 2 , 4 t h  c o l u m n s )  w i n d o w s  

o f  t h e  o p t i m a l  ( 1 , 3 t h  r o w s )  a n d  m e d i a n  ( 2 , 4 t h  r o w s )  t e s t i n g  s a m p l e s  o f  Scattered light ( l - 2 t h  

r o w s )  a n d  Extremely loud ( 2 - 4 t h  r o w s )  g l i t c h e s ,  r e s p e c t i v e l y .

t h e  i n j e c t e d  S N R  s a m p l e d  f r o m  a  s e t  o f  S N R s  u s e d  i n  S e c .  3 . 3 . 1  a n d  t h e  i n j e c t i o n  t i m e  

s a m p l e d  i n  t h e  f u l l  l e n g t h  o f  t h e  t e s t i n g  s a m p l e  d a t a .  W e  h a v e  5 0 0  B B H  i n j e c t i o n s  f o r  e a c h  

s e t  s o  t h a t  w e  h a v e  4  B B H  s e t s .

F i g u r e  1 6  s h o w s  t h e  p  e n h a n c e m e n t  f o r  B B H  i n j e c t i o n s .  P e r c e n t a g e s  Pp o f  i n j e c t i o n s  

w i t h  n o n - r e d u c e d  p  a f t e r  g l i t c h  s u b t r a c t i o n  r a n g e  f r o m  7 6 %  ( o b t a i n e d  w i t h  t h e  m e d i a n -  

t e s t i n g - s a m p l e  o f  Scattered light g l i t c h e s )  t o  9 1 % >  ( o b t a i n e d  w i t h  t h e  o p t i m a l - t e s t i n g - s a m p l e  

o f  Scattered light g l i t c h e s ) .  V a l u e s  o f  t h e  e n h a n c e m e n t  ( p a / p b )  a v e r a g e d  o v e r  i n j e c t i o n s  

r a n g e  f r o m  1 . 2  ( o b t a i n e d  w i t h  t h e  m e d i a n  t e s t i n g  s a m p l e  o f  Scattered light g l i t c h e s )  t o  

2 . 7  ( o b t a i n e d  w i t h  t h e  o p t i m a l  t e s t i n g  s a m p l e  o f  Extremely loud g l i t c h e s ) .  S u b t r a c t i n g  

s i g n i f i c a n t  e n e r g y  d u e  t o  g l i t c h e s  i m p r o v e s  t h e  c W B  r e c o n s t r u c t i o n  s o  t h a t  v a l u e s  o f  t h e  

e n h a n c e m e n t  i n  Extremely-loud s e t s  a r e  g r e a t e r  t h a n  v a l u e s  i n  Scattered-light s e t s  b y  a  f a c t o r
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of 1.25 and 1.8 for the optimal and median testing sample, respectively. In Scattered-light 

(Extrem ely-loud) sets, the value of the enhancement for the optimal test set is greater than 

the value of the median testing set by a factor of 1.25 (1.8). Table. 1 shows values the p 

enhancement and Pp for BBH injection sets.
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Figure 16. Enhancements of p  after glitch subtraction as a function of the injection time 
for BBH waveforms injected in the optimal (left) and median testing (right) samples of 
Scattered light  (top) and Extrem ely loud  (bottom) glitches, respectively.
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Similar to Psky for Gaussian modulated sinusoidal injections, we compute Psky for 

BBH injection set. Figure 17 shows ratios of sky-map overlaps between the no-glitch data 

and the post-subtracted data to sky-map overlaps with the former and the post-subtracted 

data for BBH injections. Values of Psky range from 73% (obtained with the median testing 

sample of Scattered light  glitches) to 80% (obtained with the optimal testing sample of
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Extremely loud g l i t c h e s ) .  V a l u e s  o f  P s k y  i n  t h e  o p t i m a l  t e s t i n g  s e t  a r e  g r e a t e r  t h a n  v a l u e s  i n  

t h e  m e d i a n  t e s t i n g  s a m p l e  s e t  f o r  Scattered light a n d  Extremely-loud g l i t c h e s  b y  a  f a c t o r  o f

1 . 0 6  a n d  1 . 1 4 ,  r e s p e c t i v e l y .  T a b l e .  1  s h o w s  v a l u e s  o f  P s |<y f o r  B B H  i n j e c t i o n  s e t s .
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F i g u r e  1 7 .  R a t i o  o f  s k y - m a p  o v e r l a p s  f o r  B B H  i n j e c t i o n s .  T h e  p a n e l s  s h o w  r a t i o s  o f  t h e  

s k y - m a p  o v e r l a p  o b t a i n e d  w i t h  t h e  n o - g l i t c h  d a t a  a n d  t h e  p r e - s u b t r a c t e d  d a t a  t o  t h e  s k y - m a p  

o v e r l a p  o b t a i n e d  w i t h  t h e  f o r m e r  a n d  t h e  p o s t - s u b t r a c t e d  d a t a  a s  a  f u n c t i o n  o f  t h e  i n j e c t i o n  

t i m e  f o r  B B H  w a v e f o r m s  i n j e c t e d  i n  t h e  o p t i m a l  ( l e f t )  a n d  m e d i a n  t e s t i n g  ( r i g h t )  s a m p l e s  

o f  Scattered light ( t o p )  a n d  Extremely loud g l i t c h e s ,  r e s p e c t i v e l y .  T h e  f i r s t  a n d  s e c o n d  t e x t s  

i n  l a b e l s  i n  t h e  l e g e n d  d e n o t e  t h a t  i n j e c t i o n s  i n  t h e  p r e - s u b t r a c t e d  a n d  p o s t - s u b t r a c t e d  d a t a  

a r e  f o u n d  o r  m i s s e d ,  r e s p e c t i v e l y .

T o  a s s e s s  t h e  a c c u r a c y  o f  t h e  c W B  e s t i m a t e d  c h i r p  m a s s  a c r o s s  a l l  i n j e c t i o n s ,  w e  

c a l c u l a t e  t h e  n o r m a l i z e d  r e s i d u a l :

A M
M - M

M
( 8)
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w h e r e  M  a n d  M  =  (m 1m 2)3/5/ ( m 1 +  m 2 ) 1 / 5  a r e  t h e  c W B  e s t i m a t e d  a n d  i n j e c t e d  c h i r p  

m a s s ,  r e s p e c t i v e l y .  S i m i l a r  t o  t h e  p r o c e d u r e  i n  t h e  p r e v i o u s  s e c t i o n ,  w e  c a l c u l a t e  t h e  t w o ­

s i d e d  K S  s t a t i s t i c  Snb ( M a s s e y ,  1 9 5 1 )  b e t w e e n  A M  o b t a i n e d  w i t h  t h e  n o - g l i t c h  d a t a  a n d  

t h e  p r e - s u b t r a c t e d  d a t a  a s  w e l l  a s  t h e  K S  s t a t i s t i c  S n a  o b t a i n e d  w i t h  t h e  f o r m e r  a n d  t h e  

p o s t - s u b t r a c t e d  d a t a .  W e  c a l c u l a t e  v a l u e s  o f  t h e  r a t i o  R ^  : =  S n b / S n a .

F i g u r e  1 8  s h o w s  d i s t r i b u t i o n s  o f  A M  o b t a i n e d  w i t h  t h e  n o - g l i t c h ,  t h e  p r e -  a n d  

p o s t - s u b t r a c t e d  d a t a  i n  t h e  o p t i m a l  t e s t i n g  s a m p l e  s e t s .  T h e  d i s t r i b u t i o n s  i n  t h e  o p t i m a l  

t e s t i n g  s a m p l e  s e t s  a r e  c o m p a r a b l e  w i t h  d i s t r i b u t i o n s  i n  t h e  m e d i a n  t e s t i n g  s a m p l e  s e t s .  A s  

s h o w n  i n  T a b l e  2 ,  v a l u e s  o f  r a n g e  f r o m  0 . 9 6  ( o b t a i n e d  f r o m  t h e  m e d i a n  t e s t i n g  s a m p l e  

o f  Extrem ely loud  g l i t c h e s )  t o  3 . 2 6  ( o b t a i n e d  f r o m  t h e  m e d i a n  t e s t i n g  s a m p l e  o f  Scattered  

light  g l i t c h e s )  a s  s h o w n  i n  T a b l e  2 .  V a l u e s  o f  R ^  a r e  c l o s e  t o  o r  g r e a t e r  t h a n  1 ,  i n d i c a t i n g  

t h e  g l i t c h  s u b t r a c t i o n  t e c h n i q u e  p r o d u c e s  n o  u n i n t e n d e d  e f f e c t  o n  c W B  e s t i m a t e s  f o r  t h e  

c h i r p  m a s s  o r  i m p r o v e s  t h e  e s t i m a t e s .  A s  s h o w n  i n  F i g u r e  1 9 ,  S n a  a n d  S n b  a r e  c o m p a t i b l e  

f o r  B B H  s e t s  s o  t h a t  t h e  d i s t r i b u t i o n  o f  A M  i n  t h e  p o s t  a n d  p r e - s u b t r a c t e d  d a t a  a r e  s i m i l a r .  

V a l u e s  o f  S n a  a n d  S n b  f o r  B B H  s e t s  a r e  t y p i c a l l y  s m a l l e r  t h a n  v a l u e s  f o r  G a u s s i a n  m o d u l a t e d  

s i n u s o i d a l  s e t s  b e c a u s e  B B H  w a v e f o r m s  d i s t i n c t i v e l y  d i f f e r  f r o m  g l i t c h  w a v e f o r m s  a n d  

c W B  r e c o n s t r u c t s  B B H  i n j e c t i o n s  m o r e  e f f e c t i v e l y  t h a n  t h e  G a u s s i a n  m o d u l a t e d  s i n u s o i d a l  

i n j e c t i o n s .

3.3.3. False Alarm Rate. T h e  c o n f i d e n c e  o f  a  G W  s i g n a l  c a n d i d a t e  i s  q u a n t i f i e d  

b y  t h e  F A R ,  o r  t h e  r a t e  o f  t e r r e s t r i a l  n o i s e  e v e n t s  w i t h  t h e i r  r a n k i n g  s t a t i s t i c s  ( e . g . ,  p  i n  

c W B )  e q u a l  o r  h i g h e r  t h a n  t h e  r a n k i n g  s t a t i s t i c  o f  a n  a s t r o p h y s i c a l  c a n d i d a t e  e v e n t .  L o w e r  

v a l u e s  o f  F A R  i n d i c a t e  t h a t  G W  s i g n a l  c a n d i d a t e s  a r e  a s t r o p h y s i c a l  i n  t h e i r  o r i g i n  w i t h  

h i g h e r  c o n f i d e n c e .  S i m i l a r l y ,  h i g h e r  v a l u e s  o f  t h e  i n v e r s e  F A R  ( i F A R )  c o r r e s p o n d  t o  h i g h e r  

c o n f i d e n c e .  T h e  g l i t c h  s u b t r a c t i o n  t e c h n i q u e  m i g h t  r e d u c e  v a l u e s  p  o f  t h e  n o i s e  e v e n t s  a n d  

i n c r e a s e  v a l u e s  o f  p  f o r  G W  s i g n a l  c a n d i d a t e s  w h e n  t h e y  n e a r  o r  o v e r l a p  w i t h  g l i t c h e s .
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F i g u r e  1 8 .  R e s i d u a l  o f  c h i r p  m a s s  e s t i m a t e d  b y  c W B  i n  t h e  o p t i m a l  t e s t i n g  s a m p l e  o f  

Scattered light  ( t o p )  a n d  Extrem ely loud  ( b o t t o m )  g l i t c h e s .  T h e  d a s h e d  l i n e s  i n  t h e  l e f t  

p a n e l s  d e n o t e  t h e  s a m e  v a l u e  o f  r e s i d u a l  c h i r p  m a s s  b e f o r e  a n d  a f t e r  g l i t c h  s u b t r a c t i o n .  T h e  

d a s h e d  l i n e s  i n  t h e  r i g h t  p a n e l s  d e n o t e  t h e  i n j e c t e d  v a l u e s .

T o  a s s e s s  t h e  e f f e c t  o f  t h e  g l i t c h  s u b t r a c t i o n  t e c h n i q u e  o n  t h e  F A R  o f  i n j e c t i o n s  u s e d  

i n  t h e  p r e v i o u s  s e c t i o n ,  w e  u s e  i s o l a t e d  s a m p l e s  i n  t h e  t e s t i n g  s e t s  w i t h  s a m p l e  s i z e s  o f  2 3 7  

a n d  1 5 6  f o r  Scattered light  a n d  Extrem ely loud  g l i t c h e s  f r o m  J a n u a r y  7 t h , 2 0 2 0  3 : 0 0  U T C  

t o  F e b r u a r y  2 r d , 2 0 2 0  0 3 : 5 5  U T C  a n d  J a n u a r y  1 5 t h , 2 0 2 0  1 7 : 4 4  U T C  t o  F e b r u a r y  3 r d , 2 0 2 0  

2 3 : 5 5  U T C ,  r e s p e c t i v e l y .  B e c a u s e  t h e  t e s t i n g  s e t s  u s e d  i n  t h e  p r e v i o u s  s e c t i o n  h a v e  s e g m e n t  

o v e r l a p s  t o  a c c o u n t  f o r  s t a t i s t i c a l  e r r o r s  w i t h  l a r g e r  s a m p l e  s i z e s ,  w e  u s e  t h e  i s o l a t e d  t e s t i n g  

s a m p l e s  f r o m  t h e  s e t s  t o  a v o i d  d o u b l e  s u b t r a c t i o n .  W e  u s e  t h e  d a t a  c o n t a i n i n g  t h e  a b o v e  

t e s t i n g  s a m p l e s  d u r i n g  t h e  d e t e c t o r s  a r e  o b s e r v i n g ,  c o r r e s p o n d i n g  t o  t h e  2 0 . 4 -  a n d  2 0 . 5 - d a y
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T a b l e  1 .  E n h a n c e m e n t s  o f  t h e  c W B  r a n k i n g  s t a t i s t i c  ( p a / p b ) ,  i . e . ,  r a t i o s  o f  t h e  c W B  

r a n k i n g  s t a t i s t i c  p a  a f t e r  a n d  p b  b e f o r e  g l i t c h  s u b t r a c t i o n  a v e r a g e d  o v e r  i n j e c t i o n s ,  a s  w e l l  

a s  p e r c e n t a g e s  Pp o f  i n j e c t i o n s  w i t h  n o n - r e d u c e d  r a n k i n g  s t a t i s t i c s  a n d  p e r c e n t a g e s  P s k y  o f  

n o n - r e d u c e d  s k y - m a p  o v e r l a p s  a f t e r  g l i t c h  s u b t r a c t i o n .  T h e  s k y - m a p  o v e r l a p s  a r e  c a l c u l a t e d  

b e t w e e n  s k y  m a p s  o b t a i n e d  w i t h  t h e  s i m u l a t e d  c o l o r e d  G a u s s i a n  d a t a  a n d  e i t h e r  o f  t h e  d a t a  

b e f o r e  o r  a f t e r  g l i t c h  s u b t r a c t i o n .  V a l u e s  o f  p  a r e  s e t  t o  b e  6  f o r  i n j e c t i o n s  m i s s e d .  T h e  

s k y - l o c a l i z a t i o n  e s t i m a t e  i s  s e t  t o  b e  u n i f o r m l y  d i s t r i b u t e d  i n  s o l i d  a n g l e s .

G l i t c h  c l a s s
T e s t i n g

s a m p l e
I n j e c t i o n

F u l l  w i n d o w P a r t i a l  w i n d o w

( p a / p b )  P p  P s k y  ( p a / p b )  P p  P s k y

Scattered
light

Extrem ely
loud

d a t a  f r o m  t h e  L 1  a n d  H 1  d e t e c t o r s ,  r e s p e c t i v e l y .  T h e  p e r c e n t a g e s  o f  t h e  t o t a l  d u r a t i o n  o f  

t h e  i s o l a t e d  t e s t i n g  s a m p l e s  a r e  0 . 0 7 %  a n d  0 . 0 2 6 %  o f  2 0 . 4  d a y s  f o r  Scattered light  a n d  

Extrem ely loud  g l i t c h e s ,  r e s p e c t i v e l y .

U s i n g  t h e  L 1  d a t a  b e f o r e  g l i t c h  s u b t r a c t i o n  w i t h  t h e  o r i g i n a l  H 1  d a t a  a n d  a p p l y i n g  

t i m e  s h i f t s  t o  t h e  L 1  d a t a ,  w e  g e t  t h e  background  t r i g g e r  s e t ,  w h e r e  t i m e  s h i t s  a r e  a p p l i e d  

t o  g e t  t r i g g e r s  r e p r e s e n t i n g  t h e  n o i s e  e v e n t s  c o i n c i d e n t  b e t w e e n  d e t e c t o r s  b y  c h a n c e  a n d  

e n l a r g e  t h e  a n a l y s i s  t i m e .  S i m i l a r l y ,  w e  a l s o  u s e  t h e  L 1  d a t a  a f t e r  g l i t c h  s u b t r a c t i o n  w i t h  

t h e  o r i g i n a l  H 1  d a t a  t o  g e t  a n o t h e r  b a c k g r o u n d  t r i g g e r  s e t .  W i t h  t i m e  s h i f t  a p p l i e d  t o  t h e
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03

F i g u r e  1 9 .  K S  s t a t i s t i c  o b t a i n e d  w i t h  t h e  n o - g l i t c h  d a t a  a n d  t h e  d a t a  b e f o r e  g l i t c h  s u b t r a c t i o n  

V S .  K S  s t a t i s t i c  o b t a i n e d  w i t h  t h e  f o r m e r  a n d  t h e  d a t a  a f t e r  g l i t c h  s u b t r a c t i o n .  T h e  p o i n t s  

d e n o t e  K S  s t a t i s t i c s  f o r  r e s i d u a l  p e a k  f r e q u e n c y  o r  c h i r p  m a s s  e s t i m a t e d  b y  c W B  i n  t h e  

c a s e s  o f  h i g h - f r e q u e n c y  ( c i r c l e  m a r k e r ) ,  l o w - f r e q u e n c y  ( c r o s s  m a r k e r )  G a u s s i a n - m o d u l a t e d  

s i n u s o i d a l  w a v e f o r m s  a n d  B B H  w a v e f o r m s  ( s t a r  m a r k e r )  i n j e c t e d  i n  t h e  f u l l  ( s l a s h e d  h a t c h )  

a n d  p a r t i a l  w i n d o w  ( d o t t e d  h a t c h )  i n  t h e  o p t i m a l  ( c y a n  f a c e  c o l o r )  a n d  m e d i a n  ( w h i t e  f a c e  

c o l o r )  t e s t i n g  s a m p l e  o f  Scattered light  ( b l a c k  e d g e  c o l o r )  a n d  Extrem ely loud  ( r e d  e d g e  

c o l o r )  g l i t c h e s ,  r e s p e c t i v e l y .

L 1  d a t a ,  w e  o b t a i n  2 1 . 2 - y e a r  e q u i v a l e n t  b a c k g r o u n d  t r i g g e r s  b o t h  b e f o r e  a n d  a f t e r  g l i t c h -  

s u b t r a c t e d  d a t a .  B o t h  t r i g g e r  s e t s  h a v e  t h e  m a x i m u m  v a l u e s  o f  p  = 5 3 . 8  a n d  t h e  l o w e s t  

F A R  o f  1 . 5  x  1 0 - 9  H z  ( c o r r e s p o n d i n g  t o  i F A R  o f  2 1 . 2  y e a r s ) .

F i g u r e  2 0  s h o w s  t h e  F A R  o f  b a c k g r o u n d  t r i g g e r s  b e f o r e  a n d  a f t e r  g l i t c h  s u b t r a c t i o n .  

W e  f i n d  t h a t  t h e  F A R  i s  t y p i c a l l y  r e d u c e d  i n  t h e  i n t e r v a l  f r o m  p  ~  7  t o  p  ~  1 2 .  T h e  r e d u c e d  

F A R  i n  t h i s  i n t e r v a l  c a n  b e  e x p l a i n e d  b y  t h e  r e d u c t i o n  o f  p  i n  t h e  s u b t r a c t e d  p a r t  o f  t h e  d a t a .  

F i g u r e  2 1  s h o w s  b a c k g r o u n d  t r i g g e r s  w i t h i n  t h e  i n t e r v a l  o f  t h e  s u b t r a c t e d  d a t a  p o r t i o n s .  

T h e  d i s t r i b u t i o n  o f  t h e s e  t r i g g e r s  i s  d u e  t o  t h e  q u a l i t y  o f  t h e  L 1  d a t a .  T h e  a v e r a g e  v a l u e s  o f  

p  a r e  r e d u c e d  b y  1 3 . 2 %  a n d  1 . 9 %  f o r  Scattered light  a n d  Extrem ely loud  g l i t c h e s .  B e c a u s e
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T a b l e  2 .  P e r c e n t a g e s  ( P n / P b / P a )  o f  f o u n d  i n j e c t i o n s  i n  t h e  ( n o - g l i t c h  d a t a / d a t a  b e f o r e  

s u b t r a c t i o n / d a t a  a f t e r  s u b t r a c t i o n ) ,  a s  w e l l  a s  r a t i o s  : =  S n b / S n a  o f  t h e  K S  s t a t i s t i c  S n b  

o b t a i n e d  w i t h  t h e  n o - g l i t c h  d a t a  a n d  t h e  d a t a  b e f o r e  g l i t c h  s u b t r a c t i o n  t o  t h e  s t a t i s t i c  S n a  

o b t a i n e d  w i t h  t h e  f o r m e r  a n d  t h e  d a t a  a f t e r  g l i t c h  s u b t r a c t i o n  f o r  r e s i d u a l  p e a k  f r e q u e n c y  

a n d  c h i r p  m a s s .

G l i t c h  c l a s s
T e s t i n g

s a m p l e
I n j e c t i o n

F u l l  w i n d o w  P a r t i a l  w i n d o w

( P n / P b / P a )  R b  ( P n / P b / P a )  R
n b

Scattered
light

Extrem ely
loud

Scattered light  g l i t c h e s  a r e  t y p i c a l l y  s u b t r a c t e d  w i t h  o u r  t e c h n i q u e  m o r e  e f f e c t i v e l y  t h a n  

Extrem ely loud  g l i t c h e s ,  t h e  f o r m e r  h a s  h i g h e r  p e r c e n t a g e s  t h a n  t h e  l a t t e r .  T h e  F A R  i s  

i n c r e a s e d  i n  t h e  i n t e r v a l  f r o m  p  ~  1 2  t o  p  ~  2 3  i n  t h e  g l i t c h  s u b t r a c t e d  d a t a  b e c a u s e  o f  

t w o  t r i g g e r s  w i t h  p  =  1 8 . 2  a n d  p  =  1 7 . 5 .  H o w e v e r ,  t h e  L 1  t i m e s  o f  t h e s e  t w o  t r i g g e r s  a r e  

n o t  w i t h i n  t h e  s u b t r a c t e d  d a t a  p o r t i o n s  s o  t h a t  i t  s e e m s  t o  b e  d u e  t o  a  r e a l i z a t i o n  o f  c W B  

t r i g g e r - g e n e r a t i o n  p r o c e s s .

U s i n g  t h e s e  t w o  b a c k g r o u n d  s e t s ,  w e  f i r s t  e v a l u a t e  i n j e c t i o n s  t h a t  a r e  n o t  n e a r b y  

a n d  o v e r l a p  w i t h  g l i t c h e s .  B e c a u s e  w e  h a v e  c r e a t e d  t h e  n o - g l i t c h  d a t a  s e t s  i n  t h e  p r e v i o u s  

s e c t i o n  w i t h  t h e  c o l o r e d  G a u s s i a n  n o i s e  u s i n g  t h e  P S D  o f  t h e  r e a l  L 1  d a t a  a t  t h e  t i m e  o f
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i n j e c t i o n s ,  w e  c a n  c o n s i d e r  i n j e c t i o n s  i n  t h e  n o - g l i t c h  d a t a  t o  b e  t h o s e  n o t  n e a r b y  a n d  o v e r l a p  

w i t h  g l i t c h e s .  A s  a  l o w e r  l i m i t ,  w e  s e t  i F A R s  o f  i n j e c t i o n s  w i t h  p  g r e a t e r  t h a n  5 3 . 8  t o  b e  

i F A R  =  2 1 . 2  y e a r s ,  w h i c h  i s  t h e  m a x i m u m  l e n g t h  o f  o u r  b a c k g r o u n d .

A c r o s s  h i g h -  a n d  l o w  f r e q u e n c y ,  a n d  B B H  i n j e c t i o n s ,  w e  f i n d  t h a t  ~  9 0 %  o f  

i n j e c t i o n s  i n  t h e  n o - g l i t c h  d a t a  h a v e  n o n - r e d u c e d  i F A R s  a f t e r  g l i t c h  s u b t r a c t i o n .  T h e  i F A R s  

a f t e r  g l i t c h  s u b t r a c t i o n  i s  g r e a t e r  t h a n  t h e  i F A R s  b e f o r e  g l i t c h  s u b t r a c t i o n  b y  a  f a c t o r  o f  

~  1 . 0 2  o n  a v e r a g e  o v e r  i n j e c t i o n s  b e c a u s e  o f  t h e  r e d u c t i o n  o f  p  i n  t h e  b a c k g r o u n d .

A s  m e n t i o n e d  a b o v e ,  t h e  g l i t c h  s u b t r a c t i o n  t e c h n i q u e  m a y  i n c r e a s e  t h e  p  o f  i n j e c t i o n s  

n e a r  t o  o r  o v e r l a p p i n g  w i t h  g l i t c h e s ,  c a u s i n g  h i g h e r  i F A R s .  F i g u r e s  2 2  a n d  2 3  s h o w  

i F A R  d i s t r i b u t i o n s  b e f o r e  a n d  a f t e r  g l i t c h  s u b t r a c t i o n  u s i n g  c o r r e s p o n d i n g  b a c k g r o u n d s  

f o r  G a u s s i a n  m o d u l a t e d  s i n u s o i d a l  a n d  B B H  i n j e c t i o n s ,  r e s p e c t i v e l y .  P e r c e n t a g e s  o f  

i n j e c t i o n s  w i t h  n o n - r e d u c e d  i F A R  a f t e r  g l i t c h  s u b t r a c t i o n  r a n g e  f r o m  8 8 %  ( o b t a i n e d  f r o m  

t h e  s e t  w i t h  t h e  h i g h - f r e q u e n c y  i n j e c t i o n s  i n  t h e  f u l l  w i n d o w  o f  t h e  m e d i a n  t e s t i n g  s a m p l e  

o f  Scattered light  g l i t c h e s )  t o  1 0 0 %  ( o b t a i n e d  f r o m  t h e  s e t  w i t h  h i g h - f r e q u e n c y  i n j e c t i o n s  

i n  t h e  p a r t i a l  w i n d o w  o f  t h e  o p t i m a l  t e s t i n g  s a m p l e  o f  Extrem ely loud  g l i t c h e s ) .  T h e  s e t s  

w i t h  t h e  l o w e s t  a n d  h i g h e s t  v a l u e s  o f  P 1ab r e s p e c t i v e l y  c o r r e s p o n d  t o  t h e  s e t s  w i t h  t h e  l o w e s t  

a n d  h i g h e s t  v a l u e s  P p  b e c a u s e  t h e  i n c r e a s e s  i n  p  f o r  i n j e c t i o n s  c o r r e s p o n d  t o  t h e  i n c r e a s e s  

i n  i F A R .

T h e  r a t i o  ( R a b )  o f  i F A R  v a l u e s  a f t e r  g l i t c h  s u b t r a c t i o n  t o  i F A R  v a l u e s  b e f o r e  g l i t c h  

s u b t r a c t i o n  a v e r a g e d  o v e r  i n j e c t i o n s  r a n g e  f r o m  1 . 0 3  ( o b t a i n e d  f r o m  t h e  s e t  w i t h  h i g h -  

f r e q u e n c y  i n j e c t i o n s  i n  t h e  f u l l  w i n d o w  o f  t h e  o p t i m a l  t e s t i n g  s a m p l e  o f  Scattered light 

g l i t c h e s )  t o  1 4 0 0  ( o b t a i n e d  w i t h  h i g h - f r e q u e n c y  i n j e c t i o n s  i n  t h e  p a r t i a l  w i n d o w  o f  t h e  

o p t i m a l  t e s t i n g  s a m p l e  o f  Extrem ely loud  g l i t c h e s ) .  B e c a u s e  h i g h  i n c r e a s e s  i n  p  o f  i n j e c t i o n s  

c o r r e s p o n d  t o  h i g h e r  i n c r e a s e s  i n  i F A R ,  v a l u e s  o f  (Rab) f o r  s e t s  w i t h  t h e  o p t i m a l  t e s t i n g  

s a m p l e  t y p i c a l l y  a r e  g r e a t e r  t h a n  v a l u e s  f o r  s e t s  w i t h  t h e  m e d i a n  t e s t i n g  s a m p l e  b y  a  f a c t o r  

o f  ~  0 . 7  ~  1 5 0  a n d  ~  2 . 1  ~  4 . 3  f o r  Scattered light  a n d  Extrem ely loud  g l i t c h e s .  T h e  s e t s  

w i t h  h i g h - f r e q u e n c y  i n j e c t i o n s  i n  t h e  f u l l  w i n d o w  f o r  Scattered light  g l i t c h e s  c o r r e s p o n d i n g
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t o  t h e  l o w e s t  f a c t o r  o f  ~  0 . 7  h a v e  c o m p a r a b l e  v a l u e s  o f  ( R a b )  =  1 . 3  a n d  ( R a b )  =  1 . 9  f o r  t h e  

o p t i m a l -  a n d  m e d i a n - t e s t i n g - s a m p l e  s e t s .  S u b t r a c t i n g  g l i t c h e s  w i t h  t h e i r  p e a k  f r e q u e n c i e s  

c l o s e  t o  t h e  c h a r a c t e r i s t i c  f r e q u e n c i e s  o f  i n j e c t i o n s  l e t s  c W B  o b t a i n  h i g h e r  v a l u e s  o f  p .  

T h e r e f o r e ,  v a l u e s  o f  ( R a b )  f o r  s e t s  w i t h  ( l o w / h i g h ) - f r e q u e n c y  i n j e c t i o n s  a r e  g r e a t e r  t h a n  

v a l u e s  o f  ( R ab) f o r  s e t s  w i t h  ( h i g h / l o w )  f r e q u e n c y  i n j e c t i o n s  b y  a  f a c t o r  o f  ( ~  3 . 1  ~  7 4  

/ ~  1 . 2  ~  2 . 5 )  f o r  (Scattered light/Extrem ely loud)  g l i t c h e s .

W e a k  s i g n a l s  ( s o - c a l l e d  s u b - t h r e s h o l d  t r i g g e r s )  n e a r  o r  o v e r l a p p i n g  w i t h  g l i t c h e s  t h a t  

a r e  m i s s e d  b y  c W B  o r  a r e  n o t  c o n f i d e n t  e n o u g h  t o  b e  c l a s s i f i e d  a s  a s t r o p h y s i c a l  s i g n a l s  c a n  

g a i n  s u f f i c i e n t  c o n f i d e n c e  a f t e r  g l i t c h  s u b t r a c t i o n .  I f  w e  a s s u m e  a n  i F A R  t h r e s h o l d  f o r  w e a k  

s i g n a l s  t o  b e  a  m o n t h ,  p e r c e n t a g e s  P W  o f  i n j e c t i o n s  w i t h  i F A R  a b o v e  a  m o n t h  a f t e r  g l i t c h  

s u b t r a c t i o n  o u t  o f  i n j e c t i o n s  w i t h  i F A R  b e l o w  a  m o n t h  b e f o r e  g l i t c h  s u b t r a c t i o n  r a n g e  f r o m  

1 %  ( o b t a i n e d  f r o m  t h e  s e t  w i t h  h i g h - f r e q u e n c y  i n j e c t i o n s  i n  t h e  f u l l  w i n d o w  o f  t h e  o p t i m a l  

t e s t i n g  s a m p l e  o f  Scattered light  g l i t c h e s )  t o  5 7 %  ( o b t a i n e d  w i t h  t h e  s e t  w i t h  l o w - f r e q u e n c y  

i n j e c t i o n s  i n  t h e  p a r t i a l  w i n d o w  o f  t h e  o p t i m a l  t e s t i n g  s a m p l e  o f  Scattered light  g l i t c h e s ) .  F o r  

Scattered light  g l i t c h e s ,  s e t s  w i t h  l o w - f r e q u e n c y  i n j e c t i o n s  h a v e  v a l u e s  o f  P W  ~  4 0  ~  5 7 %  

a n d  s e t s  w i t h  h i g h - f r e q u e n c y  a n d  B B H  i n j e c t i o n s  h a v e  v a l u e s  o f  P W  ~  1  ~  4 % ,  w h e r e  

v a l u e s  f o r  t h e  o p t i m a l  a n d  m e d i a n - t e s t i n g - s a m p l e  s e t s  a r e  c o m p a t i b l e .  F o r  Extrem ely loud  

g l i t c h e s ,  s e t s  w i t h  t h e  o p t i m a - t e s t i n g  s a m p l e  h a v e  v a l u e s  o f  P W  ~  2 0  -  4 4 %  a n d  s e t s  w i t h  

t h e  m e d i a n - t e s t i n g - s a m p l e  h a v e  v a l u e s  o f  P W  ~  5  -  1 8 % ,  w h e r e  v a l u e s  f o r  h i g h - f r e q u e n c y  

s e t s  a r e  g r e a t e r  t h a n  v a l u e s  f o r  t h e  l o w - f r e q u e n c y  s e t s  b y  a  f a c t o r  o f  ~  0 . 7  ~  1 . 8 .  T a b l e  3  

s h o w s  v a l u e s  o f  (P 'J P y P W )  a n d  « R b ) /  < R n ) ) .

4. CONCLUSION

I n  t h i s  p a p e r ,  w e  h a v e  p r e s e n t e d  a  n e w  m a c h i n e  l e a r n i n g - b a s e d  a l g o r i t h m  t o  s u b t r a c t  

g l i t c h e s  u s i n g  a  s e t  o f  a u x i l i a r y  c h a n n e l s .  G l i t c h e s  a r e  t h e  p r o d u c t  o f  s h o r t - l i v e  l i n e a r  

a n d  n o n - l i n e a r  c o u p l i n g s  d u e  t o  i n t e r r e l a t e d  s u b - s y s t e m s  i n  t h e  d e t e c t o r  i n c l u d i n g  t h e  o p t i c  

a l i g n m e n t  s y s t e m s  a n d  m i t i g a t i o n  s y s t e m s  o f  g r o u n d  m o t i o n s .  B e c a u s e  o f  t h e  c h a r a c t e r -
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CS3

F i g u r e  2 0 .  F a l s e  a l a r m  r a t e s  b e f o r e  ( g r a y - s o l i d )  a n d  a f t e r  ( r e d - d a s h e d )  g l i t c h  s u b t r a c t i o n  

( t o p )  a n d  t h e  r a t i o  o f  t h e  l a t t e r  t o  t h e  f o r m e r .

T a b l e  3 .  P e r c e n t a g e s  ( p b / p )  o f  i n j e c t i o n s  ( n e a r  t o  o r  o v e r l a p p i n g  w i t h  g l i t c h e s / i n  t h e  

a b s e n c e  o f  g l i t c h e s )  w i t h  n o n - r e d u c e d  i F A R  a f t e r  g l i t c h  s u b t r a c t i o n  a n d  p e r c e n t a g e s  P W  o f  

i n j e c t i o n s  w i t h  i F A R  a b o v e  a  m o n t h  a f t e r  g l i t c h  s u b t r a c t i o n  o u t  o f  i n j e c t i o n s  w i t h  i F A R  b e l o w  

a  m o n t h  b e f o r e  g l i t c h  s u b t r a c t i o n ,  a n d  r a t i o s  ( ( R a b )  / ( R n))  o f  i F A R  a f t e r  g l i t c h  s u b t r a c t i o n  

t o  i F A R  b e f o r e  g l i t c h  s u b t r a c t i o n  a v e r a g e d  o v e r  i n j e c t i o n s  ( n e a r  t o  o r  o v e r l a p p i n g  w i t h  

g l i t c h e s / i n  t h e  a b s e n c e  o f  g l i t c h e s ) .

G l i t c h  c l a s s T e s t i n g  I n j e c t i o n
s a m p l e

F u l l  w i n d o w P a r t i a l  w i n d o w

| ( P a b / P n / P W )  ( R a b )  < R n ) ( P a b / P W / P n ) ( R a b )  ( R n )

H i g h  f r e q u e n c y ( 9 0 / 1 / 9 1 ) % 1 . 3 1 . 0 2 ( 9 0 / 3 / 8 9 ) % 3 . 5 1 . 0 2

O p t i m a l  L o w  f r e q u e n c y ( 8 7 / 4 6 / 8 9 ) 9 6 1 . 0 1 ( 9 0 / 5 7 / 9 2 ) % 2 6 0 1 . 0 4

Scattered B B H ( 9 3 / 4 0 / 9 0 ) % 9 7 1 . 0 2 - - -

light
H i g h  f r e q u e n c y ( 8 8 / 1 / 9 1 ) % 1 . 9 1 . 0 2 ( 8 8 / 4 / 9 2 ) % 1 . 7 1 . 0 3

M e d i a n  L o w  f r e q u e n c y ( 9 4 / 4 2 / 9 3 ) % 6 . 0 1 . 0 3 ( 9 8 / 5 3 / 9 0 ) % 2 8 1 . 0 2

^ | B B H ( 9 0 / 4 5 / 9 0 ) % 1 0 1 . 0 1 - - -

H i g h  f r e q u e n c y ( 9 4 / 3 1 / 9 2 ) % 8 0 0 1 . 0 1  ( 1 0 0 / 3 0 / 9 1 ) % 1 4 0 0 1 . 0 2

O p t i m a l  L o w  f r e q u e n c y ( 9 4 / 4 4 / 9 5 ) % 7 0 0 1 . 0 2 ( 9 8 / 2 0 / 9 6 ) % 6 5 0 1 . 0 3

Extrem ely B B H ( 9 4 / 4 1 / 9 6 ) % 7 6 0 1 . 0 2 - - -

loud
H i g h  f r e q u e n c y ( 9 1 / 1 4 / 9 4 ) % 3 8 0 1 . 0 1 ( 1 0 0 / 9 / 9 2 ) % 3 8 0 1 . 0 1

M e d i a n  L o w  f r e q u e n c y ( 9 1 / 1 3 / 9 3 ) % 2 1 0 1 . 0 1 ( 9 9 / 5 / 9 7 ) % 1 5 0 1 . 0 2

^ | B B H ( 9 1 / 1 8 / 9 5 ) % 3 2 0 1 . 0 2 - - -
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L1 trigger tim e [day] since 2020-1-7 03:00 U TC

F i g u r e  2 1 .  Background  t r i g g e r s  w i t h i n  t h e  i n t e r v a l s  o f  t h e  s u b t r a c t e d  d a t a  p o r t i o n s  f o r  t h e  

d a t a  b e f o r e  ( g r a y )  a n d  a f t e r  ( r e d )  g l i t c h  s u b t r a c t i o n  f o r  Scattered light  ( c r o s s )  a n d  Extremely  
loud  ( c i r c l e )  g l i t c h e s ,  r e s p e c t i v e l y .  T h e  d a s h e d  a n d  s o l i d  l i n e s  d e n o t e  t h e  a v e r a g e  v a l u e s  o f  

p  f o r  t h e s e  t r i g g e r s  f o r  Scattered light  a n d  Extrem ely loud  g l i t c h e s ,  r e s p e c t i v e l y .

i s t i c  o f  g l i t c h e s ,  m o d e l i n g  c o u p l i n g  m e c h a n i s m s  i s  t y p i c a l l y  c h a l l e n g i n g .  W i t h o u t  p r i o r  

k n o w l e d g e  o f  t h e  p h y s i c a l  c o u p l i n g  m e c h a n i s m s ,  o u r  a l g o r i t h m  t a k e s  t h e  d a t a  f r o m  t h e  

s e n s o r s  m o n i t o r i n g  t h e  i n s t r u m e n t a l  a n d  e n v i r o n m e n t a l  n o i s e  t r a n s i e n t s  a n d  t h e n  e s t i m a t e s  

t h e  g l i t c h  w a v e f o r m  i n  t h e  d e t e c t o r ’ s  o u t p u t ,  p r o v i d i n g  t h e  g l i t c h - s u b t r a c t e d  d a t a  s t r e a m .  

S u b t r a c t i n g  g l i t c h e s  i m p r o v e s  t h e  q u a l i t y  o f  t h e  d a t a  a n d  w i l l  e n h a n c e  t h e  d e t e c t a b i l i t y  o f  

a s t r o p h y s i c a l  G W  s i g n a l s .

U s i n g  t w o  c l a s s e s  o f  g l i t c h e s  w i t h  d i s t i n c t  n o i s e  c o u p l i n g s  i n  t h e  a L I G O  d a t a ,  w e  

f i n d  t h a t  o u r  a l g o r i t h m  s u c c e s s f u l l y  r e d u c e s  t h e  S N R  o f  t h e  d a t a  d u e  t o  t h e  p r e s e n c e  o f  

g l i t c h e s  b y  1 0  -  7 0 % .  S u b t r a c t i n g  g l i t c h e s  f r o m  t h e  d a t a  e n h a n c e s  t h e  c W B  r a n k i n g  s t a t i s t i c  

b y  a  f a c t o r  o f  ~  1 . 0 3  ~  3 . 5  a n d  ~  1 . 2  ~  2 . 7  a v e r a g e d  o v e r  G a u s s i a n  m o d u l a t e d  s i n u s o i d a l  

i n j e c t i o n s  a n d  B B H  i n j e c t i o n s ,  r e s p e c t i v e l y .  W e  f i n d  t h a t  t h e  s o u r c e - d i r e c t i o n ,  c e n t r a l  

f r e q u e n c y  a n d  c h i r p  m a s s  e s t i m a t e d  b y  c W B  a f t e r  g l i t c h  s u b t r a c t i o n  a r e  c o m p a r a b l e  o r  

m o r e  a c c u r a t e  t h a n  t h a t  b e f o r e  g l i t c h  s u b t r a c t i o n .  T h e  i F A R  o f  i n j e c t i o n s  i n  t h e  d a t a  p o r t i o n  

i n  t h e  a b s e n c e  o f  g l i t c h e s  i s  i n c r e a s e d  b y  ~  1 . 0 2  b y  s u b t r a c t i n g  g l i t c h e s  i n  ~  0 . 1 %  o f  t h e
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F i g u r e  2 2 .  D i s t r i b u t i o n s  o f  t h e  i F A R  f o r  G a u s s i a n - m o d u l a t e d  s i n u s o i d a l  i n j e c t i o n s .  

T h e  p a n e l s  s h o w  d i s t r i b u t i o n s  o f  t h e  i F A R  f o r  h i g h - f r e q u e n c y  ( 1 - 2 t h  c o l u m n s )  a n d  l o w -  

f r e q u e n c y  ( 3 - 4 t h  c o l u m n s )  G a u s s i a n - m o d u l a t e d  s i n u s o i d a l  w a v e f o r m s  i n j e c t e d  i n  t h e  f u l l  

( 1 , 3 t h  c o l u m n s )  a n d  p a r t i a l  ( 2 , 4 t h  c o l u m n s )  w i n d o w s  o f  t h e  o p t i m a l  ( 1 , 3 t h  r o w s )  a n d  m e d i a n  

( 2 , 4 t h  r o w s )  t e s t i n g  s a m p l e s  o f  Scattered light  ( 1 - 2 t h  r o w s )  a n d  Extrem ely loud  ( 2 - 4 t h  r o w s )  

g l i t c h e s ,  r e s p e c t i v e l y .  T h e  c o l o r  s c a l e  d e n o t e s  t h e  r a t i o  o f  t h e  i F A R  o f  i n j e c t i o n s  i n  t h e  n o ­

g l i t c h  d a t a  e v a l u a t e d  w i t h  t h e  b a c k g r o u n d  p  d i s t r i b u t i o n  o b t a i n e d  w i t h  t h e  p o s t - s u b t r a c t e d  

d a t a  t o  t h a t  o b t a i n e d  w i t h  t h e  p r e - s u b t r a c t e d  d a t a .  T h e  s h a d e d  a r e a  d e n o t e s  t h e  i F A R  l e s s  

t h a n  1  m o n t h .

2 0 . 4 - d a y  d a t a  f r o m  t h e  L 1  d e t e c t o r .  W e  f i n d  t h a t  i n j e c t i o n s  n e a r  t o  o r  o v e r l a p p i n g  w i t h  

g l i t c h e s  t y p i c a l l y  h a v e  s i g n i f i c a n t  e n h a n c e m e n t s  w i t h  g l i t c h  s u b t r a c t i o n .  T h e  i F A R  o f  t h o s e  

i n j e c t i o n s  i s  i n c r e a s e d  b y  a  f a c t o r  ~  1 . 3  ~  1 4 0 0 .

I n  t h i s  p a p e r ,  w e  f o c u s  o n  t h e  t w o  c l a s s e s  o f  g l i t c h e s  a n d  a p p l y  t h e  g l i t c h  s u b t r a c t i o n  

t e c h n i q u e  t o  o n l y  ~  0 . 1 %  o f  t h e  L 1  d a t a  s o  t h a t  w e  f i n d  n o  s i g n i f i c a n t  r e d u c t i o n  o f  p  i n  

t h e  b a c k g r o u n d .  C r e a t i n g  t h e  C N N  n e t w o r k  m o d e l s  f o r  o t h e r  g l i t c h  c l a s s e s  a n d  s u b t r a c t  

a  h i g h e r  n u m b e r  o f  g l i t c h e s  b o t h  i n  t h e  L 1  a n d  H 1  c o u l d  p r o v i d e  t h e  s t a t i s t i c a l l y  r o b u s t  

m e a s u r e  o f  t h e  e f f e c t  o f  t h e  g l i t c h  s u b t r a c t i o n  t e c h n i q u e  o n  t h e  d a t a .
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F i g u r e  2 3 .  D i s t r i b u t i o n s  o f  i F A R  f o r  B B H  i n j e c t i o n s .  T h e  p a n e l s  s h o w  d i s t r i b u t i o n s  o f  

i F A R  o f  B B H  i n j e c t i o n s  i n  t h e  f u l l  w i n d o w  o f  t h e  o p t i m a l  ( 1 / 3 t h  c o l u m n s )  a n d  m e d i a n  

( 2 / 4 t h  c o l u m n s )  t e s t i n g  s a m p l e  o f  (Scattered light/Extrem ely loud)  g l i t c h e s ,  r e s p e c t i v e l y .  

T h e  c o l o r  s c a l e  d e n o t e s  t h e  r a t i o  o f  t h e  i F A R  o f  i n j e c t i o n s  i n  t h e  n o - g l i t c h  d a t a  e v a l u a t e d  

w i t h  t h e  b a c k g r o u n d  p  d i s t r i b u t i o n  o b t a i n e d  w i t h  t h e  p o s t - s u b t r a c t e d  d a t a  t o  t h a t  o b t a i n e d  

w i t h  t h e  p r e - s u b t r a c t e d  d a t a .  T h e  s h a d e d  a r e a  d e n o t e s  t h e  i F A R  l e s s  t h a n  1  m o n t h .

C u r r e n t l y ,  t h e  L I G O - V i r g o  c o l l a b o r a t i o n  v e t o e s  g l i t c h  c l a s s e s  f o c u s e d  o n  t h i s  p a p e r  

a n d  o t h e r  g l i t c h  c l a s s e s  w i t h  w i t n e s s  c h a n n e l s .  F o r  e x a m p l e ,  o v e r  t h e  c o u r s e  o f  t h e  2 0 . 4 -  

d a y  d a t a  f r o m  t h e  L 1  d a t a ,  ~  1 5 0 0 0  g l i t c h e s  w i t h  S N R  a b o v e  7 . 5  i n  t h e  t w o  c l a s s e s  a r e  

p r e s e n t  a n d  h a v e  a  t o t a l  p e r i o d  o f  ~  1 . 8 %  ( s o - c a l l e d  deadtim e),  w h i c h  w o u l d  b e  v e t o e d .  

B y  a c c o u n t i n g  f o r  t h e  d e a d t i m e  a n d  i n j e c t i o n s  r e m o v e d  b y  t h e  v e t o ,  t h e  c o m p a r i s o n  o f  

t h e  volum e-tim e  i n t e g r a l s  D a v i s  et al. ( 2 0 1 9 )  b e t w e e n  t h e  v e t o i n g  m e t h o d  a n d  t h e  g l i t c h  

s u b t r a c t i o n  t e c h n i q u e  a l l o w s  u s  t o  f i n d  a  b e t t e r  a p p r o a c h .

W e  f i n d  t h a t  u s i n g  t h e  s p e c t r o g r a m s  o f  t h e  d a t a  a s  t h e  i n p u t  f o r  t h e  n e t w o r k  i s  

m o r e  s u c c e s s f u l  t h a n  u s i n g  t i m e  s e r i e s  a s  t h e  i n p u t .  H o w e v e r ,  i t  m i g h t  i m p r o v e  t h e  g l i t c h  

s u b t r a c t i o n  e f f i c i e n c y  b y  u s i n g  t h e  F G L  t r a n s f o r m a t i o n  a s  w e l l  a s  t h e  a m p l i t u d e  a n d  p h a s e  

c o r r e c t i o n s  w i t h i n  t h e  l o s s  f u n c t i o n  t o  t r a i n  t h e  n e t w o r k .  I m p r o v e d  g l i t c h  s u b t r a c t i o n  

w o u l d  a l l o w  u s  t o  d e t e c t  a s t r o p h y s i c a l  s i g n a l s  w i t h  h i g h e r  c o n f i d e n c e  a n d  b r i n g s  u s  a  b e t t e r  

u n d e r s t a n d i n g  o f  t h e  p h y s i c s  i n  t h e  u n i v e r s e .
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SECTION

4. AN ARTIFICIAL NEURAL NETWORK-BASED DENOISING ENGINE FOR 
GRAVITATIONAL-WAVE SIGNALS FROM COMPACT BINARY

COALESCENCE

I n  t h e  p r e v i o u s  c h a p t e r ,  w e  h a v e  d i s c u s s e d  a  m a c h i n e  l e a r n i n g - b a s e d  m e t h o d  f o r  

s u b t r a c t i n g  g l i t c h e s  t h a t  a r e  w i t n e s s e d  w i t h  a  s e t  o f  a u x i l i a r y  c h a n n e l s  w h i c h  a r e  n o t  c o u p l e d  

w i t h  a n y  a s t r o p h y s i c a l  s i g n a l s .  B e c a u s e  o n l y  g l i t c h e s  t h a t  a r e  c o u p l e d  w i t h  e x c e s s  p o w e r  

w i t n e s s e d  b y  t h o s e  c h a n n e l s  c a n  b e  s u b t r a c t e d ,  o u r  m e t h o d  p r e s e n t e d  i n  t h e  p r e v i o u s  c h a p t e r  

c a n  b e  a p p l i e d  t o  g l i t c h e s  o v e r l a p p i n g  w i t h  a s t r o p h y s i c a l  G W  s i g n a l s  w i t h o u t  i n t r o d u c i n g  

u n i n t e n d e d  c h a n g e s  o n  t h e  o b s e r v e d  G W - s i g n a l  w a v e f o r m  i n  p r i n c i p l e .  T h e  a b o v e  m e t h o d  

c a n  b e  a p p l i e d  t o  b o t h  m o d e l e d  a n d  u n m o d e l e d  G W  s i g n a l s .  S u b t r a c t i n g  g l i t c h e s  c a n  

i m p r o v e  t h e  d e t e c t a b i l i t y  o f  G W  s i g n a l s  a s  w e l l  a s  p r o v i d e  a  b e t t e r  e s t i m a t e  o f  s o u r c e  

p a r a m e t e r s .  T h e  t r a d e - o f f  o f  t h i s  m e t h o d  i s  t h a t  i t  i s  n o t  a b l e  t o  s u b t r a c t  g l i t c h e s  w i t h  

n o  w i t n e s s  c h a n n e l s .  F o r  e x a m p l e ,  o n e  c l a s s  o f  s h o r t - l i v e d  g l i t c h e s  c a l l e d  blip  g l i t c h e s  i s  

a d v e r s e l y  a f f e c t i n g  G W  s e a r c h e s .  T o  r e m o v e  t h e s e  g l i t c h e s ,  w e  f o c u s  o n  m o d e l e d  s i g n a l s ,  

i n  p a r t i c u l a r ,  p r o d u c e d  f r o m  C B C s  i n  t h i s  c h a p t e r .  C B C  s i g n a l s  a r e  w e l l  m o d e l e d  w i t h  

t h e o r e t i c a l  w a v e f o r m s .  M o g u s h i  et al. ( 2 0 2 1 )  e m p l o y  a  m a c h i n e  l e a r n i n g - b a s e d  a l g o r i t h m  

t o  r e m o v e  g l i t c h e s  c o i n c i d e n t  w i t h  a  C B C  s i g n a l  a n d  d i s c u s s  t h e  e f f i c i e n c y  i n  r e c o n s t r u c t i n g  

t i m e  s e r i e s  a n d  t h e  e f f e c t  o n  t h e  s k y  l o c a l i z a t i o n  e r r o r  r e g i o n  o f  t h e  s o u r c e s .  T h e  c o n t e n t  o f  

t h i s  c h a p t e r  i s  c l o s e l y  b a s e d  o n  M o g u s h i  et al. ( 2 0 2 1 ) .  T h e  N N E T F I X  c o d e  c a n  b e  f o u n d  

i n  h t tp s : / /g i t l a b .c o m /R Q J /n n e t f ix )  w i t h  t h e  M I T  l i c e n s e  w i t h o u t  r e s t r i c t i o n  a b o u t  

t h e  r i g h t s  t o  u s e ,  c o p y ,  m o d i f y ,  m e r g e ,  p u b l i s h  a n d  d i s t r i b u t e  i t .

https://gitlab.com/RQJ/nnetfix


131

4.1. BACKGROUND

A s  m e n t i o n e d  i n  t h e  p r e v i o u s  c h a p t e r ,  L I G O - V i r g o  d e t e c t e d  a b o u t  5 0  c o n f i d e n t  

e v e n t s  o f  G W  s i g n a l s  ( A b b o t t  et al., 2 0 1 9 d ,  2 0 2 1 b ) .  A m o n g  t h e s e  e v e n t s ,  t h e  f i r s t  d e t e c t i o n  

o f  a  G W  s i g n a l  f r o m  a  B N S  m e r g e r  o n  A u g u s t  1 7 t h ,  2 0 1 7 ,  G W 1 7 0 8 1 7 ,  b r o a d e n e d  m u l t i ­

m e s s e n g e r  a s t r o n o m y  b y  i n c l u d i n g  G W  o b s e r v a t i o n s  A b b o t t  et al. ( 2 0 1 7 c ) .  A p p r o x i m a t e l y

1 . 7  s e c o n d s  a f t e r  t h e  B N S  s i g n a l  e n d e d ,  a  s h o r t  g a m m a - r a y  b u r s t  ( G R B )  w a s  d e t e c t e d  

( A b b o t t  et al., 2 0 1 7 d ) .  T h e  s k y  m a p s  o f  G W 1 7 0 8 1 7  a n d  t h e  G R B  w e r e  u s e d  t o  v e r i f y  t h e i r  

a s s o c i a t i o n  w i t h  h i g h  c o n f i d e n c e  ( A b b o t t  et al., 2 0 1 7 c , d ) .  T h i s  a s s o c i a t i o n  s u p p o r t s  t h e  

l o n g - t h o u g h t  t h e o r y  t h a t  a t  l e a s t  a  c l a s s  o f  s o u r c e s  o f  s h o r t  G R B  i s  B N S  m e r g e r s  ( A b b o t t  

et al., 2 0 1 7 b ) .

A s  m e n t i o n e d  e a r l i e r ,  g r o u n d - b a s e d  G W  d e t e c t o r s  m u s t  b e  e x t r e m e l y  s e n s i t i v e  t o  

d e t e c t  G W  s i g n a l s .  A s  a  t r a d e - o f f ,  t h o s e  d e t e c t o r s  a r e  e x c e e d i n g l y  s u s c e p t i b l e  t o  g l i t c h e s  

( A b b o t t  et al., 2 0 1 9 d ) .  T h e  p r e s e n c e  o f  a  g l i t c h  n e a r  a  d e t e c t e d  G W  s i g n a l  i s  l i k e l y  t o  c a u s e  

a n  a d v e r s e  e f f e c t  o n  t h e  a n a l y s i s  o f  t h e  l a t t e r ,  s u c h  a s  a n  e s t i m a t e  o f  t h e  s o u r c e  l o c a t i o n  i n  

t h e  s k y .  T h e  m o s t  r e m a r k a b l e  i n s t a n c e  o f  s u c h  a n  o c c u r r e n c e  w a s  G W 1 7 0 8 1 7 .  T o  m i t i g a t e  

t h e  e f f e c t  o f  a  g l i t c h  o n  t h e  s i g n a l ,  a  l o w - l a t e n c y  o p e r a t i o n  t h a t  r e m o v e s  t h e  c o n t a m i n a t e d  

p o r t i o n  o f  t h e  d a t a  w a s  a p p l i e d  ( A b b o t t  et al., 2 0 1 7 c ) .

O n e  o f  t h e  e a s i e s t  c h o i c e s  t o  r e m o v e  t h e  e f f e c t  o f  t h e  c o n t a m i n a t i n g  g l i t c h  o n  

t h e  a n a l y s i s  i s  t o  u s e  o n l y  t h e  d a t a  f r o m  t h e  n o n - g l i t c h  a f f e c t e d  d e t e c t o r .  H o w e v e r ,  t h i s  

a p p r o a c h  t e n d s  t o  s i g n i f i c a n t l y  i n c r e a s e  t h e  s i z e  o f  t h e  s k y  l o c a l i z a t i o n  e r r o r  r e g i o n  f o r  

t h e  t w o - d e t e c t o r  o b s e r v a t i o n .  W h e n  a  g l i t c h  o v e r l a p s  w i t h  a  s i g n a l  i n  t h e  s i n g l e  d e t e c t o r  

o b s e r v a t i o n ,  n o n - g l i t c h  a f f e c t e d  d a t a  i s  n o t  a v a i l a b l e .  I n s t e a d  o f  d i s c a r d i n g  t h e  e n t i r e  d a t a  

f r o m  a  d e t e c t o r ,  a n o t h e r  t e c h n i q u e  i n  l o w - l a t e n c y  i s  s o - c a l l e d  gating. O n e  m e t h o d  o f  g a t i n g  

i s  t o  s e t  t h e  d a t a  a f f e c t e d  b y  t h e  g l i t c h  t o  z e r o  u s i n g  a  w i n d o w  f u n c t i o n  a n d  s m o o t h l y  j o i n t  

t h e  g a t e d  p o r t i o n  a n d  t h e  s u r r o u n d i n g  p a r t  ( U s m a n  e ta l.,  2 0 1 6 ) .  I n  t h e  c a s e  o f  G W 1 7 0 8 1 7 ,  

g a t i n g  w a s  a p p l i e d  t o  p r o v i d e  a  b e t t e r  e s t i m a t e  o f  t h e  s o u r c e  s k y  l o c a t i o n  f o r  E M  f o l l o w ­



132

u p  o b s e r v a t i o n s  ( P a n k o w  et al., 2 0 1 8 ) .  O n  l a r g e r  l a t e n c i e s ,  g l i t c h  m i t i g a t i o n  t e c h n i q u e s  

i n c l u d i n g  u s i n g  BayesWave ( C o r n i s h  a n d  L i t t e n b e r g ,  2 0 1 5 )  t o  m o d e l  a n d  s u b t r a c t  t h e  g l i t c h  

c a n  b e  a p p l i e d  ( C h a t z i i o a n n o u  et al., 2 0 2 1 ;  C o r n i s h ,  2 0 2 1 ;  P a n k o w  et al., 2 0 1 8 ) .

F i g u r e  4 . 1  d i s p l a y s  a n  e x a m p l e  o f  t h e  d e l e t e r i o u s  e f f e c t  o f  g a t i n g  d a t a  o n  t h e  s k y  

l o c a l i z a t i o n  e r r o r  r e g i o n  o b t a i n e d  w i t h  a  s i m u l a t e d  B B H  m e r g e r  s i g n a l .  T h e  s k y  l o c a l i z a t i o n  

o f  t h e  g a t e d  d a t a  s i g n i f i c a n t l y  a l t e r s  f r o m  t h e  s k y  l o c a l i z a t i o n  o f  t h e  f u l l  d a t a .  A f t e r  a p p l y i n g  

t h e  g a t e ,  t h e  9 0 %  s k y  l o c a l i z a t i o n  e r r o r  r e g i o n  n o  l o n g e r  i n c l u d e s  t h e  t r u e  s k y  p o s i t i o n  o f  

t h e  i n j e c t e d  s i g n a l .

Time from the geocentric merger time [s]

F i g u r e  4 . 1 .  L e f t :  W h i t e n e d  t i m e  s e r i e s  o f  a  s i m u l a t e d  B B H  s i g n a l  w i t h  t w o - d e t e c t o r  n e t w o r k  

S N R  p N  = 4 2 . 4  a n d  c o m p o n e n t  m a s s e s  ( m i , m 2 )  =  ( 3 5 , 2 9 )  M 0  i n  a L I G O  r e c o l o r e d  

G a u s s i a n  n o i s e  ( g r a y  c u r v e ) .  R i g h t :  T h e  9 0 %  s k y  l o c a l i z a t i o n  e r r o r  r e g i o n s .  A  1 3 0  

m i l l i s e c o n d - l o n g  g a t e  i s  a p p l i e d  3 0  m s  b e f o r e  t h e  g e o c e n t r i c  m e r g e r  t i m e  ( r e d  c u r v e ) .  T h e  

v e r t i c a l  b l a c k - d a s h e d  l i n e  d e n o t e s  t h e  m e r g e r  t i m e  i n  H 1 .  T h e  s t a r  d e n o t e s  t h e  t r u e  s k y  

p o s i t i o n  o f  t h e  s i m u l a t e d  s i g n a l .

I n  f u t u r e  o b s e r v a t i o n  r u n s ,  m o r e  s e n s i t i v e  d e t e c t o r s  a r e  e x p e c t e d  t o  a c h i e v e  h i g h e r  

d e t e c t i o n  r a t e s ,  p o s s i b l y  m a k i n g  h i g h e r  c h a n c e s  o f  o b s e r v i n g  C B C  s i g n a l s  b e i n g  c o n t a m i ­

n a t e d  b y  g l i t c h e s .  T h e  i n a c c u r a t e  e s t i m a t e  o f  t h e  s k y  l o c a l i z a t i o n  o f  C B C  s i g n a l s  c o u l d  l e a d
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t o  m i s i d e n t i f i c a t i o n  o f  p o t e n t i a l  E M  c o u n t e r p a r t s .  H e n c e ,  d e v e l o p i n g  a n d  i m p l e m e n t i n g  

a c c u r a t e  l o w - l a t e n c y  d e n o i s i n g  m e t h o d s  c o u l d  b e  h i g h l y  a d v a n t a g e o u s  t o  m u l t i - m e s s e n g e r  

a s t r o p h y s i c s .

I n  t h e  f o l l o w i n g  s e c t i o n s ,  w e  p r e s e n t  a  m a c h i n e  l e a r n i n g - b a s e d  p i p e l i n e  t o  d e n o i s e  

t r a n s i e n t  G W  s i g n a l s  p r o d u c e d  f r o m  C B C  s o u r c e s  c a l l e d  N N E T F I X  ( “ A  N e u r a l  N E T w o r k  

t o  ‘ F I X ’ G W  s i g n a l s  c o i n c i d e n t  w i t h  s h o r t - d u r a t i o n  g l i t c h e s  i n  d e t e c t o r  d a t a ” )  ( M o g u s h i  

et al., 2 0 2 1 ) .  T h e  o u t p u t  o f  N N E T F I X  c a n  b e  f e d  i n t o  o t h e r  a l g o r i t h m s  i n c l u d i n g  t h e  

r a p i d  s k y  l o c a l i z a t i o n  p i p e l i n e  Bayestar ( S i n g e r  a n d  P r i c e ,  2 0 1 6 )  a n d  s o u r c e - p a r a m e t e r  

e s t i m a t i o n  p i p e l i n e s  c a l l e d  LALInference ( L I G O  S c i e n t i f i c  C o l l a b o r a t i o n ,  2 0 1 8 )  o r  Bilby 

( A s h t o n  et al., 2 0 1 9 ) .  N N E T F I X  e m p l o y s  a r t i f i c i a l  n e u r a l  n e t w o r k s  ( A N N s )  t o  i n t e r p o l a t e  

t h e  p o r t i o n  o f  a  s i g n a l  t h a t  i s  l o s t  d u e  t o  t h e  p r e s e n c e  o f  a n  o v e r l a p p i n g  g l i t c h .  T h e  A N N  c a n  

b e  t r a i n e d  u s i n g  a n y  t y p e s  o f  C B C  w a v e f o r m s  i n c l u d i n g  t h o s e  o r i g i n a t e d  b y  B B H ,  B N S ,  

a n d  n e u t r o n  s t a r  a n d  b l a c k  h o l e  ( N S B H )  s i g n a l s .  I n  t h e  f o l l o w i n g  s e c t i o n s ,  w e  f o c u s  o n  

B B H  w a v e f o r m s .  T o  t r a i n  t h e  A N N ,  w e  u s e  a  t e m p l a t e  b a n k  o f  s i m u l a t e d  B B H  w a v e f o r m s  

i n j e c t e d  i n t o  t h e  s i m u l a t e d  n o i s e  d a t a .  T o  a s s e s s  t h e  a c c u r a c y  o f  o u r  a l g o r i t h m ,  w e  c o m p a r e  

t h e  r e c o v e r e d  w a v e f o r m s  a n d  t h e  s k y  m a p s  f r o m  t h e  p r o c e s s e d  d a t a  t o  t h e  c o r r e s p o n d i n g  

q u a n t i t i e s  o b t a i n e d  f r o m  t h e  d a t a  b e f o r e  g a t i n g  b a s e d  o n  a  s e t  o f  s t a t i s t i c a l  m e t r i c s .

4.2. ALGORITHM ARCHITECTURE AND TRAINING AND TESTING

A s  t h e  i m p l e m e n t a t i o n  o f  t h e  a l g o r i t h m ,  w e  c o n s i d e r  a  s i t u a t i o n  w h e r e  a  C B C  s i g n a l  

i s  d e t e c t e d  i n  a t  l e a s t  t w o  d e t e c t o r s  i n  t h e  G W  d e t e c t o r  n e t w o r k ,  a n d  t h e  p a r t  o f  t h e  d a t a  i n  a  

d e t e c t o r  i s  g a t e d  t o  r e m o v e  t h e  p r e s e n c e  o f  g l i t c h e s  o v e r l a p p i n g  t h e  s i g n a l .  W e  m a y  r e l y  o n  

e x t e r n a l  a l g o r i t h m s  s u c h  a s  iDQ ( E s s i c k  et al., 2 0 2 0 )  a n d  Omicron ( R o b i n e t  et al., 2 0 2 0 )  

t o  i d e n t i f y  t h e  p r e s e n c e  o f  g l i t c h e s .

W i t h o u t  l o s s  o f  g e n e r a l i t y ,  w e  c h o o s e  t h e  s c e n a r i o  w h e r e  a  s i g n a l  i s  d e t e c t e d  w i t h  

t h e  L 1  a n d  H 1  d e t e c t o r s  a n d  s e t t i n g  t h e  d a t a  i n  t h e  H 1  d e t e c t o r  t o  b e  g a t e d  p a r t i a l l y  f o r  o u r  

a n a l y s i s .  W e  a s s u m e  t h e  m e r g e r  t i m e  a t  t h e  g e o m e t r i c  c e n t e r  t i m e  o f  E a r t h  i s  a p p r o x i m a t e l y
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k n o w n  f r o m  t h e  L 1  d a t a .  W e  l e t  S f (t ) ,  sg (t ) ,  a n d  sr (t )  d e n o t e  t h e  f u l l  t i m e  s e r i e s  w i t h o u t  

t h e  g l i t c h ,  t h e  g a t e d  t i m e  s e r i e s ,  a n d  t h e  N N E T F I X  r e c o n s t r u c t e d  t i m e  s e r i e s ,  r e s p e c t i v e l y .  

W e  d e f i n e  sr (t )  a s  t h e  o u t p u t  o f  t h e  N N E T F I X - r e c o n s t r u c t i o n  f u n c t i o n  F  w h i c h  m a p s  s g  ( t )  

t o  a n  e s t i m a t e  o f  S f  ( t ) :

S r ( t )  : =  F  [sg ( t ) ]  . ( 4 . 1 )

T h e  p i p e l i n e  e m p l o y s  a  t y p e  o f  A N N ,  M u l t i - L a y e r e d  P e r c e p t r o n  ( M L P )  r e g r e s s o r  

( R o s e n b l a t t ,  1 9 6 1 )  i n  scikit-learn ( P e d r e g o s a  et al., 2 0 1 1 )  f o r  t h e  p r o o f  o f  c o n c e p t .  O t h e r  

t y p e s  o f  m a c h i n e  l e a r n i n g  a l g o r i t h m s  s u c h  a s  C N N  ( C h a t t e r j e e  et al., 2 0 1 9 ;  O r m i s t o n  

et al., 2 0 2 0 ;  W e i  a n d  H u e r t a ,  2 0 2 0 )  a n d  long short-term  m em ory  r e c u r s i v e  n e u r a l  n e t w o r k  

( B e n g i o  et al., 1 9 9 4 ;  H o c h r e i t e r  a n d  S c h m i d h u b e r ,  1 9 9 7 )  c a n  b e  u s e d  t o  p o s s i b l y  i m p r o v e  

r e s u l t s .  I n  a  M L P  r e g r e s s o r ,  t h e  a r r a y  o f  t h e  a r t i f i c i a l  n e u r o n s  ( m a t h e m a t i c a l  f u n c t i o n s )  a r e  

c o n n e c t e d  t o  e v e r y  n e u r o n  i n  t h e  p r e c e d i n g  a n d / o r  s u b s e q u e n t  l a y e r s .  E a c h  n e u r o n  c o m p u t e s  

a  w e i g h t e d  l i n e a r  c o m b i n a t i o n  o f  t h e  o u t p u t s  f r o m  t h e  p r e c e d i n g  l a y e r  a n d  p a s s e s  t h r o u g h  a  

n o n - l i n e a r  a c t i v a t i o n  f u n c t i o n .  D u r i n g  t h e  t r a i n i n g ,  t h e  w e i g h t s  a r e  u p d a t e d  a c c o r d i n g  t o  t h e  

g r a d i e n t  o f  t h e  d i f f e r e n c e  ( s o - c a l l e d  loss)  b e t w e e n  t h e  A N N  o u t p u t  a n d  t h e  c o r r e s p o n d i n g  

t r u e  v a l u e s  i t e r a t i v e l y .

N N E T F I X  u s e s  A N N  o f  o n e  h i d d e n  l a y e r  c o n s i s t i n g  o f  2 0 0  n e u r o n s  a n d  t h e  r e c t i f i e d  

l i n e a r  u n i t  (ReLU)  a c t i v a t i o n  f u n c t i o n  ( H a h n l o s e r  et al., 2 0 0 0 ;  N a i r  a n d  H i n t o n ,  2 0 1 0 ) .  F o r  

d e t e r m i n i n g  t h e  w e i g h t s  i n  t h e  A N N ,  w e  u s e  t h e  A D A M  s t o c h a s t i c  g r a d i e n t - b a s e d  o p t i m i z e r  

( K i n g m a  a n d  B a ,  2 0 1 4 )  w i t h  a  l e a r n i n g  r a t e  o f  1 0 - 3 . S e t t i n g  t e n  p e r c e n t  o f  t h e  t r a i n i n g  d a t a  

s a m p l e s  a s i d e ,  w e  v a l i d a t e  t h e  t r a i n i n g  p r o c e s s .  T o  m a k e  t h e  A N N  m a p  t h e  i n p u t  a n d  t h e  

o u t p u t  f o r  t h e  d a t a  n o t  c o n t a i n e d  i n  t h e  t r a i n i n g  d a t a  s e t ,  w e  t e r m i n a t e  t h e  t r a i n i n g  i t e r a t i o n  

i f  t h e  A N N  p e r f o r m a n c e  p l a t e a u s  w i t h  a  t o l e r a n c e  l e v e l  o f  1 0 - 4 . T h e  c h o i c e  o f  t h e  A N N  

s t r u c t u r e  e m p l o y e d  i n  N N E T F I X  i s  m o t i v a t e d  b y  o u r  s t u d y  w h e r e  w e  f i n d  o n e  h i d d e n  l a y e r  

i s  m o r e  s u i t a b l e  t h a n  m u l t i p l e  h i d d e n  l a y e r s  f o r  o u r  c h o s e n  o b j e c t i v e  f u n c t i o n  w h i c h  t h e  

A N N  s e e k s  t o  o p t i m i z e  t h r o u g h  t r a i n i n g .  A s  t h e  f u n c t i o n  o p t i m i z e d  b y  t h e  A N N  ( s o - c a l l e d
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lo ssfunction)in  t h i s  s t u d y ,  w e  c h o o s e  M S E  w h i c h  i s  t h e  a v e r a g e  o f  t h e  s q u a r e d  d i f f e r e n c e  o f  

t h e  i n p u t  a n d  o u t p u t  o f  t h e  A N N .  T h e  n u m b e r  o f  n e u r o n s  s e e m s  t o  n o t  s i g n i f i c a n t l y  a f f e c t  

t h e  v a l u e s  o f  t h e  o b j e c t i v e  f u n c t i o n .

A s  a  t r a i n i n g  d a t a  s e t ,  w e  f i r s t  c r e a t e  t e m p l a t e  b a n k s  o f  s i m u l a t e d  n o n - s p i n n i n g  

IMRphenomD B B H  m e r g e r  w a v e f o r m s  ( K h a n  et al., 2 0 1 6 )  w i t h  v a r y i n g  i n t r i n s i c  a n d  

e x t r i n s i c  p a r a m e t e r s .  T o  r e d u c e  t h e  p o t e n t i a l  o v e r f i t t i n g ,  e a c h  t e m p l a t e  b a n k  a l s o  c o n t a i n s  

a  n u m b e r  o f  ( p u r e )  n o i s e  t i m e  s e r i e s .  W e  c h o o s e  t h e  d i r e c t i o n  o f  t h e  i n j e c t e d  s i g n a l s  t o  b e  

d i s t r i b u t e d  i s o t r o p i c a l l y  i n  t h e  s k y .  T h e  w a v e f o r m  c o a l e s c e n c e  p h a s e ,  p o l a r i z a t i o n  a n g l e ,  

a n d  c o s i n e  o f  t h e  i n c l i n a t i o n  a n g l e  a r e  s e t  t o  b e  u n i f o r m l y  d i s t r i b u t e d  i n  t h e  i n t e r v a l s  [ 0 , 2 n ] ,  

[ 0 , n ] ,  a n d  [ - 1 , 1 ] ,  r e s p e c t i v e l y .  W e  c h o o s e  t h e  n e t w o r k  S N R  p N  ( U s m a n  et al., 2 0 1 6 )  o f  

t h e  s i m u l a t e d  s i g n a l s  t o  b e  u n i f o r m l y  d i s t r i b u t e d  i n  t h e  r a n g e  [ 1 1 . 3 , 4 2 . 4 ] .

T o  a s s e s s  t h e  p r e d i c t i o n  a c c u r a c y  o f  t h e  t r a i n e d  A N N s  f o r  d i f f e r e n t  s i g n a l  l e n g t h s ,  

w e  c o n s i d e r  t h r e e  d i s t i n c t  t e m p l a t e  b a n k s  c o r r e s p o n d i n g  t o  l o w ,  m e d i u m ,  a n d  h i g h  B B H  

c o m p o n e n t  m a s s e s .  T h e  B B H  c o m p o n e n t  m a s s e s  a r e  u n i f o r m l y  s a m p l e d  i n  a c c o r d a n c e  

w i t h  a  J e f f r e y s  p r i o r  f o r  t h e  m a t c h e d - f i l t e r  d e t e c t i o n  s t a t i s t i c .  A s  t h e  m a s s  o f  t h e  B B H  

m e r g e r  r e d u c e s ,  t h e  b a n k  c o n t a i n s  a  l a r g e r  n u m b e r  o f  w a v e f o r m s  t o  p r o p e r l y  c o v e r  t h e  m a s s  

p a r a m e t e r  s p a c e  ( C o k e l a e r ,  2 0 0 7 ;  H a r r y  et al., 2 0 0 9 ;  M a n c a  a n d  V a l l i s n e r i ,  2 0 1 0 ;  V a n  

D e n  B r o e c k  et al., 2 0 0 9 ) .

F o r  e a c h  o f  t h e  t h r e e  d i s t i n c t  t e m p l a t e  b a n k s ,  w e  c r e a t e  1 2  t r a i n i n g - t e s t i n g  s e t s .  

F i r s t ,  w e  i n j e c t  e a c h  w a v e f o r m  i n t o  5 0  d i s t i n c t  r e a l i z a t i o n s  o f  r e c o l o r e d  G a u s s i a n  n o i s e  f o r  

A d v a n c e d  L I G O  ( a L I G O )  a t  d e s i g n  s e n s i t i v i t y  ( A b b o t t  et al., 2 0 2 0 a ) .  S e c o n d ,  w e  i n c l u d e  

t h e  ( p u r e )  n o i s e  t i m e  s e r i e s  i n  t h e  d a t a  s e t .  T h i r d ,  w e  s h u f f l e  a n d  s p l i t  t h e  s e t  b y  7 0 % - 3 0 %  

f o r  t r a i n i n g  a n d  t e s t i n g ,  w h e r e  w e  u s e  1 0 %  o f  t h e  t r a i n i n g  s e t  f o r  t h e  i n t e r n a l  v a l i d a t i o n  

s e t .  F i n a l l y ,  w e  a p p l y  t h e  1 2  c o m b i n a t i o n s  o f  g a t e  d u r a t i o n s  td = { 5 0 , 7 5 , 1 3 0 }  m s  a n d  g a t e  

e n d - t i m e s  b e f o r e  t h e  g e o c e n t r i c  m e r g e r  t i m e  te = { 1 5 , 3 0 , 9 0 , 1 7 0 }  m s .  T h e  t i m e  s e r i e s  a r e  

d o w n s a m p l e d  t o  4 0 9 6  H z  f r o m  1 6 3 8 4  H z ,  w h i t e n e d ,  a n d  t h e n  h i g h - p a s s e d  b y  c h o o s i n g  a  

c o n s e r v a t i v e  v a l u e  o f  2 5  H z  f o r  t h e  h i g h - p a s s  f i l t e r .  A s  t h e  g a t e ,  w e  c h o o s e  a  r e v e r s e d  T u k e y
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w i n d o w  f u n c t i o n  w i t h  a  t a p e r  o f  0 . 1  s  a n d  b e i n g  f i x e d  t o  g e o c e n t r i c  m e r g e r  t i m e .  H o w e v e r ,  

w e  e m p h a s i z e  t h a t  t h e  m e r g e r  t i m e  o b s e r v e d  i n  t h e  H 1  d e t e c t o r  n a t u r a l l y  s h i f t s  d u e  t o  t h e  

s k y  p o s i t i o n  a n d  t h e  p o l a r i z a t i o n  a n g l e  o f  t h e  G W  s i g n a l .  F o r  h i g h  ( m e d i u m ,  l o w )  m a s s  

s c e n a r i o ,  t h e  p r i m a r y  m a s s  m i r a n g e s  i n  2 8 - 4 2  ( 1 5 - 2 5 ,  1 0 - 1 5 )  M 0 , a n d  t h e  s e c o n d a r y  m a s s  

m 2 r a n g e s  2 3 - 3 5  ( 1 2 - 1 8 ,  8 - 1 2 )  M 0 , t h e  n u m b e r  o f  w a v e f o r m s  ns i s  6 1  ( 2 5 1 ,  3 4 8 ) ,  t h e  n u m b e r  

o f  p u r e  n o i s e  s e r i e s  n n  i s  3 0 0  ( 1 3 5 0 ,  1 9 0 0 ) ,  a n d  t h e  d i m e n s i o n  o f  t h e  s e t  (ns x  5 0  +  n n )  i s  

3 3 5 5 ,  ( 1 3 9 0 0 ,  1 9 3 0 0 )  ( s e e  T a b l e  1  i n  ( M o g u s h i  e ta l.,  2 0 2 1 ) ) .

A f t e r  b u i l d i n g  t h e  A N N  m o d e l s ,  w e  c a l c u l a t e  t h e  c o e f f i c i e n t  o f  d e t e r m i n a t i o n  R 2 

u s i n g  t h e  t e s t i n g  s e t s  t o  q u a n t i f y  t h e  e f f e c t i v e n e s s  o f  t h e  A N N  p r e d i c t i o n .  F o r  t h i s  c a l c u l a ­

t i o n ,  w e  e m p l o y  a  scikit-learn l i b r a r y  ( P e d r e g o s a  et al., 2 0 1 1 ) .  T h e  R 2 i s  d e f i n e d  u s i n g  

t h e  s u m  o f  s q u a r e s  o f  r e s i d u a l s  ( S S R )  a n d  t h e  t o t a l  s u m  o f  s q u a r e s  ( T S S )  a s

R 2  =  1  -
S S R  

T S S  ’
( 4 . 2 )

w h e r e

n N

s s r = £ £  [  yi ( tk) -  yi ( tk ) ] 2 ,
i=1 k=1

( 4 . 3 a )

n N
T S S  =  [ yi ( tk) -  y ( tk) ] 2 , ( 4 . 3 b )

i=1 k=1

w h e r e  y i (tk )  a n d  y  ( t k )  a r e  t h e  g a t e d  p o r t i o n  o f  t r u e  t i m e  s e r i e s  a n d  t h e  p r e d i c t e d  t i m e  

s e r i e s  a t  t h e  k t h  t i m e s t a m p  o f  t h e  i t h  s a m p l e  i n  t h e  t e s t i n g  s e t ,  y ( t k )  =  £ n = 1 y i ( t k )  i s  t h e  

m e a n  o f  y i  o v e r  s a m p l e s ,  a n d  n  a n d  N  d e n o t e  t h e  n u m b e r s  o f  s a m p l e s  a n d  t h e  t i m e s t a m p s ,  

r e s p e c t i v e l y .  T h e  R 2  r a n g e s  f r o m  - t o  ( i n a c c u r a t e )  t o  1  ( p e r f e c t  p r e d i c t i o n ) ,  w i t h  p o s i t i v e  

v a l u e s  c o r r e s p o n d i n g  t o  s o m e  d e g r e e  o f  a c c u r a c y .  T h e  r a n g e s  o f  t h e  R 2  f o r  t h e  t e s t i n g  

s e t s  a r e  [ 0 . 7 7 3 ,  0 . 8 8 2 ] ,  [ 0 . 7 5 0 ,  0 . 8 8 3 ] ,  a n d  [ 0 . 6 9 1 ,  0 . 8 7 9 ]  f o r  t h e  l o w - m a s s ,  m e d i u m - m a s s ,  

a n d  h i g h - m a s s  s c e n a r i o s ,  r e s p e c t i v e l y ,  a n d  t h e  m e a n  v a l u e s  a r e  0 . 8 3 3 ,  0 . 8 2 7 ,  a n d  0 . 8 1 4  

( M o g u s h i  et al., 2 0 2 1 ) .
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B e c a u s e  t h e  R 2  i s  c a l c u l a t e d  u s i n g  t h e  t i m e  s e r i e s  i n  t h e  g a t e d  r e g i o n ,  w e  n e x t  

e v a l u a t e  t h e  e f f e c t  o f  N N E T F I X  o n  q u a n t i t i e s  s u c h  a s  t i m e - s e r i e s  m a t c h  a n d  s k y  l o c a l i z a t i o n  

u s i n g  t h e  r e c o n s t r u c t e d  t i m e  s e r i e s  c o n s t r u c t e d  a f t e r  c o n c a t e n a t i n g  t h e  t i m e  s e r i e s  i n s i d e  a n d  

o u t s i d e  o f  t h e  g a t e d  p o r t i o n  a n d  b e i n g  r e - c o l o r e d .  T h e  p e r f o r m a n c e  o f  N N E T F I X  c h a n g e s  

f o r  d i f f e r e n t  c o m p o n e n t  m a s s e s ,  n e t w o r k  S N R ,  a n d  g a t e  s e t t i n g s .  T h e r e f o r e ,  w e  c o n s t r u c t  

1 0 8  a d d i t i o n a l  i n d e p e n d e n t  exploration  s e t s  w i t h  f i x e d  n e t w o r k  S N R  p N  = ( 1 1 . 3 ,  2 8 . 3 ,  

4 2 . 4 )  a n d  c o m p o n e n t  m a s s e s  o f  ( 1 2 ,  1 0 ) ,  ( 2 0 ,  1 5 ) ,  ( 3 5 ,  2 9 )  M 0 , a n d  i d e n t i c a l  c o m b i n a t i o n s  

o f  g a t e  d u r a t i o n s  a n d  e n d - t i m e s  a s  t h e  t r a i n i n g + t e s t i n g  s e t s .  H a v i n g  e a c h  e x p l o r a t i o n  s e t  t o  

c o n s i s t  o f  5 1 2  i n d e p e n d e n t  t i m e  s e r i e s  w i t h  t h e  r e m a i n i n g  p a r a m e t e r s  d i s t r i b u t e d  a s  i n  t h e  

t r a i n i n g - t e s t i n g  s e t s ,  w e  a c c o u n t  f o r  t h e  s t a t i s t i c a l  v a r i a t i o n  a s  w e l l .

4.3. PERFORMANCE IN THE TIME-DOMAIN

T h e  e f f e c t i v e n e s s  o f  t h e  N N E T F I X  r e c o n s t r u c t i o n  c a n  b e  e v a l u a t e d  u s i n g  t h e  S N R s  

o f  t h e  f u l l ,  r e c o n s t r u c t e d ,  g a t e d  t i m e  s e r i e s  ( s e e  M o g u s h i  et al. ( 2 0 2 1 ) ) .

B e c a u s e  t h e  e f f e c t i v e n e s s  o f  N N E T F I X  i s  c h a r a c t e r i z e d  b y  b o t h  t h e  a m o u n t  o f  S N R  

g a i n e d  f r o m  t h e  g a t e d  t i m e  s e r i e s  a s  w e l l  a s  t h e  a m o u n t  o f  r e s i d u a l  S N R  r e l a t i v e  t o  t h a t  o f  

t h e  f u l l  t i m e  s e r i e s ,  w e  a c c o u n t  f o r  t h e s e  f a c t o r s .  I n  t h e  S N R  c a l c u l a t i o n ,  t h e  m a x i m u m -  

l i k e l i h o o d  m e t h o d  e s t i m a t e s  a  w a v e f o r m  b y  o p t i m i z i n g  t h e  p h a s e ,  t h e  m e r g e r  t i m e ,  a n d  

t h e  a m p l i t u d e .  T i m e  s e r i e s  w i t h  d i f f e r e n t  n o i s e  r e a l i z a t i o n s  r e s u l t  i n  d i f f e r e n t  e s t i m a t e d  

w a v e f o r m s  e v e n  f o r  a  s i g n a l  w i t h  a  f i x e d  i n j e c t e d  S N R .  A s  a  r e s u l t ,  t h e  c a l c u l a t e d  S N R s  f o r  

t h e  s a m e  s i g n a l  i n j e c t e d  i n t o  d i f f e r e n t  n o i s e  r e a l i z a t i o n s  d i s t r i b u t e  a c c o r d i n g  t o  a  s t a n d a r d  

n o r m a l  d i s t r i b u t i o n  b e c a u s e  o f  t h e  u n c e r t a i n t y  o f  t h e  m a x i m u m - l i k e l i h o o d  m e t h o d  ( V i t a l e  

et al., 2 0 2 0 ) .  W h e n  t h e  N N E T F I X  r e c o n s t r u c t e d  w a v e f o r m  h a s  p e a k  a m p l i t u d e  i n  t h e  g a t e d  

p o r t i o n ,  t h e  m e r g e r  t i m e  e s t i m a t e d  t h r o u g h  t h e  m a x i m u m - l i k e l i h o o d  m e t h o d  i s  f a r t h e r  a w a y  

f r o m  t h e  t r u e  m e r g e r  t i m e ,  c a u s i n g  a  t o o - l a r g e  S N R  g a i n  e v e n  f o r  a  s i g n a l  m i s m a t c h e d  w i t h  

t h e  t r u e  w a v e f o r m .  T o  a c c o u n t  f o r  t h e s e  f a c t o r s ,  w e  u s e  a  c o m p l e m e n t a r y  m e t r i c  c a l l e d  

f r a c t i o n a l  m a t c h  g a i n  ( F M G )  w h i c h  i n d i c a t e s  h o w  w e l l  t h e  N N E T F I X  r e c o n s t r u c t e d  d a t a
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m a t c h e s  t h e  s i g n a l  c o m p a r e d  t o  t h e  f u l l  a n d  g a t e d  d a t a  ( M o g u s h i  et al., 2 0 2 1 ) :

F M G  =
M r -  M g 

M f -  M g ’
( 4 . 4 )

w h e r e  t h e  m a t c h  Mi b e t w e e n  a  t i m e  s e r i e s  s i a n d  t h e  i n j e c t e d  w a v e f o r m  h  ( N i t z  et al., 2 0 2 0 )  

i s

Mi = CSi I h )

V ( S i  I Si) ( h  | h )

( 4 . 5 )

w h e r e  t h e  t i l d e  i n d i c a t e s  t h e  F o u r i e r  t r a n s f o r m ,  a n d  ( - | - )  d e n o t e s  t h e  n o i s e - w e i g h t e d  i n n e r  

p r o d u c t  d e f i n e d  i n  E q u a t i o n  ( 1 . 7 3 )  w i t h  a  s l i g h t  m o d i f i c a t i o n  w i t h  t h e  l o w e r  a n d  h i g h e r  

f r e q u e n c y  c u t o f f s  t o  b e  h i g h - p a s s  f r e q u e n c y  a n d  t h e  N y q u i s t  f r e q u e n c y ,  r e s p e c t i v e l y .

I n  E q .  ( 4 . 4 ) ,  w e  o n l y  c o n s i d e r  t h e  s a m p l e s  w i t h  M f  -  M g  >  0 .  M g  b e c o m e s  l a r g e r  

t h a n  M f  i n  o n l y  r a r e  i n s t a n c e s  ( 0 . 5 %  o f  a l l  e x p l o r a t i o n  s e t  d a t a  s a m p l e s )  w h e n  v a l u e s  

o f  s i n g l e  i n t e r f e r o m e t e r  p e a k  S N R  o f  t h e  f u l l  t i m e  s e r i e s  a r e  ~  4 . 5 .  T h e s e  i n s t a n c e s  a r e  

o b s e r v e d  w h e n  t h e  g a t e d  p o r t i o n  o f  t h e  d a t a  i s  n o i s e - d o m i n a n t  a n d  a n t i - c o r r e l a t e d  w i t h  t h e  

i n j e c t e d  w a v e f o r m .  S u c h  l o w - S N R  s i g n a l s  a r e  n o t  e x p e c t e d  t o  b e  d e t e c t e d  i n  t h e  o n l i n e  

G W  s e a r c h e s  b u t  t h e y  c o u l d  b e  c a t e g o r i z e d  a s  sub-threshold  t r i g g e r s  i n  t h e  o f f l i n e  s e a r c h e s  

( A b b o t t  et al., 2 0 1 9 d ;  R i l e s ,  2 0 1 3 ) .  B e c a u s e  w e  s e e k  t o  u s e  N N E T F I X  i n  l o w - l a t e n c y  

o p e r a t i o n s ,  i n  t h e  f o l l o w i n g  w e  r e m o v e  t h e s e  s a m p l e s  f r o m  t h e  e x p l o r a t i o n  s e t s .

P o s i t i v e  ( n e g a t i v e )  v a l u e s  o f  F M G  i n d i c a t e  t h a t  t h e  r e c o n s t r u c t e d  t i m e  s e r i e s  i s  m o r e  

( l e s s )  m a t c h i n g  w i t h  t h e  i n j e c t e d  w a v e f o r m  t h a n  t h e  g a t e d  t i m e  s e r i e s .  V a l u e s  o f  F M G  l a r g e r  

t h a n  1  i n d i c a t e  t h a t  t h e  r e c o n s t r u c t e d  t i m e  s e r i e s  i s  m o r e  s i m i l a r  t o  t h e  i n j e c t e d  w a v e f o r m  

t h a n  t h e  f u l l  t i m e  s e r i e s .  H e n c e ,  w e  c o n s i d e r  t h e  r e c o n s t r u c t i o n s  w i t h  0  <  F M G  <  1  t o  

b e  s u c c e s s f u l .  F i g u r e s  4 . 2  a n d  4 . 3  s h o w  t h e  d i s t r i b u t i o n s  o f  F M G  f o r  t w o  e x p l o r a t i o n  s e t s  

f r o m  t h e  m e d i u m - m a s s  s c e n a r i o .  F i g u r e  4 . 4  s h o w s  t h e  c o m p a r i s o n  o f  t h e s e  d i s t r i b u t i o n s .

V a l u e s  o f  F M G  a c r o s s  t h e  e x p l o r a t i o n  s e t s  g e n e r a l l y  i n c r e a s e  w i t h  c o m p o n e n t  

m a s s e s ,  a n d  g a t e  e n d - t i m e ,  a n d  n e t w o r k  S N R .  T h e  s e t  o f  c o m p o n e n t  m a s s e s  i s  t h e  d o m i n a n t  

f a c t o r  t h a t  a f f e c t s  v a l u e s  o f  F M G .  V a l u e s  o f  F M G  i n c r e a s e  w i t h  c o m p o n e n t  m a s s e s .  M e d i a n
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F i g u r e  4 . 2 .  S c a t t e r p l o t  o f  M r / M f  v s .  M g/ M f  f o r  t h e  e x p l o r a t i o n  s e t  w i t h  p N = 4 2 . 4 ,  

( m i ,  m 2 )  =  ( 3 5 , 2 9 )  M 0 , =  1 3 0  m s  a n d  te = 3 0  m s .  T h e  c i r c l e s  d e n o t e  s a m p l e s  w i t h

0  <  F M G  <  1 ,  t h e  x  m a r k e r s  d e n o t e  s a m p l e s  w i t h  F M G  <  0  a n d  t h e  +  m a r k e r s  d e n o t e  

o v e r f i t t e d  s a m p l e s  w i t h  F M G  >  1 .  T h e  g r a y  a r e a  d e n o t e s  t h e  r e g i o n  o f  t h e  p a r a m e t e r  s p a c e  

w i t h  0  <  F M G  <  1 ,  w h i c h  c o n t a i n s  8 6 %  o f  t h e  r e c o n s t r u c t e d  t i m e  s e r i e s .

v a l u e s  f o r  t h e  h i g h - m a s s  s e t s  a r e  h i g h e r  t h a n  t h e  c o r r e s p o n d i n g  v a l u e s  f o r  t h e  l o w - m a s s  

s e t s  b y  a  f a c t o r  r a n g i n g  f r o m  ~  1 . 3  (pN = 2 8 , 3  w i t h  t d  =  5 0  m s  a n d  t e  =  9 0  m s )  t o  ~  3 . 3  

(pN = 1 1 . 3  w i t h  td = 1 3 0  m s  a n d  t e  =  9 0  m s ) .  F o r  s i g n a l s  w i t h  h i g h e r  c o m p o n e n t  m a s s e s ,  

N N E T F I X ’ s  r e c o n s t r u c t e d  t i m e  s e r i e s  t e n d s  t o  b e  m o r e  s i m i l a r  t o  t h e  i n j e c t e d  s i g n a l s  t h a n  

t h e  f u l l  t i m e  s e r i e s .  T h e  f r a c t i o n  o f  s a m p l e s  w i t h  F M G  a b o v e  1  f o r  t h e  h i g h - m a s s  s e t s  i s  

l a r g e r  t h a n  t h e  c o r r e s p o n d i n g  v a l u e  f o r  t h e  l o w - m a s s  s e t s  b y  a  f a c t o r  o f  ~  6  o n  a v e r a g e .

T h e  s e c o n d  m o s t  i m p o r t a n t  f a c t o r  f o r  v a l u e s  o f  F M G  i s  t h e  g a t e  e n d - t i m e .  M e d i a n  

F M G  v a l u e s  t y p i c a l l y  i n c r e a s e  a s  v a l u e s  o f  t h e  g a t e  e n d - t i m e  b e c o m e  l a r g e r .  A  g a t e  

f a r t h e r  a w a y  f r o m  t h e  m e r g e r  t i m e  r e m o v e s  t h e  p o r t i o n  o f  a  s i g n a l  w i t h  s m a l l e r  e n e r g y ,  

c o r r e s p o n d i n g  t o  s m a l l e r  M f  -  M g . T h e r e f o r e ,  N N E T F I X  t e n d s  t o  e f f i c i e n t l y  r e c o v e r  t h e  

e n e r g y  o f  t h e  s i g n a l  l o s t  d u e  t o  t h e  g a t e .  T h e  m e d i a n  v a l u e s  o f  F M G  f o r  t h e  s e t s  w i t h
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F i g u r e  4 . 3 .  S c a t t e r p l o t  o f  M r / M f  v s .  M g/ M f  f o r  t h e  e x p l o r a t i o n  s e t  w i t h  p N = 1 1 . 3 ,  

( m i ,  m 2 )  =  ( 3 5 , 2 9 )  M 0 , t d  = 1 3 0  m s  a n d  te = 3 0  m s .  T h e  c i r c l e s  d e n o t e  s a m p l e s  w i t h  

0  <  F M G  <  1 ,  t h e  x  m a r k e r s  d e n o t e  s a m p l e s  w i t h  F M G  <  0  a n d  t h e  +  m a r k e r s  d e n o t e  

o v e r f i t t e d  s a m p l e s  w i t h  F M G  >  1 .  T h e  g r a y  a r e a  d e n o t e s  t h e  r e g i o n  o f  t h e  p a r a m e t e r  s p a c e  

w i t h  0  <  F M G  <  1 ,  w h i c h  c o n t a i n s  4 4 %  o f  t h e  r e c o n s t r u c t e d  t i m e  s e r i e s .

t e  =  1 7 0  m s  a r e  l a r g e r  t h a n  t h e  c o r r e s p o n d i n g  v a l u e s  f o r  t h e  s e t s  w i t h  t e  =  1 5  m s  b y  a  f a c t o r  

r a n g i n g  f r o m  ~  1 . 2  ( t h e  h i g h - m a s s  s c e n a r i o  w i t h  p N  =  4 2 . 4  a n d  t d  =  1 3 0  m s )  t o  ~  2 . 9  ( t h e  

m e d i u m - m a s s  s c e n a r i o s  w i t h  p N = 1 1 . 3  a n d  t d  =  1 3 0  m s ) .

M e d i a n  F M G  v a l u e s  t y p i c a l l y  i n c r e a s e  w i t h  n e t w o r k  S N R .  N N E T F I X  e f f i c i e n t l y  

r e c o n s t r u c t s  t i m e  s e r i e s  c o n t a i n i n g  s i g n a l s  w i t h  l a r g e r  S N R s .  M e d i a n  v a l u e s  o f  F M G  f o r  t h e  

s e t s  w i t h  p N = 4 2 . 4  a r e  g r e a t e r  t h a n  t h e  c o r r e s p o n d i n g  v a l u e s  f o r  t h e  s e t s  w i t h  p N = 1 1 . 3  

b y  a  f a c t o r  r a n g i n g  f r o m  ~  1  ( t h e  l o w - m a s s  s c e n a r i o  w i t h  t d  =  7 5  m s  a n d  t e  =  3 0  m s )  t o  

~  1 . 3  ( t h e  m e d i u m - m a s s  s c e n a r i o  w i t h  t d  =  5 0  m s  a n d  t e  =  1 5  m s ) .

F M G  v a l u e s  t y p i c a l l y  i n c r e a s e  a s  v a l u e s  o f  t h e  g a t e  d u r a t i o n  b e c o m e  s m a l l e r .  

S m a l l e r  g a t e  d u r a t i o n s  c o r r e s p o n d  t o  s m a l l e r  s i g n a l  l o s s e s  s o  t h a t  N N E T F I X  e f f i c i e n t l y  

p r o v i d e s  a  l a r g e r  r e c o v e r y  o f  s i g n a l  e n e r g y  f o r  s m a l l e r  g a t e  d u r a t i o n s .  M e d i a n  v a l u e  o f  

F M G  f o r  t h e  s e t s  w i t h  t d  =  5 0  m s  a r e  l a r g e r  t h a n  t h e  c o r r e s p o n d i n g  v a l u e s  f o r  t h e  s e t s  w i t h
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F i g u r e  4 . 4 .  D i s t r i b u t i o n  o f  F M G  f o r  t h e  e x p l o r a t i o n  s e t s  w i t h  c o m p o n e n t  m a s s e s  (m 1, m 2 )  =  

( 3 5 , 2 9 )  M q , g a t e  d u r a t i o n  t d  = 1 3 0  m s ,  g a t e  e n d - t i m e  te = 3 0  m s ,  a n d  p N  = 1 1 . 3  ( g r a y -  

f i l l e d )  a n d  p N = 4 2 . 4  ( r e d ) .  T h e  v e r t i c a l  d a s h e d  l i n e s  d e n o t e  F M G =  0  a n d  F M G =  1 .  T h e  

e f f i c i e n c y  o f  t h e  s e t  w i t h  p N  =  1 1 . 3  i s  4 4 % .  T h e  e f f i c i e n c y  o f  t h e  s e t  w i t h  p N  =  4 2 . 3  i s  

8 6 % .

td = 1 3 0  m s  b y  a  f a c t o r  r a n g i n g  f r o m  ~  1 . 0 1  ( t h e  h i g h - m a s s  s c e n a r i o  w i t h  p N = 1 1 . 3  a n d  

t e  =  1 5  m s )  t o  ~  1 . 9  ( t h e  m e d i u m - m a s s  s c e n a r i o  w i t h  p N  =  2 8 . 3  a n d  t e  =  3 0  m s ) .  A s  r a r e  

e x c e p t i o n a l  c a s e s  f o r  t h e  h i g h - m a s s  s e t s  w i t h  te =  9 0 ,  m e d i a n  v a l u e s  o f  F M G  f o r  t h e  s e t s  

w i t h  t d  =  5 0  m s  a r e  s m a l l e r  t h a n  t h e  c o r r e s p o n d i n g  v a l u e s  f o r  t h e  s e t s  w i t h  t d  =  1 3 0  m s  b y  

a  f a c t o r  ~  1 . 3  ~  1 . 2  a c r o s s  v a l u e s  o f  p N u s e d .  T h e s e  e x c e p t i o n a l  s e t s  w i t h  t d  =  1 3 0  m s  

t e n d s  t o  h a v e  a  h i g h e r  n u m b e r  o f  s a m p l e s  w i t h  F M G  g r e a t e r  t h a n  1  c o m p a r e d  w i t h  t h e  s e t s  

w i t h  t d  =  5 0  m s  b y  a  f a c t o r  ~  1 . 3  ~  2 .

T o  q u a n t i f y  N N E T F I X ’ s  p e r f o r m a n c e  i n c l u d i n g  t h e  v a r i a t i o n  o f  F M G  i n  e a c h  e x p l o ­

r a t i o n  s e t ,  w e  d e f i n e  t h e  e f f i c i e n c y  t o  b e  t h e  f r a c t i o n  o f  s u c c e s s f u l l y  r e c o n s t r u c t e d  s a m p l e s .  

M o r e  s p e c i f i c a l l y ,  t h e  e f f i c i e n c y  i s  t h e  f r a c t i o n  o f  s a m p l e s  w i t h  0  <  F M G  <  1 .  T h e  f r a c t i o n s  

o f  s a m p l e s  w i t h  F M G  <  0 ,  0  <  F M G  <  1  a n d  F M G  >  1  f o r  a l l  e x p l o r a t i o n  s e t s  c a n  b e  

f o u n d  i n  T a b l e s  2 - 3  o f  M o g u s h i  et al. ( 2 0 2 1 ) .
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T h e  e f f i c i e n c y  a c r o s s  a l l  e x p l o r a t i o n  s e t s  r a n g e s  f r o m  a p p r o x i m a t e l y  0 . 3 1  t o  o v e r  

0 . 9 5 .  T h e  c o m p o n e n t  m a s s e s  m i l d l y  a f f e c t  t h e  e f f i c i e n c y .  T h e  m e d i a n  v a l u e  o f  t h e  e f f i c i e n c y  

r e d u c e s  f r o m  0 . 7 7  f o r  t h e  l o w - m a s s  s c e n a r i o  t o  0 . 6 1  f o r  t h e  h i g h - m a s s  s c e n a r i o  w i t h  t h e  

n e t w o r k  S N R ,  g a t e  d u r a t i o n ,  a n d  g a t e  e n d - t i m e  h e l d  f i x e d .  T h e  w o r s t  c a s e  w i t h  6 8 %  o f  

t h e  s a m p l e s  b e i n g  u n s u c c e s s f u l l y  r e c o n s t r u c t e d  o c c u r s  i n  t h e  m e d i u m - m a s s  s c e n a r i o  w i t h  

p N = 1 1 . 3 ,  te = 1 7 0  m s ,  a n d  t d  = 1 3 0  m s .

W i t h  a  c h o s e n  m a s s  s c e n a r i o  w i t h  f i x e d  g a t e  d u r a t i o n  a n d  g a t e  e n d - t i m e ,  t h e  e f f i ­

c i e n c y  t y p i c a l l y  i n c r e a s e s  b y  a  f a c t o r  ~  1 . 5 - 2  a s  t h e  n e t w o r k  S N R  b e c o m e s  l a r g e r .  F o r  

h i g h e r  S N R s ,  t h e  a l g o r i t h m  c a n  u s e  a  l a r g e r  a m o u n t  o f  s i g n a l  e n e r g y  b e f o r e  a n d  a f t e r  t h e  

g a t e d  p o r t i o n  o f  t h e  d a t a  a s  t h e  i n p u t  t o  r e c o n s t r u c t  t h e  t i m e  s e r i e s .  N N E T F I X  s u c c e s s f u l l y  

r e c o n s t r u c t s  o v e r  6 6 %  o f  t h e  d a t a  s a m p l e s  w i t h  p N  =  2 8 . 3  o r  l a r g e r  f o r  a l l  l o w - m a s s  a n d  

m e d i u m - m a s s  e x p l o r a t i o n  s e t s  w h i l e  o v e r  5 0 %  o f  t h e  d a t a  s a m p l e s  a r e  s u c c e s s f u l l y  r e c o n ­

s t r u c t e d  f o r  t h e  h i g h - m a s s  s e t s  e x c e p t  f o r  t w o  m a r g i n a l  c a s e s  w i t h  g a t e  d u r a t i o n  t d  =  7 5  m s  

a n d  g a t e  e n d - t i m e  t e  =  9 0  m s .  T h e  e x p l o r a t i o n  s e t s  w i t h  p N = 1 1 . 3  h a v e  l o w e r  e f f i c i e n c i e s  

i n  t h e  r a n g e  f r o m  3 1 %  f o r  t h e  h i g h - m a s s  s e t  w i t h  t d  =  7 5  m s  a n d  t e  =  9 0  m s  t o  6 6 %  f o r  t h e  

l o w - m a s s  s e t  w i t h  t d  =  1 3 0  m s  a n d  t e  =  1 5  m s .

F i g u r e s  4 . 5  a n d  4 . 6  s h o w  t h e  e f f i c i e n c y  a s  a  f u n c t i o n  o f  t h e  s i n g l e  i n t e r f e r o m e t e r  

p e a k  S N R  f o r  t h e  l o w - m a s s  a n d  h i g h - m a s s  e x p l o r a t i o n  s e t s ,  r e s p e c t i v e l y .  T h e  e f f i c i e n c y  a s  

a  f u n c t i o n  o f  t h e  s i n g l e  i n t e r f e r o m e t e r  p e a k  S N R  f o r  t h e  m e d i u m - m a s s  e x p l o r a t i o n  s e t s  c a n  

b e  f o u n d  i n  F i g u r e  7  o f  M o g u s h i  eta l.  ( 2 0 2 1 ) .  T h e  p e r c e n t a g e  o f  s u c c e s s f u l  r e c o n s t r u c t i o n s  

v a r i e s  f r o m  ~  3 3 % - 6 6 %  a t  l o w  p e a k  S N R  t o  >  8 0 %  a t  h i g h  p e a k  S N R .  T h e  l o w e s t  v a l u e s  

<  4 0 %  o c c u r  f o r  t h e  s e t s  w i t h  t d  >  7 5  m s  a n d  t e  >  3 0  m s .  M o r e  t h a n  7 0 %  o f  t h e  d a t a  

s a m p l e s  w i t h  p e a k  S N R  a b o v e  ~  2 0  h a v e  s u c c e s s f u l  r e c o n s t r u c t i o n s  i r r e s p e c t i v e  o f  g a t e  

d u r a t i o n  a n d  e n d - t i m e .

T h e  e f f i c i e n c y  s e e m s  n o t  t o  s i g n i f i c a n t l y  c h a n g e  w i t h  v a r y i n g  g a t e  d u r a t i o n s  a t  f i x e d  

n e t w o r k  S N R  a n d  g a t e  e n d - t i m e  a c r o s s  a l l  e x p l o r a t i o n  s e t s .  S i m i l a r l y ,  t h e  g a t e  e n d - t i m e  

b e f o r e  m e r g e r  t i m e  a l s o  h a s  a  m a r g i n a l  e f f e c t  o n  t h e  e f f i c i e n c y  f o r  f i x e d  g a t e  d u r a t i o n  a n d
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F i g u r e  4 . 5 .  E f f i c i e n c y  a s  a  f u n c t i o n  o f  t h e  s i n g l e  i n t e r f e r o m e t e r  p e a k  S N R  f o r  t h e  s c e n a r i o  

w i t h  c o m p o n e n t  m a s s e s  (m 1, m 2 )  =  ( 1 2 , 1 0 )  M 0 . E a c h  l i n e  c o r r e s p o n d s  t o  a  d i f f e r e n t  

g a t e  d u r a t i o n  a n d  g a t e  e n d - t i m e  c o m b i n a t i o n .  T h e  t o p  ( m i d d l e ,  b o t t o m )  p a n e l  s h o w s  t h e  

e f f i c i e n c y  f o r  td = 5 0  ( 7 5 ,  1 3 0 )  m s .  G r e e n  c i r c l e  ( b l u e  c r o s s ,  b l a c k  s q u a r e ,  r e d  s t a r )  m a r k e r s  

d e n o t e  g a t e  e n d - t i m e s  te = 1 5  ( 3 0 ,  9 0 ,  1 7 0 )  m s .  T h e  b i n  w i d t h  i s  5 .

n e t w o r k  S N R .  H o w e v e r ,  N N E T F I X  t y p i c a l l y  p r o d u c e s  b e t t e r  r e c o n s t r u c t i o n s  f o r  g a t e  e n d -  

t i m e s  c l o s e r  t o  t h e  m e r g e r  t i m e  i n  t h e  c a s e s  o f  t h e  l o w  a n d  m e d i u m  m a s s  s c e n a r i o s  w i t h  

l o n g e r  g a t e  d u r a t i o n s .

F i g u r e  4 . 7  s h o w s  t h e  N N E T F I X - r e c o n s t r u c t e d  d a t a  f o r  t h e  t i m e  s e r i e s  o f  F i g u r e  4 . 1 .  

A s  s h o w n  i n  F i g u r e  4 . 8 ,  t h e  s i g n a l  e n e r g y  i n  t h e  g a t e d  p o r t i o n  i n  t h e  r e c o n s t r u c t e d  t i m e  

s e r i e s  i s  l a r g e r  t h a n  t h e  e n e r g y  i n  t h e  g a t e d  t i m e  s e r i e s .  I n  t h i s  c a s e ,  F M G  =  1 . 0 2 .

A s  a  c o n c l u s i o n  i n  t h i s  s e c t i o n ,  w e  f i n d  t h a t  N N E T F I X  m a y  s u c c e s s f u l l y  r e c o n s t r u c t  

g a t e d  d a t a  o f  d u r a t i o n s  u p  t o  a  f e w  h u n d r e d s  o f  m i l l i s e c o n d s  a n d  u p  t o  a  f e w  t e n s  o f  m i l l i s e c ­

o n d s  b e f o r e  t h e  m e r g e r  t i m e  f o r  a  m a j o r i t y  o f  t h e  d a t a  s a m p l e s  w i t h  s i n g l e  i n t e r f e r o m e t e r  

p e a k  S N R  g r e a t e r  t h a n  2 0 .
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F i g u r e  4 . 6 .  E f f i c i e n c y  a s  a  f u n c t i o n  o f  t h e  s i n g l e  i n t e r f e r o m e t e r  p e a k  S N R  f o r  t h e  s c e n a r i o  

w i t h  c o m p o n e n t  m a s s e s  (m 1, m 2 )  =  ( 3 5 , 2 9 )  M 0 . E a c h  l i n e  c o r r e s p o n d s  t o  a  d i f f e r e n t  

g a t e  d u r a t i o n  a n d  g a t e  e n d - t i m e  c o m b i n a t i o n .  T h e  t o p  ( m i d d l e ,  b o t t o m )  p a n e l  s h o w s  t h e  

e f f i c i e n c y  f o r  td = 5 0  ( 7 5 ,  1 3 0 )  m s .  G r e e n  c i r c l e  ( b l u e  c r o s s ,  b l a c k  s q u a r e ,  r e d  s t a r )  m a r k e r s  

d e n o t e  g a t e  e n d - t i m e s  te = 1 5  ( 3 0 ,  9 0 ,  1 7 0 )  m s .  T h e  b i n  w i d t h  i s  5 .

4.4. PERFORMANCE OF SKY MAPS

A f t e r  N N E T F I X  r e c o n s t r u c t s  t h e  g a t e d  d a t a ,  t h e  o u t p u t  o f  N N E T F I X  c a n  b e  u s e d  

a s  t h e  i n p u t  f o r  e x t e r n a l  p i p e l i n e s  t o  i n f e r  t h e  a s t r o p h y s i c a l  p r o p e r t i e s  o f  t h e  C B C  s o u r c e s  

s u c h  a s  t h e  s k y  l o c a l i z a t i o n  e r r o r  r e g i o n .  B e c a u s e  N N E T F I X  t y p i c a l l y  r e c o v e r s  t h e  s i g n a l  

e n e r g y  i n  t h e  g a t e d  p o r t i o n ,  t h e  s k y  m a p s  o b t a i n e d  f r o m  t h e  r e c o n s t r u c t e d  t i m e  s e r i e s  a r e  

e x p e c t e d  t o  b e  b e t t e r  i n  e s t i m a t i n g  t h e  a c c u r a t e  s k y  l o c a l i z a t i o n  e r r o r  r e g i o n  t h a n  t h e  s k y  

m a p s  o f  t h e  g a t e d  t i m e  s e r i e s .

T o  e v a l u a t e  t h i s  i m p r o v e m e n t ,  M o g u s h i  et al. ( 2 0 2 1 )  c o m p a r e  t h e  o v e r l a p  b e t w e e n  

t h e  s k y  m a p  o b t a i n e d  f r o m  t h e  g a t e d  t i m e  s e r i e s  a n d  t h e  s k y  m a p  o b t a i n e d  f r o m  t h e  f u l l  

t i m e  s e r i e s  t o  t h e  o v e r l a p  b e t w e e n  t h e  s k y  m a p  o b t a i n e d  f r o m  t h e  r e c o n s t r u c t e d  t i m e  s e r i e s  

a n d  t h e  l a t t e r .  W e  c r e a t e  t h e  s k y  m a p s  u s i n g  a  m o d i f i e d  v e r s i o n  o f  a  pyCBC ( N i t z  et al., 

2 0 2 0 )  s c r i p t ,  pycbc_make_skymap, w h e r e  t h e  d a t a  c a n  b e  m a n u a l l y  g a t e d .
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Time from the geocentric merger time [s]

F i g u r e  4 . 7 .  T h e  w h i t e n e d  f u l l  t i m e  s e r i e s  ( g r a y ) ,  t h e  g a t e d  t i m e  s e r i e s  ( r e d ) ,  a n d  t h e  

r e c o n s t r u c t e d  t i m e  s e r i e s  ( b l u e )  f o r  t h e  s i m u l a t e d  e v e n t  o f  F i g u r e  4 . 1 .  T h e  v e r t i c a l  b l a c k -  

d a s h e d  l i n e  d e n o t e s  t h e  m e r g e r  t i m e  i n  H 1 .  T h e  v a l u e  o f  F M G  f o r  t h i s  d a t a  i s F M G  =  1 . 0 2 .

T h e  s k y  l o c a l i z a t i o n  e r r o r  r e g i o n  i s  p r o v i d e d  a s  a  p r o b a b i l i t y  d e n s i t y  o v e r  p i x e l i z e d  

s o l i d  a n g l e s  i n  t h e  s k y .  U s i n g  t h e  s k y  l o c a l i z a t i o n  e r r o r  r e g i o n ,  w e  d e f i n e  a  c o m p l e m e n t a r y  

m e t r i c ,  c o n t o u r  l e v e l  e n h a n c e m e n t  ( c o n t o u r  l e v e l  e n h a n c e m e n t  ( C L E ) )  a s

1  -  C r
C L E  =  i — C  ,  ( 4 . 6 )

w h e r e  Cr a n d  Cg a r e  t h e  s u m s  o f  p r o b a b i l i t y  d e n s i t i e s  o f  p i x e l s  w i t h  t h e i r  v a l u e s  g r e a t e r  t h a n  

t h e  v a l u e  o f  t h e  p i x e l  c o n t a i n i n g  t h e  s k y  l o c a t i o n  o f  t h e  i n j e c t e d  s i g n a l  ( s o - c a l l e d  contour  

level)  i n  t h e  s k y  m a p  o b t a i n e d  f r o m  t h e  r e c o n s t r u c t e d  a n d  g a t e d  t i m e  s e r i e s ,  r e s p e c t i v e l y .  

T h e  c o n t o u r  l e v e l  r a n g e s  i n  [ 0 , 1 ) .  S m a l l e r  v a l u e s  o f  t h e  c o n t o u r  l e v e l  i n d i c a t e  t h a t  t h e  

i n j e c t e d  s k y  l o c a t i o n s  a r e  l o c a t e d  i n  a  h i g h e r  p r o b a b l e  r e g i o n  o f  t h e  s k y ,  i . e . ,  t h e  s k y  

l o c a l i z a t i o n  a l g o r i t h m  t e n d s  t o  e s t i m a t e  t h e  i n j e c t e d  l o c a t i o n  m o r e  a c c u r a t e l y .  V a l u e s  o f  

C L E  a b o v e  ( b e l o w )  1  i m p l y  t h a t  t h e  s k y  m a p  o b t a i n e d  f r o m  t h e  r e c o n s t r u c t e d  t i m e  s e r i e s  i s  

b e t t e r  ( w o r s e )  t h a n  t h e  s k y  m a p  o b t a i n e d  f r o m  t h e  g a t e d  t i m e  s e r i e s .
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F i g u r e  4 . 8 .  T i m e - f r e q u e n c y  r e p r e s e n t a t i o n s  o f  t h e  f u l l  ( l e f t ) ,  g a t e d  ( m i d d l e ) ,  a n d  r e c o n ­

s t r u c t e d  ( r i g h t )  t i m e  s e r i e s  f o r  t h e  s i m u l a t e d  e v e n t  o f  F i g u r e  4 . 7  u s i n g  t h e  Q  t r a n s f o r m  

( C h a t t e r j i  et al., 2 0 0 4 ) .  T h e  v e r t i c a l  r e d - d a s h e d  l i n e  d e n o t e s  t h e  g a t e  a n d  t h e  v e r t i c a l  

w h i t e - d o t t e d  l i n e  d e n o t e s  t h e  m e r g e r  t i m e  i n  H 1 .

F i g u r e s  4 . 9  a n d  4 . 1 0  s h o w  t h e  d i s t r i b u t i o n s  o f  t h e  c o n t o u r  l e v e l s  a n d  C L E  d i s ­

t r i b u t i o n s  f o r  t h e  e x p l o r a t i o n  s e t s  f r o m  t h e  h i g h - m a s s  s c e n a r i o .  F i g u r e  4 . 1 1  s h o w s  t h e  

c o m p a r i s o n  o f  t h e s e  C L E  d i s t r i b u t i o n s .  F i g u r e  4 . 1 2  s h o w s  t h e  c u m u l a t i v e  d i s t r i b u t i o n  o f  

t h e  c o n t o u r  l e v e l  o b t a i n e d  f r o m  t h e  f u l l ,  r e c o n s t r u c t e d ,  a n d  t h e  g a t e d  t i m e  s e r i e s .

I n  A p p e n d i x  B ,  m e d i a n  v a l u e s  o f  C L E  f o r  a l l  e x p l o r a t i o n  s e t s  a r e  g i v e n  i n  T a b l e s  1 - 3 ,  

a n d  t h e  f r a c t i o n  o f  s a m p l e s  w i t h  C L E  g r e a t e r  t h a n  1  f o r  a l l  e x p l o r a t i o n  s e t s  a r e  s u m m a r i z e d  

i n  T a b l e s  4 - 6 .

V a l u e s  o f  C L E  a c r o s s  t h e  e x p l o r a t i o n  s e t s  g e n e r a l l y  b e c o m e  h i g h e r  f o r  l a r g e r  n e t w o r k  

S N R ,  c o m p o n e n t  m a s s e s ,  a n d  g a t e  d u r a t i o n .

A m o n g  t h e  f o u r  f a c t o r s ,  t h e  n e t w o r k  S N R  o f  t h e  s i g n a l  i s  t h e  d o m i n a n t  f a c t o r  

a f f e c t i n g  t h e  v a l u e  o f  C L E .  B e c a u s e  N N E T F I X  e f f e c t i v e l y  r e c o n s t r u c t s  t h e  g a t e d  d a t a  

c o m p r i s i n g  s i g n a l s  w i t h  l a r g e  S N R s  c o r r e s p o n d i n g  t o  h i g h e r  n e t w o r k  S N R s ,  t h e  s k y  m a p  o f  

t h e  r e c o n s t r u c t e d  t i m e  s e r i e s  e s t i m a t e s  t h e  t r u e  i n j e c t e d  s k y  l o c a t i o n  m o r e  a c c u r a t e l y  t h a n  

t h e  s k y  m a p  o f  t h e  g a t e d  t i m e  s e r i e s .  W e  f i n d  t h a t  m e d i a n  v a l u e s  o f  C L E  a r e  p o s i t i v e  f o r  

m o s t  e x p l o r a t i o n  s e t s  w i t h  p N >  2 8 . 3 ,  i r r e s p e c t i v e  o f  m a s s ,  g a t e  d u r a t i o n ,  a n d  e n d - t i m e .  

F o r  t h e s e  s e t s ,  m e d i a n  v a l u e s  f o r  t h e  h i g h - S N R  s e t s  a r e  l a r g e r  t h a n  t h e  c o r r e s p o n d i n g  v a l u e s  

f o r  t h e  l o w - S N R  s e t s  b y  a  f a c t o r  r a n g i n g  f r o m  ~  1 . 0 4  ( t h e  m e d i u m - m a s s  s c e n a r i o  w i t h  

t d  = 5 0  m s  a n d  te = 1 7 0  m s )  t o  ~  1 8 7  ( t h e  h i g h - m a s s  s c e n a r i o  w i t h  t d  = 1 3 0  m s  a n d  te = 3 0
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F i g u r e  4 . 9 .  S c a t t e r p l o t  o f  C r  a n d  C g  f o r  t h e  5 1 2  s a m p l e s  f r o m  t h e  e x p l o r a t i o n  s e t  w i t h  

p N = 4 2 . 4 ,  c o m p o n e n t  m a s s e s  ( m i ,  m 2 )  =  ( 3 5 , 2 9 )  M 0 , g a t e  e n d - t i m e  te = 3 0  m s  a n d  g a t e  

d u r a t i o n  t d  =  1 3 0  m s .  T h e  c o l o r  d e n o t e s  C L E .  T h e  d i a g o n a l  d a s h e d  l i n e  d e n o t e s  w h e n  

C r  =  Cg . 8 0 %  o f  s a m p l e s  h a v e  C r  s m a l l e r  t h a n  C g .

m s ) .  T h e  N N E T F I X - r e c o n s t r u c t i o n  h a s  a  s m a l l  i m p a c t  o n  t h e  s k y  m a p s  o f  t h e  t i m e  s e r i e s  

c o n t a i n i n g  s i g n a l s  w i t h  s m a l l  S N R s .  W e  f i n d  t h a t  m e d i a n  v a l u e s  o f  C L E  f o r  t h e  s e t s  w i t h  

p N  =  1 1 . 3  a r e  t y p i c a l l y  a r o u n d  o n e ,  i r r e s p e c t i v e  o f  t h e  m a s s  s c e n a r i o ,  g a t e  d u r a t i o n ,  a n d  

g a t e  e n d - t i m e .

T h e  s e c o n d  m o s t  d o m i n a t i n g  f a c t o r  a f f e c t i n g  C L E  i s  t h e  s e t  o f  c o m p o n e n t  m a s s e s .  

V a l u e s  o f  C L E  t y p i c a l l y  i n c r e a s e  f o r  l a r g e r  v a l u e s  o f  t h e  c o m p o n e n t  m a s s e s .  F o r  t h e  

e x p l o r a t i o n  s e t s  w i t h  p N  =  2 8 . 3  ( 4 2 . 4 ) ,  t h e  h i g h - m a s s  s e t s  h a v e  g r e a t e r  m e d i a n  v a l u e s  o f  

C L E  t h a n  t h e  l o w - m a s s  s e t s  b y  a  f a c t o r  v a r y i n g  f r o m  ~  1 . 0 5  ( 1 . 2 )  f o r  t d  =  5 0  m s  a n d  

t e  =  1 7 0  m s  (td = 5 0  m s  a n d  t e  =  1 7 0  m s )  t o  ~  3 . 7  ( 1 0 7 )  f o r  t d  =  1 3 0  m s  a n d  t e  =  1 5  m s  

(td = 1 3 0  m s  a n d  t e  =  3 0  m s ) .

V a l u e s  o f  C L E  t y p i c a l l y  i n c r e a s e  a s  t h e  g a t e  d u r a t i o n  b e c o m e s  l a r g e r .  B e c a u s e  

t h e  g a t e  w i t h  l o n g e r  d u r a t i o n s  l o s e s  a  g r e a t e r  a m o u n t  o f  t h e  s i g n a l  e n e r g y ,  N N E T F I X ' s  

r e c o n s t r u c t i o n  s u p p l i e s  l a r g e r  S N R  r e c o v e r y ,  r e s u l t i n g  i n  g r e a t e r  C L E  v a l u e s  a s  t h e  g a t e
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F i g u r e  4 . 1 0 .  S c a t t e r p l o t  o f  C r  a n d  C g  f o r  t h e  5 1 2  s a m p l e s  f r o m  t h e  e x p l o r a t i o n  s e t  w i t h  

p N = 1 1 . 4 ,  c o m p o n e n t  m a s s e s  ( m i ,  m 2 )  =  ( 3 5 , 2 9 )  M 0 , g a t e  e n d - t i m e  te = 3 0  m s  a n d  g a t e  

d u r a t i o n  t d  =  1 3 0  m s .  T h e  c o l o r  d e n o t e s  C L E .  T h e  d i a g o n a l  d a s h e d  l i n e  d e n o t e s  w h e n  

C r  =  Cg . 4 0 %  o f  s a m p l e s  h a v e  C r  s m a l l e r  t h a n  C g .

d u r a t i o n  b e c o m e s  l a r g e r .  F o r  t h e  h i g h - S N R  a n d  m e d i u m - S N R  e x p l o r a t i o n  s e t s ,  m e d i a n  

v a l u e s  o f  C L E  f o r  t h e  s e t s  w i t h  t d  =  1 3 0  m s  a r e  l a r g e r  t h a n  t h e  c o r r e s p o n d i n g  v a l u e s  f o r  t h e  

s e t  w i t h  t d  =  5 0  m s  b y  a  f a c t o r  r a n g i n g  f r o m  ~  1 . 0 1  ( m e d i u m - m a s s  s c e n a r i o  w i t h  p N = 2 8 . 3  

a n d  t e  =  1 7 0  m s )  t o  ~  4 4  ( h i g h - m a s s  s c e n a r i o  w i t h  p N  =  4 2 . 4  a n d  t e  =  3 0  m s ) .

T h e  p o r t i o n  o f  a  s i g n a l  c l o s e  t o  t h e  m e r g e r  t i m e  a f f e c t s  m o r e  t h e  e s t i m a t e  o f  t h e  

s o u r c e  s k y  l o c a t i o n  t h a n  t h e  p o r t i o n  o f  t h e  s i g n a l  i n  t h e  e a r l y  i n s p i r a l  p h a s e .  H e n c e ,  t h e  

m e d i u m - S N R  a n d  h i g h - S N R  e x p l o r a t i o n  s e t s  w i t h  t e  =  1 5  m s  h a v e  t y p i c a l l y  h i g h e r  m e d i a n  

v a l u e s  o f  C L E  t h a n  t h e  s e t s  w i t h  t e  =  1 7 0  m s  b y  a  f a c t o r  r a n g i n g  f r o m  ~  1 . 0 2  ( l o w - m a s s  

s c e n a r i o  w i t h  p N = 4 2 . 4  a n d  t d  =  5 0  m s )  t o  ~  3 8  ( h i g h - m a s s  s c e n a r i o  w i t h  p N = 4 2 . 4  a n d  

t d  =  1 3 0  m s ) .  F i g u r e  ? ?  s h o w s  t h e  9 0 %  p r o b a b i l i t y  s k y  l o c a l i z a t i o n  e r r o r  r e g i o n s  o b t a i n e d  

w i t h  t h e  r e c o n s t r u c t e d  t i m e  s e r i e s  s h o w n  i n  F i g u r e  4 . 1 .
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F i g u r e  4 . 1 1 .  D i s t r i b u t i o n  o f  C L E  f o r  t h e  e x p l o r a t i o n  s e t s  w i t h  c o m p o n e n t  m a s s e s  (m 1, m 2 )  =  

( 3 5 , 2 9 )  M q , g a t e  d u r a t i o n  t d  = 1 3 0  m s ,  g a t e  e n d - t i m e  te = 3 0  m s ,  a n d  p N  = 1 1 . 3  ( g r a y -  

f i l l e d )  a n d  p N = 4 2 . 4  ( r e d ) .  T h e  v e r t i c a l  d a s h e d  b l a c k  ( r e d )  l i n e  d e n o t e  t h e  m e d i a n  v a l u e  

o f  C L E  f o r  t h e  s e t  w i t h  p N  =  1 1 . 3  (pN = 4 2 . 4 ) .  4 0 %  ( 8 0 % )  o f  s a m p l e s  i n  t h e  s e t  w i t h  

p N  =  1 1 . 3  ( p N  =  4 2 . 4 )  h a v e  C L E  a b o v e  1 .

A s  a  s u m m a r y  o f  t h i s  s e c t i o n ,  w e  f i n d  t h a t  t h e  c o n t o u r  l e v e l  a t  t h e  i n j e c t i o n  l o c a t i o n  

i n  t h e  s k y  m a p s  o b t a i n e d  f r o m  r e c o n s t r u c t e d  t i m e  s e r i e s  w i t h  n e t w o r k  S N R  p N >  2 8 . 3  a r e  

g r e a t e r  w i t h  t h e  c o r r e s p o n d i n g  q u a n t i t y  i n  t h e  s k y  m a p s  o b t a i n e d  f r o m  t h e  g a t e d  s e r i e s  ( i n  

s o m e  c a s e s  b y  a  f a c t o r  u p  t o  ~  1 3 0 )  f o r  a  m a j o r i t y  o f  t h e  c a s e s  w i t h  g a t e  d u r a t i o n s  u p  t o  a  

f e w  h u n d r e d s  o f  m i l l i s e c o n d s  a n d  a s  c l o s e  a s  a  f e w  t e n s  o f  m i l l i s e c o n d s  t o  t h e  m e r g e r  t i m e .

4.5. POSTFACE

I n  t h i s  c h a p t e r ,  w e  h a v e  p r e s e n t e d  a  n e w  m a c h i n e  l e a r n i n g - b a s e d  a l g o r i t h m  c a l l e d  

N N E T F I X  ( M o g u s h i  et al., 2 0 2 1 ) .  N N E T F I X  i s  d e s i g n e d  t o  i n t e r p o l a t e  t h e  p o r t i o n  o f  d a t a  

c o n t a i n i n g  a  C B C  s i g n a l  t h a t  i s  l o s t  d u e  t o  t h e  p r e s e n c e  o f  g l i t c h e s  i n  c o i n c i d e n c e  w i t h  

t h e  s i g n a l .  T h e  N N E T F I X  r e c o n s t r u c t e d  d a t a  c a n  b e  f e d  i n t o  e x t e r n a l  p i p e l i n e s  t h a t  i n f e r  

a s t r o p h y s i c a l  p r o p e r t i e s  o f  t h e  s o u r c e s  i n c l u d i n g  t h e  s o u r c e - p a r a m e t e r  e s t i m a t i o n  a n d  s k y
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F i g u r e  4 . 1 2 .  C u m u l a t i v e  d i s t r i b u t i o n s  o f  t h e  c o n t o u r  l e v e l s  a t  t h e  i n j e c t i o n  l o c a t i o n  o b t a i n e d  

f r o m  t h e  f u l l  ( b l a c k ) ,  r e c o n s t r u c t e d  ( b l u e ) ,  a n d  g a t e d  ( r e d )  t i m e  s e r i e s  i n  t h e  e x p l o r a t i o n  s e t s  

w i t h  c o m p o n e n t  m a s s e s  (m 1, m 2 )  =  ( 3 5 , 2 9 )  M 0 , g a t e  d u r a t i o n  td = 1 3 0  m s ,  g a t e  e n d - t i m e  

te = 3 0  m s ,  a n d  p N = 4 2 . 3 .

l o c a l i z a t i o n .  T o  t e s t  t h e  a c c u r a c y  o f  t h e  r e c o n s t r u c t i o n ,  w e  h a v e  u s e d  d i f f e r e n t  c h o i c e s  o f  

s i g n a l  p a r a m e t e r s  a n d  g a t e  s e t t i n g s  a n d  e v a l u a t e  t h e  r e c o n s t r u c t i o n  p e r f o r m a n c e  b a s e d  o n  

s e v e r a l  m e t r i c s .

W e  f i n d  t h a t  N N E T F I X  m a y  s u c c e s s f u l l y  r e c o n s t r u c t  a  m a j o r i t y  o f  B B H  s i g n a l s  

w i t h  p e a k  s i n g l e  i n t e r f e r o m e t e r  S N R  g r e a t e r  t h a n  2 0  a n d  g a t e s  w i t h  d u r a t i o n s  u p  t o  a  f e w  

h u n d r e d s  o f  m i l l i s e c o n d s  a s  c l o s e  a s  a  f e w  t e n s  o f  m i l l i s e c o n d s  b e f o r e  t h e i r  m e r g e r  t i m e .

B e c a u s e  t h e  N N E T F I X  r e c o n s t r u c t e d  t i m e  s e r i e s  m a t c h e s  m o r e  w i t h  t h e  i n j e c t e d  

w a v e f o r m  t h a n  t h e  g a t e d  t i m e  s e r i e s ,  t h e  c o n t o u r  l e v e l  a t  t h e  i n j e c t i o n  l o c a t i o n  i n  t h e  s k y  

m a p  d e r i v e d  f r o m  t h e  r e c o n s t r u c t e d  t i m e  s e r i e s  i s  m o r e  a c c u r a t e  t h a n  t h e  s k y  m a p  d e r i v e d  

f r o m  t h e  g a t e d  t i m e  s e r i e s .  I n  t h e  c a s e s  o f  t h e  s u c c e s s f u l  r e c o n s t r u c t i o n s ,  w e  h a v e  f o u n d  

t h a t  t h e  c o n t o u r  l e v e l s  a t  t h e  i n j e c t i o n  l o c a t i o n  i n  t h e  s k y  m a p s  f r o m  t h e  r e c o n s t r u c t e d  d a t a  

i m p r o v e  c o m p a r e d  w i t h  c o r r e s p o n d i n g  q u a n t i t i e s  i n  t h e  s k y  m a p s  o b t a i n e d  w i t h  t h e  g a t e d  

d a t a  b y  a  f a c t o r  u p  t o  1 3 0 .
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F i g u r e  4 . 1 3 .  T h e  9 0 %  p r o b a b i l i t y  s k y  l o c a l i z a t i o n  e r r o r  r e g i o n s  o b t a i n e d  w i t h  t h e  r e c o n ­

s t r u c t e d  ( d a s h e d - b l u e ) ,  f u l l  ( g r a y  a r e a )  a n d  g a t e d  ( s o l i d - r e d )  t i m e  s e r i e s  f o r  t h e  c a s e  o f  

F i g u r e  4 . 1 .  T h e  s t a r  d e n o t e s  t h e  i n j e c t i o n  l o c a t i o n .  T h e  v a l u e  o f  C L E  f o r  t h i s  c a s e  i s  

C L E  =  2  x  1 0 1 1 .

A f t e r  t h e  a l g o r i t h m  u s e d  i n  M o g u s h i  et al. ( 2 0 2 1 )  i s  t r a i n e d ,  r e c o n s t r u c t i n g  t h e  g a t e d  

d a t a  t a k e s  o f  t h e  o r d e r  o f  a  f e w  s e c o n d s  f o r  t h e  g a t e  d u r a t i o n s  u p  t o  h u n d r e d s  o f  m i l l i s e c o n d s .  

H e n c e ,  t h e  m e t h o d  c o u l d  b e  u s e d  i n  l o w - l a t e n c y  o p e r a t i o n s  w h e n  t h e  d a t a  i s  c o n t a m i n a t e d  

b y  g l i t c h e s .

O t h e r  t h a n  s i g n a l s  f r o m  B B H  m e r g e r s  t e s t e d  i n  o u r  a n a l y s i s ,  t h e  m e t h o d  c o u l d  

b e  a p p l i e d  t o  o t h e r  C B C  s i g n a l s  i n c l u d i n g  B N S  a n d  N S B H  m e r g e r s .  B e c a u s e  o f  t h i s  

p o s s i b l e  a p p l i c a t i o n  a n d  t h e  l o w - l a t e n c y  a b i l i t y ,  N N E T F I X  i s  p o t e n t i a l l y  b e n e f i c i a l  t o  a i d  

i n  o b s e r v i n g  E M  c o u n t e r p a r t s  a s s o c i a t e d  w i t h  G W  s i g n a l s .
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5. CONCLUSION

I n  1 9 1 6 ,  t h e  e x i s t e n c e  o f  G W s ,  s m a l l  p e r t u r b a t i o n s  o f  s p a c e t i m e  p r o d u c e d  b y  

a c c e l e r a t i n g  m a s s i v e  o b j e c t s  w a s  f i r s t  p r e d i c t e d  a s  s o l u t i o n s  o f  E i n s t e i n ’ s  T h e o r y  o f  G e n e r a l  

R e l a t i v i t y  ( E i n s t e i n ,  1 9 1 6 ) .  A  c e n t u r y  a f t e r  1 9 1 5 ,  L I G O - V i r g o  c o l l a b o r a t i o n  d e t e c t e d  t h e  

f i r s t  d i r e c t  G W  s i g n a l  f r o m  t h e  c o l l i s i o n  o f  a  b i n a r y  s y s t e m  o f  t w o  b l a c k  h o l e s .  W e  h a v e  s e e n  

a s  G W s  i n  t h e  l i n e a r i z e d  t h e o r y  t h a t  d e s c r i b e s  t h e  s p a c e t i m e  w i t h  t h e  w e a k  g r a v i t a t i o n a l  

f i e l d .  I n  t h e  l i n e a r i z e d  t h e o r y ,  w e  h a v e  o b s e r v e d  t h a t  t h e  a c c e l e r a t i n g  q u a d r u p o l e  m o m e n t s  

a r e  t h e  s o u r c e  o f  G W s .  T o  s h o w  h o w  G W s  i n t e r a c t  w i t h  m a s s e s ,  w e  h a v e  f o l l o w e d  ( C a r r o l l ,  

2 0 0 3 ;  P o i s s o n  a n d  W i l l ,  2 0 1 4 ;  S a u l s o n ,  1 9 9 4 ) .  W e  h a v e  s e e n  t h a t  G W s  s t r e t c h  a n d  s q u e e z e  

t h e  s p a c e  p e r p e n d i c u l a r  t o  t h e  d i r e c t i o n  o f  t h e  p r o p a g a t i o n .  W e  h a v e  o b s e r v e d  t h a t  t h e  

r e l a t i v e  l e n g t h  o f  t h e  t w o  a r m s  o f  t h e  d e t e c t o r  c h a n g e s  a s  G W s  a r e  p a s s i n g  b y  G W  d e t e c t o r s ,  

a l l o w i n g  s c i e n t i s t s  t o  o b s e r v e  G W s .  W i t h  G W  d e t e c t o r s ,  s c i e n t i s t s  a r e  l o o k i n g  f o r  m o r e  

G W  d e t e c t i o n s  a n d / o r  n e w  t y p e s  o f  G W  s i g n a l s .

T o  d e t e c t  G W  s i g n a l s ,  t h e  d e t e c t o r s  m u s t  b e  e x t r e m e l y  s e n s i t i v e ,  c a u s i n g  t h e m  t o  b e  

s u s c e p t i b l e  t o  i n s t r u m e n t a l  a n d  e n v i r o n m e n t a l  n o i s e  a r t i f a c t s .  I n  p a r t i c u l a r ,  t r a n s i e n t  n o i s e  

a r t i f a c t s ,  o r  glitches  a d v e r s e l y  a f f e c t  t h e  d e t e c t o r - d a t a  q u a l i t y .  H e n c e ,  r e m o v i n g  g l i t c h e s  i s  

c r u c i a l  t o  i m p r o v e  t h e  c o n f i d e n c e  o f  a s t r o p h y s i c a l  s i g n a l s .  L I G O  d e t e c t o r s  h a v e  n u m e r o u s  

s e n s o r s  m o n i t o r i n g  t h e  v a r i o u s  a s p e c t s  o f  t h e  d e t e c t o r  c o n t r o l s  i n c l u d i n g  o p t i c  s u s p e n s i o n s  

a n d  l a s e r - a l i g n m e n t  c o n t r o l s  a s  w e l l  a s  t h e  d e t e c t o r ’ s  o u t p u t  r e a d o u t .  S o m e  o f  t h e s e  s e n s o r s  

c a n  b e  p o t e n t i a l  w i t n e s s e s  o f  g l i t c h e s .  I n  C h a p t e r  2 ,  W e  h a v e  p r e s e n t e d  a  s o f t w a r e  p a c k a g e  

c a l l e d  P y C h C h o o  ( M o g u s h i ,  2 0 2 1 a )  t h a t  s t a t i s t i c a l l y  i d e n t i f i e s  w i t n e s s  s e n s o r s  o f  g l i t c h e s .  

T h i s  w o r k  w a s  f i r s t  p r e s e n t e d  i n  M o g u s h i  et al. ( 2 0 2 1 ) .

A f t e r  i d e n t i f y i n g  t h e  w i t n e s s  s e n s o r s ,  w e  h a v e  p r e s e n t e d  a  n e w  m a c h i n e  l e a r n i n g -  

b a s e d  a l g o r i t h m  t o  s u b t r a c t  g l i t c h e s  b y  u s i n g  t h e  d a t a  f r o m  a  s e t  o f  w i t n e s s  c h a n n e l s .  W i t h o u t  

k n o w i n g  t h e  p h y s i c a l  c o u p l i n g  m e c h a n i s m s  i n s i d e  a n d  a r o u n d  t h e  d e t e c t o r ,  o u r  a l g o r i t h m  

l e a r n s  g l i t c h - c o u p l i n g s  f r o m  t h e  d a t a  a n d  s u c c e s s f u l l y  e s t i m a t e s  s h o r t - l i v e d  l i n e a r  a n d  n o n ­
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l i n e a r  f e a t u r e s  o f  g l i t c h e s .  U s i n g  t w o  d i s t i n c t  c l a s s e s  o f  g l i t c h e s  o b s e r v e d  i n  t h e  L I G O  

d e t e c t o r ,  w e  h a v e  f o u n d  t h a t  t h e  e x c e s s  p o w e r  d u e  t o  t h e  p r e s e n c e  o f  g l i t c h  i s  r e d u c e d  

b y  2 0  -  7 0 %  a n d  t h e  r a n k i n g  s t a t i s t i c s  o f  o n e  o f  t h e  u n m o d e l e d  G W  d e t e c t i o n  p i p e l i n e s  

c a l l e d  c W B  i m p r o v e s  a f t e r  g l i t c h  s u b t r a c t i o n  b y  a  f a c t o r  o f  ~  1 . 0 3  ~  3 . 5  a n d  ~  1 . 2  ~  2 . 7  o n  

a v e r a g e  f o r  G a u s s i a n  m o d u l a t e d  s i n u s o i d a l  a n d  B B H  i n j e c t i o n s .  W e  a l s o  h a v e  f o u n d  t h a t  t h e  

c W B  e s t i m a t e d  s o u r c e - d i r e c t i o n ,  c e n t r a l  f r e q u e n c y ,  a n d  c h i r p  m a s s  a f t e r  g l i t c h  s u b t r a c t i o n  

a r e  c o m p a r a b l e  o r  m o r e  a c c u r a t e  t h a n  t h a t  b e f o r e  g l i t c h  s u b t r a c t i o n .  I n  t h e  c u r r e n t  w o r k  

p r e s e n t e d  i n  t h i s  d i s s e r t a t i o n ,  w e  h a v e  f o u n d  t h a t  t h e  F A R  d i s t r i b u t i o n  i n  t h e  b a c k g r o u n d  i s  

n o t  r e d u c e d  s i g n i f i c a n t l y  a f t e r  g l i t c h  s u b t r a c t i o n  b e c a u s e  w e  h a v e  f o c u s e d  o n l y  o n  t h e  t w o  

g l i t c h  c l a s s e s  a n d  a p p l i e d  t h e  g l i t c h - s u b t r a c t i o n  t e c h n i q u e  t o  1 0 %  o f  g l i t c h e s  t h a t  w o u l d  

b e  s u b t r a c t e d .  I n  t h e  f u t u r e ,  w e  s h a l l  t r y  t o  c r e a t e  n e t w o r k s  f o r  d i f f e r e n t  g l i t c h  c l a s s e s  a n d  

s u b t r a c t  a l l  p o s s i b l e  g l i t c h e s  a n d  c o m p a r e  t h e  t i m e - v o l u m e  i n t e g r a l s  b e t w e e n  t h e  s u b t r a c t e d  

d a t a  a n d  t h e  v e t o e d  d a t a  t o  s e e  w h i c h  m e t h o d  i s  p r e f e r a b l e .  W h i l e  t h i s  a l g o r i t h m  c a n  b e  

u s e d  f o r  b o t h  m o d e l e d  o r  u n m o d e l e d  G W  d e t e c t i o n  p i p e l i n e s ,  g l i t c h e s  w i t h  n o  w i t n e s s e s  

c a n  n o t  b e  m i t i g a t e d .

T o  m i t i g a t e  g l i t c h e s  w i t h  n o  w i t n e s s e s ,  w e  f o c u s e d  o n  m o d e l e d  G W s ,  i n  p a r t i c u l a r ,  

s i g n a l s  f r o m  b i n a r y  c o a l e s c e n c e s .  W e  h a v e  p r e s e n t e d  a  m e t h o d  c a l l e d  N N E T F I X  w h i c h  

e m p l o y s  a  m a c h i n e - l e a r n i n g  a l g o r i t h m  t o  e s t i m a t e  t h e  d a t a  c o n t a i n i n g  a  C B C  s i g n a l  t h a t  i s  

p a r t i a l l y  r e m o v e d  d u e  t o  t h e  p r e s e n c e  o f  a n  o v e r l a p p i n g  g l i t c h .  T h i s  w o r k  w a s  p u b l i s h e d  

i n  M o g u s h i  et al. ( 2 0 2 1 ) .  U s i n g  s i m u l a t e d  B B H  s i g n a l s  w i t h  a  h i g h  S N R  i n j e c t e d  i n  t h e  

s i m u l a t e d  c o l o r e d  G a u s s i a n  d a t a  w i t h  L I G O ' s  d e s i g n  s e n s i t i v i t y ,  w e  h a v e  o b s e r v e d  t h a t  t h e  

o v e r l a p  o f  t h e  s k y  l o c a l i z a t i o n  e r r o r  r e g i o n  o b t a i n e d  w i t h  t h e  N N E T F I X  r e c o n s t r u c t e d  d a t a  

a n d  t h e  s k y  e r r o r  r e g i o n  o f  t h e  d a t a  i n  t h e  a b s e n c e  o f  g l i t c h e s  i s  b e t t e r  t h a n  t h e  o v e r l a p  o f  

t h e  l a t t e r  w i t h  t h e  s k y  e r r o r  r e g i o n  o f  t h e  p a r t i a l l y  r e m o v e d  d a t a  i n  t h e  m a j o r i t y  o f  c a s e s .  

T h i s  w o r k  e m p l o y s  a  f u l l y  c o n n e c t e d  M L P  f o r  t h e  p r o o f  o f  c o n c e p t .  T o  i m p r o v e  t h e  r e ­

c o n s t r u c t i o n  p e r f o r m a n c e ,  d i f f e r e n t  m a c h i n e  l e a r n i n g  a l g o r i t h m s  s u c h  a s  C N N  a u t o e n c o d e r  

a n d / o r  r e c u r r e n t  n e u r a l  n e t w o r k  c a n  b e  u s e d .  B e c a u s e  C B C  s i g n a l s  e v o l v e  t h e i r  f r e q u e n c i e s



154

a n d  a m p l i t u d e s  o v e r  t i m e  t o w a r d s  t h e i r  m e r g e r  t i m e s ,  p a r t s  o f  s i g n a l s  i n  n e a r  t i m e  a r e  m o r e  

c l o s e  t o  e a c h  o t h e r  t h a n  p a r t s  i n  f a r  t i m e .  T h e r e f o r e ,  t h e  C N N  n e t w o r k  m i g h t  b e  m o r e  

s u i t a b l e  t h a n  a  f u l l y  c o n n e c t e d  M L P  f o r  r e c o n s t r u c t i n g  s i g n a l s .  L o n g e r  s i g n a l  w a v e f o r m s  

s u c h  a s  B N S  s i g n a l s  h a v e  m o r e  c h a n c e  t o  o v e r l a p  w i t h  g l i t c h e s .  I m p r o v e m e n t s  i n  t h e  

s k y  l o c a l i z a t i o n  e r r o r  r e g i o n  f o r  B N S  s i g n a l s  m i g h t  b e  m o r e  b e n e f i c i a l  f o r  i d e n t i f y i n g  E M  

c o u n t e r p a r t s .  A  c o m p u t a t i o n a l  c h a l l e n g e  f o r  B N S  s i g n a l s  i s  t h e  l a t e n c y  b e c a u s e  o f  a  l a r g e r  

a m o u n t  o f  d a t a .  U s i n g  G P U  m i g h t  b e  a  p o s s i b l e  w a y  t o  o v e r c o m e  t h e  a b o v e  c o m p u t a t i o n a l  

c h a l l e n g e .  I n  t h e  c u r r e n t  s e t t i n g ,  N N E T F I X  t r a i n s  a  n e t w o r k  u s i n g  a  g a t e  w i t h  a  f i x e d  

p o s i t i o n  a n d  a  f i x e d  d u r a t i o n .  T h i s  s e t t i n g  m i g h t  b e  a  l i m i t a t i o n  t o  u s e  N N E T F I X  i n  t h e  

r e a l  d a t a  b e c a u s e  t h e  p o s i t i o n  a n d  d u r a t i o n  o f  a n  o v e r l a p p i n g  g l i t c h  a r e  a r b i t r a r y .  T h e r e f o r e ,  

i t  i s  m o r e  u s e f u l  t o  t r a i n  a  s i n g l e  n e t w o r k  w i t h  v a r i o u s  g a t e s .  S p i n s  o f  C B C s  a r e  c r u c i a l  

f a c t o r s  f o r  t h e  s k y  l o c a l i z a t i o n  e r r o r  r e g i o n ,  w h e r e  s m a l l  d i f f e r e n c e s  i n  s p i n s  m a k e  t h e  

s k y  l o c a l i z a t i o n  e r r o r  r e g i o n  d i f f e r  s i g n i f i c a n t l y .  I n  t h e  f u t u r e ,  B N S  s i g n a l s  w i t h  n o n - z e r o  

s p i n s  w i t h  v a r i o u s  g a t e s  s h o u l d  b e  u s e d  t o  t r a i n  a  s i n g l e  n e t w o r k  i n  N N E T F I X .  A n o t h e r  

l i m i t a t i o n  i n  t h e  c u r r e n t  N N E T F I X  i s  t h e  l o s s  f u n c t i o n .  W e  h a v e  o b s e r v e d  t h a t  a  h i g h e r  

n u m b e r  o f  h i d d e n  l a y e r s  l o w e r s  t h e  r e c o n s t r u c t i o n  a c c u r a c y  t h o u g h  i t  i s  e x p e c t e d  t o  i m p r o v e  

t h e  a c c u r a c y .  T h i s  c o n t r a d i c t i o n  i s  d u e  t o  t h e  c h o i c e  o f  t h e  l o s s  f u n c t i o n ,  M S E .  T h e  n o i s e  

i s  a  r a n d o m  v a r i a b l e  s o  t h a t  t h e  n e t w o r k  w i t h  a  h i g h e r  n u m b e r  o f  h i d d e n  l a y e r s  t e n d s  t o  f i n d  

s m a l l e r  v a l u e s  M S E  b y  r e d u c i n g  t h e  n o i s e  i n  t h e  r e c o n s t r u c t e d  t i m e  s e r i e s .  H e n c e ,  u s i n g  

M S E  a s  a  l o s s  f u n c t i o n  p r e v e n t s  N N E T F I X  f r o m  i m p r o v i n g  t h e  r e c o n s t r u c t i o n  a c c u r a c y .  

T o  o v e r c o m e  t h i s  l i m i t a t i o n ,  o n e  c a n  u s e  d i f f e r e n t  l o s s  f u n c t i o n s  s u c h  a s  t h e  e n t r o p y  l o s s  

c a l c u l a t e d  b y  K u l l b a c k - L e i b l e r  d i v e r g e n c e  ( J o y c e ,  2 0 1 1 ) .  I f  o n e  o f  t h e  u l t i m a t e  g o a l s  i n  t h e  

u s e  o f  N N E T F I X  i s  t o  o b t a i n  b e t t e r  s k y  l o c a l i z a t i o n  e r r o r  r e g i o n s ,  o n e  c a n  t r a i n  t h e  n e t w o r k  

t o  d i r e c t l y  p r e d i c t  t h e  s k y - l o c a l i z a t i o n  p r o b a b i l i t y  d i s t r i b u t i o n  b y  c h o o s i n g  t h e  e n t r o p y  l o s s  

b e t w e e n  t h e  t r u e  d i s t r i b u t i o n  a n d  t h e  p r e d i c t e d  c o u n t e r p a r t .
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T h e  O 3 a  v e t o e d  t i m e s  i n  t h e  L I G O  d e t e c t o r s  i n  O 3 a  a r e  l e s s  t h a n  o n e  p e r c e n t  o f  t h e  

e n t i r e  a n a l y z a b l e  d a t a  ( A b b o t t  et al., 2 0 2 1 b ) .  H o w e v e r ,  f u t u r e  d e t e c t o r s  w i t h  e v e n  h i g h e r  

s e n s i t i v i t i e s  w o u l d  o b s e r v e  a  h i g h e r  n u m b e r  o f  G W  s i g n a l  c a n d i d a t e s ,  c a u s i n g  t h e m  t o  

o v e r l a p  w i t h  g l i t c h e s  m o r e  o f t e n .  H e n c e ,  r e m o v i n g  g l i t c h e s  w o u l d  b e  c r u c i a l  i n  t h e  f u t u r e .  

A l s o ,  s u b t r a c t i n g  g l i t c h e s  m i g h t  h e l p  t o  d e t e c t  G W  s i g n a l  c a n d i d a t e s  t h a t  a r e  o t h e r w i s e  

c l a s s i f i e d  a s  s u b - t h r e s h o l d  t r i g g e r s  ( A b b o t t  et al., 2 0 1 9 d ;  R i l e s ,  2 0 1 3 ) .  I m p r o v e d  d a t a  

q u a l i t y  w o u l d  a l l o w  u s  t o  d e t e c t  a s t r o p h y s i c a l  s i g n a l s  w i t h  h i g h e r  c o n f i d e n c e  a n d  b r i n g s  u s  

a  b e t t e r  u n d e r s t a n d i n g  o f  t h e  p h y s i c s  i n  t h e  u n i v e r s e .
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1. CONVENTIONS OF METRIC SIGNATURE, UNITS

W e  w r i t e  t h e  c o n v e n t i o n s  c o m m o n l y  u s e d  i n  s p e c i a l  a n d  g e n e r a l  r e l a t i v i t y  b a s e d  o n  

P o i s s o n  a n d  W i l l  ( 2 0 1 4 ) .

1.1. COORDINATES AND SPACETIME INTERVAL

B e c a u s e  s p a c e  a n d  t i m e  a r e  i n t e r c h a n g e a b l e ,  i t  i s  c o n v e n i e n t  t o  u s e  a  u n i f i e d  s p a c e ­

t i m e  c o o r d i n a t e  t o  r e f e r  t o  a n  e v e n t  w h i c h  i s  l a b e l e d  w i t h  t h e  s p a t i a l  c o o r d i n a t e s  ( x ,  y, z)  a n d  

t h e  t i m e  t . U s i n g  t h e  s p e e d  o f  l i g h t  c  w h i c h  i s  i n v a r i a n t ,  u n i f i e d  c o o r d i n a t e s  c a n  b e  w r i t t e n  

a s  x u  =  ( c t ,  x ,  y ,  z )  s u c h  t h a t  e a c h  e l e m e n t  h a s  a  d i m e n s i o n  o f  l e n g t h .  T h e  i n d e x  u  r u n s  o v e r  

t h e  v a l u e s  { 0 , 1 , 2 , 3 } ;  w e  s e t  x 0  =  c t , x 1 =  x ,  x 2  =  y ,  a n d  x 3  =  z .  T h e  s p a c e t i m e  i n t e r v a l

d s 2  i s  d e f i n e d  a s

ds2 := - ( c d t ) 2  +  d x 2  +  d y 2  +  d z 2  . ( A . 1 )

U s i n g  t h e  f l a t - s p a c e t i m e  m e t r i c  n u v  = d ia g ( - 1 ,1 ,1 , 1 ) ,  o r  t h e  M i n k o w s k i  t e n s o r ,  t h e  s p a c e ­

t i m e  i n t e r v a l  i s  s i m p l i f i e d  a s

3 3

d s 2  =  ^  ^  n ^ v d x u d x v  : =  n u v d x u d x v ,  ( A . 2 )

yU =0 V = 0

w h e r e  a  p a i r  o f  t h e  s a m e  l o w e r  a n d  u p p e r  i n d i c e s  d e n o t e s  s u m m i n g  o v e r  a l l  t h e  v a l u e s  

{ 0 , 1 , 2 , 3 } .

1.2. RAISING AND LOWERING OPERATOR

A s  w e l l  a s  b e i n g  u s e d  i n  t h e  s p a c e t i m e  i n t e r v a l ,  t h e  M i n k o w s k i  m e t r i c  n u v  s e r v e s  a s  

r a i s i n g  a n d  l o w e r i n g  o p e r a t o r s  f o r  v e c t o r s  a n d  t e n s o r s .  A  v e c t o r  w i t h  a  l o w e r  i n d e x  ( k n o w n  

a s  a  covariant  v e c t o r )  i s  d e f i n e d  a s

Au = n^v Av . (A.3)
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S i m i l a r l y  f o r  a  t e n s o r ,  t h e  M i n k o w s k i  m e t r i c  o p e r a t e s ;  B pv = npa'qvp B aS. T h e  r a i s i n g  

o p e r a t o r  i s  t h e  i n v e r s e  M i n k o w s k i  m e t r i c  i)pv , w h i c h  s a t i s f i e s  n ppnpv = S^v . A  v e c t o r  w i t h  

t h e  u p p e r  i n d e x  i s  o b t a i n e d  f r o m  i t s  c o v a r i a n t  v e c t o r  a s

A p = r/pvA v . ( A . 4 )

U s i n g  v e c t o r s  w i t h  u p p e r  a n d  l o w e r  i n d i c e s ,  E q u a t i o n  ( A . 2 )  c a n  b e  r e w r i t t e n  a s  d s 2  =  

d xp d x p . B e c a u s e  t h e  i n d e x  ^  r u n s  o v e r v a l u e s  i n  t h e  e n t r i e s  { 0 , 1 , 2 , 3 } ,  t h e  s p a c e t i m e  i n t e r v a l  

c a n  b e  i n t e r p r e t e d  a s  t h e  i n n e r  p r o d u c t  o f  t h e  s p a c e t i m e  d i s p l a c e m e n t s  w i t h  t h e m s e l v e s .  

T h e  i n n e r  p r o d u c t  i s  a  s c a l a r  q u a n t i t y .  A n y  s c a l a r s  s u c h  a s  A pB p a r e  i n v a r i a n t .

1.3. LORENTZ INVARIANCE

T h e  f l a t - s p a c e t i m e  i n t e r v a l  d s 2  i s  i n v a r i a n t  u n d e r  L o r e n t z  t r a n s f o r m a t i o n s .  L e t  u s  

d e f i n e  t h e  L o r e n t z  t r a n s f o r m a t i o n  x p ^  x 'p a s

d x 'p = A  ̂ v  d x v ,  ( A . 5 )

w h e r e  A ^ v  i s  t h e  L o r e n t z - t r a n s f o r m a t i o n  o p e r a t o r .  T h e  s p a c e t i m e  i n t e r v a l  d s ' 2  b e c o m e s

d s ' 2  =  npvd x 'pd x 'v = npvA ^ aA vs d x ad x s . ( A . 6 )

B e c a u s e  ijpvA ^ a A v ^  =  ijap , t h e  p r e v i o u s  e q u a t i o n  b e c o m e s

d s ' 2  =  npvd x 'pd x 'v = na/3d x ad xs  . ( A . 7 )

I n d e e d ,  t h e  s p a c e t i m e  i n t e r v a l  i s  i n v a r i a n t  u n d e r  t h e  L o r e n t z  t r a n s f o r m a t i o n .  T h e  i n t e r v a l  

i n  c u r v e d  s p a c e t i m e  i s  d e f i n e d  u s i n g  t h e  g e n e r a l i z e d  m e t r i c  gpv i n s t e a d  o f  ijpv .
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1.4. LORENTZ-TRANSFORMATION OPERATORS

L o r e n t z  t r a n s f o r m a t i o n s  i n c l u d e  boosts  s u c h  t h a t  a  n e w  i n e r t i a  f r a m e  i s  m o v i n g  w i t h  

a  v e l o c i t y  r e l a t i v e  t o  a n  o l d  i n e r t i a  f r a m e  a s  w e l l  a s  s p a t i a l - c o o r d i n a t e  r o t a t i o n s  f r o m  a n  

o l d  i n e r t i a l  f r a m e  t o  a  n e w  i n e r t i a l  f r a m e .  T h e  m a t r i x  r e p r e s e n t a t i o n  o f  a  L o r e n t z  b o o s t  

x 'v  = B x v i n  t h e  c a s e ,  w h e r e  t h e  n e w  f r a m e  i s  m o v i n g  w i t h  t h e  v e l o c i t y  v  r e l a t i v e  t o  t h e  

o l d  f r a m e ,  i s  g i v e n  a s

B ( v )

l  y  —Y v x / c

- y v x / c 1  +  ( y  -  1 ) v 2 / v 2

Y V y / C  ( Y  -  1 ) V y V x / v 2

\ —Yvz /c  (Y  -  1 ) v z v x / v 2

- Y  vy /c  
( Y  -  1 ) V x V y / v 2

Yvz/c  \
2(Y  -  1 ) v x  v z / v  

1  +  ( y  -  1 ) v J / v 2  ( y  -  1 ) v y V z / v

( y  -  1 ) v z v y / v 2  1  +  ( y  -  1 ) v 2 / v 2 /

( A . 8 )

w h e r e  v x ,  v y ,  vz a r e  t h e  v e l o c i t i e s  i n  x - ,  y - ,  z — a x e s ,  r e s p e c t i v e l y ,  v  = ^Jv^ + v2  +  v |  i s  t h e  

m a g n i t u d e  o f  t h e  v e l o c i t y ,  a n d  y  =  1  h j  1  -  v 2 / c 2  i s  t h e  L o r e n t z  f a c t o r .  F o r  e x a m p l e ,  i f  

v  =  vx ex , t h e  L o r e n t z  b o o s t  i s  r e p r e s e n t e d  a s

B ( v )

Y - Y v x / c 0 0

- Y v x / c Y 0 0

0 0 1 0

0 0 0 1 /

( A . 9 )

a n d

n  B ^  B v

l  Y

■ Y v x / c  Y

0  0

0  0

/ - Y 2  +  Y 2 vx2 / c 2  

0  

0  

0

- 1  0  0  0

0  1 0  0

0  0  1 0

\  0  0  0  1 /

- Y v x / c  0  m  / - 1  0  0  y

Y

0 0  

0 0  

0  0 /

0

2  -  Y 2 v 2 / c 2

0

0

0  1 0  0  

0  0  1 0  

\  0  0  0  1 /

0 0  

0 0  

1 0  

0  1 /

Y v x / c

0

0

Y v x / c  0  0  

0 0  

0 0

Y

0

0 0  0 /

( A . 1 0 )
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b y  i n v o k i n g  t h e  L o r e n t z  f a c t o r  y  =  1  / a/  1  -  v 2 / c 2 . H e n c e ,  E q u a t i o n  ( A . 6 )  i s  s a t i s f i e d .  

T h e  s u c c e s s i v e  L o r e n t z  b o o s t s  B ( w )  =  B (u)B (v)  f r o m  t h e  u n - p r i m e d  f r a m e  t o  t h e  d o u b l e -  

p r i m e d  f r a m e  s u c h  t h a t  x " ^  = B(U)^vx 'v a n d  x ' = B ( v ) ^ v x v , a r e  a l s o  i n c l u d e d  i n  L o r e n t z  

t r a n s f o r m a t i o n s .  A  s p a t i a l  r a t i o n  a n d  s u c c e s s i v e  r a t i o n s  a r e  L o r e n t z  t r a n s f o r m a t i o n s .  F o r  

e x a m p l e ,  t h e  r o t a t i o n  a l o n g  z - a x i s  i s  r e p r e s e n t e d  a s

m

(1  0

0  c o s  <p 
0  s i n  <p 

[ 0  0

0 0  

-  s i n  <p 0  

c o s  <p 0  ’

0  V

a n d

( A . 1 1 )

R  ̂  R
v
P

1 0 0 0 - 1 0 0 0 1 0 0 0

0 c o s  <p s i n  <p 0 0 1 0 0 0  c o s  <p -  s i n  <p 0

0 -  s i n  <p c o s  <p 0 0 0 1 0 0  s i n  <p c o s  <p 0

[0 0 0  1 / [  0 0 0 1 / [ 0  0 0 1 /

- 1 0 0 0

0 c o s 2  <p + s i n 2  <p - c o s  <p s i n  <p + c o s  <p s i n  <p 0

0  -  c o s  <p s i n  <p +  c o s  <p s i n  <p c o s 2  <p +  s i n 2  <p
0  0  0

- 1  0  0  0  

0  1 0  0  

0  0  1 0 '

0  0  0  1 /

0  ’

1 /

( A . 1 2 )

H e n c e ,  E q u a t i o n  ( A . 6 )  i s  s a t i s f i e d  i n  t h i s  c a s e  a s  w e l l .
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1. TABLES OF QUANTITIES WITH CONTOUR LEVELS IMPROVED BY
NNETFIX

T a b l e  1 .  M e d i a n  v a l u e s  o f  C L E  f o r  t h e  e x p l o r a t i o n  s e t s  w i t h  c o m p o n e n t  m a s s e s  (m 1, m 2 )  =  

( 1 2 , 1 0 )  M q . B o l d f a c e  e n t r i e s  d e n o t e  s e t s  w i t h  C L E  a b o v e  1 .

N e t w o r k  S N R 1 1 . 3 2 8 . 3 4 2 . 4

G a t e  d u r a t i o n  [ m s ] 5 0 7 5 1 3 0 5 0 7 5 1 3 0 5 0 7 5 1 3 0

1 5 0 . 9 5 0 . 9 8 0 . 9 7 0 . 9 9 7 0 . 9 9 6 1 . 07 1 . 05 1 . 12 1 . 22

t b m  [ m s ]  3 0
0 . 9 8 0 . 9 6 0 . 9 9 1 . 003 1 . 02 1 . 05 1 . 05 1 . 1 1 . 26

9 0 0 . 9 8 0 . 9 8 0 . 9 9 1 . 01 1 . 01 1 . 07 1 . 04 1 . 05 1 . 14

1 7 0 0 . 9 9 0 . 9 9 0 . 9 6 1 . 01 1 . 002 1 . 03 1 . 03 1 . 04 1 . 08

T a b l e  2 .  M e d i a n  v a l u e s  o f  C L E  f o r  t h e  e x p l o r a t i o n  s e t s  w i t h  c o m p o n e n t  m a s s e s  ( m 1 , m 2 )  =  

( 2 0 , 1 5 )  M q . B o l d f a c e  e n t r i e s  d e n o t e  s e t s  w i t h  C L E  a b o v e  1 .

N e t w o r k  S N R 1 1 . 3 2 8 . 3 4 2 . 4

G a t e  d u r a t i o n  [ m s ] 5 0 7 5 1 3 0 5 0 7 5 1 3 0 5 0 7 5 1 3 0

1 5 0 . 9 1 0 . 9 0 0 . 9 4 1 . 05 1 . 10 1 . 24 1 . 17 1 . 49 2 . 6

t b m  [ m s ]  3 0
0 . 9 3 0 . 9 3 0 . 9 4 1 . 03 1 . 13 1 . 41 1 . 22 1 . 39 2 . 26

9 0 0 . 9 9 0 . 9 7 0 . 8 5 1 . 02 1  . 0 0 0 1 . 13 1 . 08 1 . 16 1 . 48

1 7 0 0 . 9 9 0 . 9 9 0 . 9 4 1 . 003 1 . 006 1 . 01 1 . 06 1 . 13 1 . 21
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T a b l e  3 .  M e d i a n  v a l u e s  o f  C L E  f o r  t h e  e x p l o r a t i o n  s e t s  w i t h  c o m p o n e n t  m a s s e s  (m 1, m 2 )  =  

( 2 5 , 2 9 )  M q . B o l d f a c e  e n t r i e s  d e n o t e  s e t s  w i t h  C L E  a b o v e  1 .

N e t w o r k  S N R 1 1 . 3 2 8 . 3 4 2 . 4

G a t e  d u r a t i o n  [ m s ] 5 0 7 5 1 3 0 5 0 7 5 1 3 0 5 0 7 5 1 3 0

1 5 0 . 8 6 0 . 8 2 0 . 3 5 1 . 63 2 . 68 3 . 97 3 . 76 12 . 97 58 . 4

t b m  [ m s ]  3 0
0 . 9 1 0 . 7 0 0 . 7 2 1 . 62 2 . 22 4 . 97 3 . 07 9 . 81 134 . 9

9 0 0 . 9 9 0 . 9 3 0 . 7 6 1 . 15 1 . 44 1 . 91 1 .32 2 . 40 7 . 62

1 7 0 0 . 9 9 0 . 9 8 5 0 . 9 7 1 . 06 1 . 14 1 . 18 1 . 20 1 .37 1 . 53

T a b l e  4 .  F r a c t i o n  o f  s a m p l e s  w i t h  C L E  a b o v e  1  f o r  t h e  e x p l o r a t i o n  s e t s  w i t h  c o m p o n e n t  

m a s s e s  ( m 1 , m 2 )  =  ( 1 2 , 1 0 )  M q . B o l d f a c e  e n t r i e s  d e n o t e  s e t s  w h e r e  t h e  f r a c t i o n  o f  s a m p l e s  

w i t h  C L E  >  1  i s  l a r g e r  t h a n  5 0 % .

N e t w o r k  S N R 1 1 . 3 2 8 . 3 4 2 . 4

G a t e  d u r a t i o n  [ m s ] 5 0 7 5 1 3 0 5 0 7 5 1 3 0 5 0 7 5 1 3 0

1 5 0 . 4 0 0 . 4 4 0 . 4 3 0 . 5 0 0 . 4 9 0 . 60 0 . 56 0 . 60 0 . 65

t b m  [ m s ]  3 0
0 . 4 4 0 . 4 3 0 . 4 6 0 . 51 0 . 54 0 . 56 0 . 55 0 . 58 0 . 67

9 0 0 . 4 3 0 . 4 2 0 . 4 7 0 . 51 0 . 52 0 . 58 0 . 56 0 . 56 0 . 60

1 7 0 0 . 4 3 0 . 4 6 0 . 3 8 0 . 53 0 . 51 0 . 54 0 . 57 0 . 55 0 . 57



164

T a b l e  5 .  F r a c t i o n  o f  s a m p l e s  w i t h  C L E  a b o v e  1  f o r  t h e  e x p l o r a t i o n  s e t s  w i t h  c o m p o n e n t  

m a s s e s  (m 1, m 2 )  =  ( 2 0 , 1 5 )  M 0 . B o l d f a c e  e n t r i e s  d e n o t e  s e t s  w h e r e  t h e  f r a c t i o n  o f  s a m p l e s  

w i t h  C L E  >  1  i s  l a r g e r  t h a n  5 0 % .

N e t w o r k  S N R 1 1 . 3 2 8 . 3 4 2 . 4

G a t e  d u r a t i o n  [ m s ] 5 0 7 5 1 3 0 5 0 7 5 1 3 0 5 0 7 5 1 3 0

1 5 0 . 3 6 0 . 3 7 0 . 4 1 0 . 53 0 . 56 0 . 60 0 . 61 0 . 67 0 . 72

t b m  [ m s ]  3 0
0 . 4 2 0 . 3 9 0 . 4 2 0 . 52 0 . 59 0 . 67 0 . 61 0 . 66 0 . 72

9 0 0 . 4 4 0 . 4 2 0 . 3 5 0 . 53 0 . 50 0 . 57 0 . 59 0 . 62 0 . 62

1 7 0 0 . 4 4 0 . 4 7 0 . 4 0 0 . 51 0 . 51 0 . 51 0 . 58 0 . 59 0 . 60

T a b l e  6 .  F r a c t i o n  o f  s a m p l e s  w i t h  C L E  a b o v e  1  f o r  t h e  e x p l o r a t i o n  s e t s  w i t h  c o m p o n e n t  

m a s s e s  ( m 1 , m 2 )  =  ( 3 5 , 2 9 )  M 0 . B o l d f a c e  e n t r i e s  d e n o t e  s e t s  w h e r e  t h e  f r a c t i o n  o f  s a m p l e s  

w i t h  C L E  >  1  i s  l a r g e r  t h a n  5 0 % .

N e t w o r k  S N R 1 1 . 3 2 8 . 3 4 2 . 4

G a t e  d u r a t i o n  [ m s ] 5 0 7 5 1 3 0 5 0 7 5 1 3 0 5 0 7 5 1 3 0

1 5 0 . 4 2 0 . 4 1 0 . 3 3 0 . 62 0 . 67 0 . 62 0 . 71 0 . 78 0 . 71

t b m  [ m s ]  3 0
0 . 4 4 0 . 3 7 0 . 4 0 0 . 60 0 . 64 0 . 69 0 . 73 0 . 72 0 . 80

9 0 0 . 4 7 0 . 4 3 0 . 4 1 0 . 59 0 . 61 0 . 62 0 . 65 0 . 67 0 . 72

1 7 0 0 . 4 8 0 . 4 8 0 . 4 5 0 . 56 0 . 57 0 . 59 0 . 61 0 . 64 0 . 65
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1 0 0 %  t o  w o r k  p r e s e n t e d  i n  P a p e r  I  

1 0 0 %  t o  w o r k  p r e s e n t e d  i n  P a p e r  I I

5 0 %  ( d a t a  c r e a t i o n ,  c o d e  i m p l e m e n t a t i o n ,  d a t a  a n a l y s i s ,  a n d  w r i t i n g  t h e  a r t i ­

c l e )  t o  w o r k  p r e s e n t e d  i n  S e c t i o n  2
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1. LIST OF AUTHORED PAPERS NOT INCLUDED IN THE DISSERTATION

T h e  a u t h o r  o f  t h i s  d i s s e r t a t i o n  b e c a m e  a n  L S C  c o l l a b o r a t i o n  c o - a u t h o r  s i n c e  O c t o b e r  

1 3 t h ,  2 0 1 7 ,  a n d  h a s  b e e n  a u t h o r e d  f o r  6 6  c o l l a b o r a t i o n  p a p e r s .  H e r e ,  w e  b r i e f l y  d e s c r i b e  

t h e  l i s t  o f  a u t h o r e d  p a p e r s ,  M o g u s h i  et al. ( 2 0 1 9 ) ,  Z h e n g  et al. ( 2 0 2 1 ) ,  a n d  D a v i s  et al. 

( 2 0 2 1 )  t h a t  a r e  n o t  i n c l u d e d  i n  t h i s  d i s s e r t a t i o n .

O n  A u g u s t  1 7 t h ,  2 0 1 7 ,  t h e  L I G O - V i r g o  c o l l a b o r a t i o n  d e t e c t e d  t h e  f i r s t  G W  s i g n a l  

p r o d u c e d  b y  a  B N S  c a l l e d  G W 1 7 0 8 1 7  i n  c o i n c i d e n c e  w i t h  t h e  E M  o b s e r v a t i o n  o f  t h e  s h o r t  

g a m m a - r a y  b u r s t  ( s G R B )  c a l l e d  G R B  1 7 0 8 1 7 A .  T h i s  d e t e c t i o n  v e r i f i e d  t h e  l o n g - t h o u g h t  

h y p o t h e s i s  t h a t  a t  l e a s t  s o m e  s G R B s  a r e  p r o d u c e d  b y  B N S  m e r g e r s  ( A b b o t t  et al., 2 0 1 7 b , c ;  

G o l d s t e i n  et al., 2 0 1 7 ) .  T h e  o b s e r v e d  l u m i n o s i t y  o f  G R B  1 7 0 8 1 7 A  i s  l o w e r  t h a n  t h a t  o f  a l l  

o t h e r  s G R B s  w i t h  k n o w n  r e d s h i f t  b y  a t  l e a s t  t w o  o r d e r s  o f  m a g n i t u d e .  T h i s  d i s c r e p a n c y  

c o u l d  b e  e x p l a i n e d  b y  G R B  1 7 0 8 1 7 A  b e i n g  v i e w e d  o f f - a x i s ,  i . e . ,  a t  a  l a r g e  i n c l i n a t i o n  

a n g l e  ( A b b o t t  et al., 2 0 1 7 b ) .  B a s e d  o n  t h e  V e r y  L o n g  B a s e l i n e  I n t e r f e r o m e t r i c  d e t e c t i o n  o f  

s u p e r l u m i n a l  m o t i o n  i n  G R B  1 7 0 8 1 7 A ,  M o o l e y  et al. ( 2 0 1 8 )  r u l e  o u t  t h e  “ u n i f o r m  t o p - h a t ” 

m o d e l  w h e r e  t h e  s G R B  i s  d e s c r i b e d  b y  a  c o n i c a l  j e t  w i t h  u n i f o r m ,  r e l a t i v i s t i c  e m i s s i o n  

( R h o a d s ,  1 9 9 9 )  i n  f a v o r  o f  a  “ s t r u c t u r e d  j e t ”  m o d e l ,  w h e r e  a  n a r r o w e r  u l t r a r e l a t i v i s t i c  j e t  

i s  s u r r o u n d e d  b y  a  m i l d l y  r e l a t i v i s t i c  s h e a t h  ( K u m a r  a n d  G r a n o t ,  2 0 0 3 ;  R o s s i  et al., 2 0 0 2 ;  

Z h a n g  a n d  M e s z a r o s ,  2 0 0 2 ) .  M o g u s h i  et al. ( 2 0 1 9 )  e s t i m a t e  t h e  d e t e c t i o n  r a t e  o f  c o i n c i d e n t  

G W  a n d  s G R B  o b s e r v a t i o n s  b y  t h e  n e t w o r k  o f  G W  d e t e c t o r s  a n d  c o n s t r a i n  t h e  p h y s i c a l  

p a r a m e t e r s  o f  t h e  s G R B  j e t  s t r u c t u r e ,  u s i n g  a  c a t a l o g  o f  s G R B  o b s e r v a t i o n s  b y  N e i l  G e h r e l s  

S w i f t  O b s e r v a t o r y  B u r s t  A l e r t  T e l e s c o p e  a n d  t h e  G W 1 7 0 8 1 7 / G R B  1 7 0 8 1 7 A  o b s e r v a t i o n a l  

d a t a .  T h e  e s t i m a t e d  r a t e  o f  G W  d e t e c t i o n s  c o i n c i d e n t  w i t h  s G R B  d e t e c t i o n s  b y  t h e  F e r m i  

G a m m a - r a y  B u r s t  M o n i t o r  i s  b e t w e e n  ~  0 . 1  a n d  ~  0 . 6  y r - 1  i n  t h e  O 3  o f  L I G O - V i r g o .  T h e  

t y p i c a l  v a l u e  o f  t h e  h a l f - o p e n i n g  a n g l e  i n  a  s t r u c t u r e  j e t  p r o f i l e  ( P e s c a l l i  et al., 2 0 1 5 )  i s  

e s t i m a t e d  b e t w e e n  7 °  a n d  2 2 °  w i t h  t h e  p o w e r - l a w  d e c a y  e x p o n e n t  v a r y i n g  b e t w e e n  5  a n d

3 0  a t  1 ^  c o n f i d e n c e  l e v e l .
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Z h e n g  et al. ( 2 0 2 1 )  p r e s e n t  a  r e v i e w  a b o u t  a  F A R  a s  a  d e t e c t i o n  c r i t e r i o n  o f  G W  

s i g n a l s  i n  t h e  L I G O - V i r g o  c o l l a b o r a t i o n  b y  a n a l o g i z i n g  i t  w i t h  t h e  f o r e c a s t  e x a m p l e .  A  f e w e r  

n u m b e r  o f  s u n n y  d a y s  t h a t  w e r e  p r e d i c t e d  t o  b e  r a i n y  c o r r e s p o n d s  t o  a  h i g h e r  c o n f i d e n t  

f o r e c a s t  f o r  d a y s  p r e d i c t e d  t o  b e  r a i n .  S i m i l a r l y ,  G W  s i g n a l  c a n d i d a t e s  w i t h  s m a l l e r  F A R s  

a r e  o f  a s t r o p h y s i c a l  o r i g i n  w i t h  h i g h e r  c o n f i d e n c e .

D a v i s  et al. ( 2 0 2 1 )  p r e s e n t  a  c o m p r e h e n s i v e  o v e r v i e w  o f  d e t e c t o r - c h a r a c t e r i z a t i o n  

m e t h o d s  a n d  r e s u l t s  o f  L I G O  a n d  V i r g o  i n  O 2  a n d  O 3  w i t h  d e v e l o p m e n t s  t o w a r d s  t h e  

f o u r t h  o b s e r v a t i o n  r u n  ( O 4 ) .  T h e  o v e r v i e w  b e g i n s  w i t h  a  s u m m a r y  o f  t h e  d a t a  s e t  i n c l u d i n g  

t h e  d u t y  c y c l e  f a c t o r s  a n d  t h e  s e n s i t i v i t y  e v o l u t i o n  i n  O 2  a n d  O 3 ,  a n d  a l s o  c o v e r s  m a j o r  

s o f t w a r e  t o o l s  a n d  i n f r a s t r u c t u r e s  u s e d  i n  t h e  L I G O  a n d  V i r g o .  T h i s  p a p e r  a l s o  s u m m a r i z e s  

1 )  r e s u l t s  a b o u t  t h e  m i t i g a t i o n  o f  n o i s e  d u e  t o  i n s t r u m e n t a l  d i s t u r b a n c e s  t o  i m p r o v e  t h e  

p e r f o r m a n c e  o f  t h e  L I G O  d e t e c t o r s ,  2 )  m e t h o d s  u s e d  f o r  t r a n s i e n t  G W - s i g n a l  s e a r c h e s  a n d  

p r o c e d u r e s  t o  v a l i d a t e  s i g n a l  c a n d i d a t e s  b a s e d  o n  t h e  d a t a  c h a r a c t e r i z a t i o n  a s p e c t s ,  a n d  3 )  

t h e  d a t a - q u a l i t y  s t u d i e s  e m p l o y e d  f o r  c o n t i n u o u s  G W  s e a r c h e s .  T h i s  p a p e r  c o n c l u d e s  w i t h  

t h e  f u t u r e  p r o s p e c t u s  s u c h  a s  a u t o m a t i o n  e f f o r t s  d e s i g n a t e d  f o r  a  h i g h e r  n u m b e r  o f  s i g n a l  

c a n d i d a t e s  d u e  t o  e v e n  h i g h e r  s e n s i t i v i t i e s  o f  d e t e c t o r s .
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T h e  n o i s e - w e i g h t e d  i n n e r  p r o d u c t  i s  d e f i n e d  ( B r o w n ,  2 0 0 4 ;  F i n n ,  1 9 9 2 )  a s

d f
a*( f  )b  ( f )  +  a( f  )b  * (  f )

S n ( |  f  | )

( E . 1 )

w h e r e  a( f )  a n d  b( f )  a r e  t h e  F o u r i e r  t r a n s f o r m s  o f  t h e  t i m e  s e r i e s  a (t )  a n d  b (t ) ,  r e s p e c t i v e l y ,  

t h e  s t a r  d e n o t e s  t h e  c o m p l e x  c o n j u g a t e ,  a n d  S n ( |  f  | )  i s  t h e  o n e - s i d e d  P S D  o f  t h e  n o i s e .  W h e n  

a (t )  i s  r e a l ,  i . e .  a*(t)  =  a (t ) ,  i t s  F o u r i e r  t r a n s f o r m  s a t i s f i e s  t h e  f o l l o w i n g  t h e  r e l a t i o n :

a * ( f )  =  |  J  a (t)e -2 m ftd t  

a(t )e-2m(- f  ]td t ,

=  a ( - f ) .  ( E . 2 )

W h e n  a (t )  a n d  b (t )  a r e  r e a l ,  E q u a t i o n  ( E . 1 )  b e c o m e s

(a 1 b)
L

i :

J t a * ( f ) b ( f ) .

d f - ^ r n T  +
a*( f  )b( f )

F d f

d f
S n (lfl)

d f

a( f  )b*( f )

S n ( l f l )  ,

, a ( -  f  ')b * (-  f ')

S n ( lf  1 )

a*( f  )b( f )

S n (lfl)
, a*( f  ')b ( f ')

S n ( l f  1 )

a*( f  )b( f )

S n (lfl)  .

A l s o ,  a( f  )b*( f )  i s  t h e  c o m p l e x  c o n j u g a t e  o f  a*( f  )b( f )  s o  t h a t

( E . 3 )

a*( f ) b ( f ) + a( f ) b*( f ) = 2% [a*(f)b(f)] . (E.4)
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E q u a t i o n  ( E . 1 )  c a n  b e  w r i t t e n  a s

(a  \ b ) =  2  

=  2  

=  2  

=  4 5 1

f  ) b (  f )

l  +/ 0

d f
a*{ f  ) b {  f )

/•to
d f

0

/•to
d f

Jo

I  ‘

Sn{\f\)

0  d f  ' ? * { - f  ' ) b  ( - f  ' ) '

d f

a * (  f  ) b (  f )

S » ( \ f \ )  / »  “ '  W )

a * (  f  ) b (  f )  +  a (  f  ) b  * (  f )

S n ( \  f \  )

a * (  f  ) b (  f )

S n ( f )  ‘

( E . 5 )
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1 .  C O M P A R I S O N  B E T W E E N  S C A T T E R E D  L I G H T  G L I T C H E S  A N D  Q U I E T

T I M E S

To show that the frequency region above 100 Hz in time periods containing Scattered 

light glitches in the strain channel has no excess power and are compatible with the corre­

sponding frequency region of the Gaussian noise, we compare 693 spectrograms containing 

Scattered light glitches with 306 spectrograms when the strain channel is quiet, statistically 

evaluate them using the KS test (Massey, 1951).

To create the data set of Scattered light glitches, we whiten the time series of the 

strain channel with a software called GWpy (Macleod et al., 2020) and then apply a low-pass 

filter at 512 Hz as used in Sec. 2. We have the Scattered-light set with a sample size of 693 

by selecting time periods with a duration of 8 seconds that contains Scattered light glitches. 

To have a set of quiet data, we use the observing-mode strain channel data with a duration 

of 4096 seconds beginning from April 2nd, 2019 at 5:04 UTC, without data quality issues 

such as the corrupting data, the presence of glitches, and hardware injections of simulated 

signals. We whiten and apply the high-pass filter to the quiet time series and then cut the 

edge of the whitened time series to remove artifacts of the Fourier transform. By diving the 

whitened time series into 8-second segments, we have the quiet-data set with a sample size 

of 301. We create mSTFTs of the Scattered-light set and the quiet set. Figure 1 shows the 

mSTFT of a Scattered light glitch and a quiet time.

Figure 2 shows distributions of the mSTFTs in the frequency region above or below 

100 Hz in the Scattered-light set and the quiet set. The Scattered-light (quiet) set has 1.6% 

and 9.5% (1.6% and 2.1%) of pixels with values above 10 for the frequency region above 

and below 100 Hz across the set, respectively. To verify the upper-frequency region of the 

Scattered light set has no excess power above Gaussian fluctuations, we calculate one-sided 

KS-test statistics for randomly selected 500 pairs of a mSTFT from the Scattered-light set 

and a mSTFT from the quiet set by taking the mSTFT variations in both sets into account. 

As the null hypothesis in the one-sided KS test, we consider mSTFT-pixel values of a
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F i g u r e  1 .  M a g n i t u d e  o f  S T F T s  o f  Scattered light  g l i t c h  ( l e f t )  a n d  a  q u i e t  t i m e  ( r i g h t ) .

Scattered-light-glitch  d a t a  i s  l o w e r  t h a n  t h a t  o f  t h e  quiet  d a t a  b e c a u s e  w e  w a n t  t o  v e r i f y  i f  

t h e  h y p o t h e s i s  t h a t  t h e  u p p e r - f r e q u e n c y  r e g i o n  o f  t h e  Scattered light  s e t  h a s  n o  e x c e s s  p o w e r  

a b o v e  G a u s s i a n  f l u c t u a t i o n s  c a n  b e  r e j e c t e d .  B e c a u s e  t h e  K S - t e s t  s t a t i s t i c s  c a l c u l a t e d  a b o v e  

c o n t a i n  t h e  v a r i a t i o n  o f  m S T F T  i n  b o t h  s e t s ,  w e  a l s o  c a l c u l a t e  o n e - s i d e d  K S - t e s t  s t a t i s t i c s  

f o r  r a n d o m l y  s e l e c t e d  5 0 0  p a i r s  o f  t w o  m S T F T s  f r o m  t h e  quiet  s e t .  T h e  r i g h t  p a n e l  i n  F i g u r e  

3  s h o w s  d i s t r i b u t i o n s  o f  K S - s t a t i s t i c s  o f  t h e s e  p a i r s .
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F i g u r e  2 .  D i s t r i b u t i o n s  o f  m S T F T - p i x e l  v a l u e s  o f  6 9 3  S c a t t e r e d  l i g h t  g l i t c h e s  ( l e f t )  a n d  3 0 6  

q u i e t - t i m e  s e g m e n t s  ( r i g h t ) .
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W e  t h e n  p e r f o r m  a  o n e - s i d e d  K S  t e s t  f o r  t h e  a b o v e  t w o  d i s t r i b u t i o n s  o f  K S  s t a t i s t i c s .  

W e  f i n d  t h a t  t h e  p - v a l u e  o f  t h e  t e s t  t o  b e  0 . 0 9 9 ,  w h i c h  i s  n o t  c o n f i d e n t  e n o u g h  t o  r e j e c t  t h e  

h y p o t h e s i s  t h a t  t h e  u p p e r - f r e q u e n c y  r e g i o n  o f  t h e  d a t a  c o n t a i n i n g  Scattered light  g l i t c h e s  

h a s  n o  e x c e s s  p o w e r .

A s  a  s u p p l e m e n t a r y  s t u d y ,  w e  p e r f o r m  t h e  s a m e  p r o c e d u r e  f o r  t h e  f r e q u e n c y  r e g i o n  

b e l o w  1 0 0  H z .  T h e  l e f t  p a n e l  i n  F i g u r e  3  s h o w s  d i s t r i b u t i o n s  o f  K S  s t a t i s t i c s  c a l c u l a t e d  

w i t h  m S T F T  p a i r s  i n  t h e  f r e q u e n c y  r e g i o n  b e l o w  1 0 0  H z .  W e  f i n d  t h e  p - v a l u e  o f  t h e  t e s t  t o  

b e  2 . 4  x  1 0 - 1 4 1  s o  t h a t  Scattered light  g l i t c h e s  h a v e  e x c e s s  p o w e r  b e l o w  1 0 0  H z .

F i g u r e  3 .  D i s t r i b u t i o n s  o f  K S  s t a t i s t i c s  c a l c u l a t e d  w i t h  5 0 0  r a n d o m  p a i r s  o f  m S T F T s  i n  t h e  

f r e q u e n c y  r e g i o n  b e l o w  ( l e f t )  a n d  a b o v e  ( r i g h t )  1 0 0  H z .  Q Q  a n d  S Q  d e n o t e  p a i r s  o f  t w o  

m S T F T s  f r o m  t h e  quiet  s e t  a n d  p a i r s  o f  a  m S T F T  f r o m  t h e  Scattered-light  s e t  a n d  a  m S T F T  

f r o m  t h e  quiet  s e t ,  r e s p e c t i v e l y .

T o  r o b u s t l y  v e r i f y  t h a t  t h e  n u l l  h y p o t h e s i s  t h a t  t h e  m S T F T  o f  t h e  d a t a  c o n t a i n i n g  

Scattered light  g l i t c h e s  h a s  n o  e x c e s s  p o w e r  i n  t h e  f r e q u e n c y  r e g i o n  a b o v e  1 0 0  H z ,  c a n  n o t  

b e  r e j e c t e d ,  w e  v a r y  t h e  n u m b e r  o f  p a i r s  a n d  r a n d o m  p a i r - s e l e c t i o n  r e a l i z a t i o n s  f o r  p - v a l u e s .

S i m i l a r  t o  t h e  p r o c e s s  m e n t i o n e d  a b o v e ,  w e  r a n d o m l y  s e l e c t  N  p a i r s  o f  a  m S T F T  

f r o m  t h e  Scattered-light  s e t  a n d  a  m S T F T  f r o m  t h e  quiet  s e t  a s  w e l l  a s  N  p a i r s  o f  t w o  m S T F T s  

f r o m  t h e  quiet  s e t ,  s u b s e q u e n t l y  c a l c u l a t e  o n e - s i d e d  K S  s t a t i s t i c s  f o r  p a i r e d  m S T F T s  i n  t h e  

f r e q u e n c y  r e g i o n  a b o v e  x  H z  f o r  b o t h  Scattered-light-quiet  a n d  q u i e t - q u i e t  p a i r  s e t s .  T h e n ,  

w e  p e r f o r m  t h e  o n e - s i d e d  K S  t e s t  f o r  t h e  t w o  K S - s t a t i s t i c  d i s t r i b u t i o n s  f r o m  t w o  p a i r - s e t s .
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F i g u r e  4 .  T h e  v a r i a t i o n s  o f  p - v a l u e s  ( t o p )  a n d  o n e - s i d e d  K S  s t a t i s t i c s  ( b o t t o m )  f o r  t h e  

m S T F T s  a b o v e  a  g i v e n  c u t o f f  f r e q u e n c y .  T h e  o n e - s i d e d  K S - s t a t i s t i c s  i n  t h i s  f i g u r e  a r e  t h e  

s t a t i s t i c s  c a l c u l a t e d  u s i n g  t h e  t w o  K S - s t a t i s t i c  d i s t r i b u t i o n s  f r o m  t h e  Scattered-light-quiet 
p a i r  a n d  t h e  quiet-quiet  p a i r .  N o t e  t h e  y - a x i s  i n  t h e  f i g u r e  d i f f e r s  f r o m  t h e  x - a x i s  i n  F i g u r e  

3 .  M a r k e r s  d e n o t e  N  n u m b e r  o f  p a i r s  t o  p e r f o r m  t h e  K S - t e s t .  D i f f e r e n t  c u r v e s  w i t h  t h e  

s a m e  m a r k e r  d e n o t e  d i f f e r e n t  r e a l i z a t i o n s  i n  t h e  N - p a i r  s e l e c t i o n .

W e  v a r y  v a l u e s  o f  N  b e t w e e n  1 0 0  a n d  2 0 0 0  a n d  x  b e t w e e n  3 0  H z  a n d  2 1 0  H z  t o  s h o w  t h e  

v a r i a t i o n  o f  p - v a l u e s  d u e  t o  s e l e c t e d  n u m b e r s  o f  p a i r s  N  a n d  c u t o f f  f r e q u e n c i e s  x .  A l s o ,  t o  

s e e  t h e  e f f e c t  o f  t h e  p a i r - s e l e c t i o n  r e a l i z a t i o n s  o n  p - v a l u e s ,  w e  r e p e a t  1 0  t i m e s  e a c h  t e s t  f o r  

a  g i v e n  v a l u e  o f  N  a n d  x .  F i g u r e  4  s h o w s  t h e  v a r i a t i o n s  o f  p - v a l u e s  a n d  t h e  c o r r e s p o n d i n g  

K S  s t a t i s t i c s .  T h e  p - v a l u e s  w i t h  c u t o f f  f r e q u e n c i e s  b e l o w  7 5  H z  s i g n i f i c a n t l y  s m a l l e r ,  

i n d i c a t i n g  h i g h  c o n f i d e n c e  i n  r e j e c t i n g  t h e  n u l l  h y p o t h e s i s .  F o r  c u t o f f  f r e q u e n c i e s  b e l o w  

7 5  H z ,  l a r g e r  v a l u e s  o f  N  c o r r e s p o n d s  t o  s m a l l e r  p - v a l u e s  b e c a u s e  t h e  s a m p l e  e r r o r s  a r e  

s m a l l e r  f o r  a  s e t  w i t h  l a r g e r  s a m p l e s  e v e n  i f  s t a t i s t i c s  w i t h  l a r g e r  N  a r e  s l i g h t l y  s m a l l e r  t h a n  

v a l u e s  w i t h  s m a l l e r  N . T h e  p - v a l u e s  w i t h  a  c u t o f f  f r e q u e n c y  a b o v e  1 0 0  H z  a r e  c o m p a r a b l e ,  

m e a n i n g  t h a t  n o  e x c e s s  p o w e r  i s  o b s e r v e d  i n  t h e  f r e q u e n c y  r e g i o n  a b o v e  1 0 0  H z  i r r e s p e c t i v e  

o f  v a l u e s  o f  N  a n d  t h e  p a i r - s e l e c t i o n  r e a l i z a t i o n s .
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F i g u r e  5 .  P e a k  t i m e  o f  Scattered light  ( l e f t )  a n d  Extrem ely loud  ( r i g h t )  g l i t c h e s  i n  3 6 - s e c o n d  

t i m e  p e r i o d s .

2 .  P E A K  T I M E  O F  G L I T C H E S

T o  d e t e r m i n e  c h o i c e s  o f  s p l i t t i n g  t i m e - f r e q u e n c y  r e g i o n s  i n  m S T F T s  o f  t h e  d a t a  

c o n t a i n i n g  g l i t c h e s ,  o n e  c a n  u s e  t h e  p e a k  t i m e  o f  g l i t c h e s  t o  i d e n t i f y  i f  g l i t c h e s  a r e  i s o l a t e d  

i n  t h e  t i m e  d o m a i n .

F i g u r e  5  s h o w s  p e a k  t i m e s  o f  Scattered light  g l i t c h e s  a n d  Extrem ely loud  g l i t c h e s  

i n  3 6 - s e c o n d s  t i m e  p e r i o d s .  Extrem ely loud  g l i t c h e s  a r e  i s o l a t e d  i n  t h e  t i m e  d o m a i n  a n d  

t h e i r  p e a k  t i m e s  a r e  g e n e r a l l y  w i t h i n  ± 1  a r o u n d  t h e  O M i c R O N - t r i g g e r  ( R o b i n e t  et al., 2 0 2 0 )  

t i m e s .  Scattered light  g l i t c h e s  a r e  r e p e a t e d l y  p r e s e n t  b e c a u s e  t h i s  g l i t c h  c l a s s  i s  g e n e r a t e d  

d u e  t o  s w i n g i n g  m i r r o r  m o t i o n s  c a u s e d  b y  s e i s m i c  a c t i v i t i e s .  T h e r e f o r e ,  t o  e s t i m a t e  t h e  

m S T F T  o f  t h e  G a u s s i a n  n o i s e ,  w e  u s e  t h e  f r e q u e n c y  r e g i o n  a b o v e  1 0 0  H z  f o r  Scattered light 

g l i t c h e s  a n d  t h e  t i m e  r e g i o n  o u t s i d e  o f  ± 2 . 5  s e c o n d s  a r o u n d  t h e  t r i g g e r  t i m e  f o r  Extremely  

loud  g l i t c h e s .

3 .  P I X E L  T H R E S H O L D  T O  E X T R A C T  G L I T C H  W A V E F O R M S

A f t e r  d e t e r m i n i n g  t h e  t i m e - f r e q u e n c y  r e g i o n  o f  t h e  d a t a  t o  e s t i m a t e  t h e  S T F T  o f  t h e  

n o i s e ,  w e  e x t r a c t  a  g l i t c h  w a v e f o r m  f r o m  t h e  S T F T .  B e c a u s e  g l i t c h e s  g e n e r a l l y  c a n  n o t  b e  

m o d e l e d ,  w e  c h o o s e  a  t h r e s h o l d  f o r  p i x e l  v a l u e s  o f  t h e  S T F T  t o  e x t r a c t  g l i t c h  w a v e f o r m s .
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F i g u r e  6 .  T i m e  s e r i e s  ( l e f t )  o f  a  h y p o t h e t i c a l  g l i t c h  i n j e c t e d  i n t o  t h e  s i m u l a t e d  G a u s s i a n  

n o i s e  a n d  t h e  h i s t o g r a m  o f  m S T F T - p i x e l  v a l u e s  ( r i g h t ) .  T h e  d a s h e d  v e r t i c a l  l i n e s  a r e  5 0 ,  

9 0 ,  9 9 ,  1 0 0  p e r c e n t i l e s  o f  p i x e l  v a l u e s  o f  t h e  n o i s e  m S T F T ,  a n d  1 0 0  p e r c e n t i l e  m u l t i p l i e d  

b y  2  a n d  3 ,  f r o m  l e f t  t o  r i g h t  i n  t h e  r i g h t  p a n e l .

W e  k e e p  p i x e l s  o f  t h e  S T F T  ( h e r e a f t e r  c a l l e d  e x c e s s  p i x e l s )  w i t h  t h e i r  m a g n i t u d e  v a l u e s  

a b o v e  a  t h r e s h o l d  e s t i m a t e d  f r o m  t h e  S T F T  r e p r e s e n t i n g  t h e  n o i s e .  T h e  l e f t  p a n e l  o f  F i g u r e  

6  s h o w s  a  h y p o t h e t i c a l  g l i t c h  i n j e c t e d  i n t o  t h e  s i m u l a t e d  G a u s s i a n  d a t a .  I t s  r i g h t  p a n e l  

s h o w s  t h e  h i s t o g r a m s  o f  m S T F T s  o f  t h e  i n j e c t e d  d a t a ,  t h e  n o i s e  o n l y ,  a n d  t h e  g l i t c h  o n l y .  

S m a l l e r  t h r e s h o l d s  l e t  e x c e s s  p i x e l s  h a v e  a  l a r g e r  n u m b e r  o f  n o i s e  a n d  g l i t c h  p i x e l s  w h i l e  

l a r g e r  t h r e s h o l d s  l e t  e x c e s s  p i x e l s  h a v e  a  s m a l l e r  n u m b e r  o f  t h e  n o i s e  p i x e l s  b u t  s m a l l e r  

g l i t c h  p i x e l s .

T o  d e t e r m i n e  t h e  b e s t  p i x e l  t h r e s h o l d ,  w e  t a k e  m S T F T  p i x e l s  w i t h  t h e i r  m a g n i t u d e  

v a l u e s  b e l o w  a  t h r e s h o l d  ( h e r e a f t e r  c a l l e d  u n - e x c e s s  p i x e l s )  a n d  t h e n  u s e  t h e  t w o - s i d e d  K S  

t e s t  b e t w e e n  t h e  u n - e x c e s s  p i x e l s  a n d  m S T F T  p i x e l s  o f  q u i e t  t i m e s .  I f  u n - e x c e s s  p i x e l s  a r e  

s i m i l a r  t o  q u i e t  p i x e l s ,  e x c e s s  p i x e l s  t e n d  t o  h a v e  t h e  m a j o r i t y  o f  g l i t c h  p i x e l s  a n d  s m a l l e r  

n u m b e r s  o f  n o i s e  p i x e l s .  T o  q u a n t i t a t i v e l y  d e t e r m i n e  t h e  b e s t  t h r e s h o l d ,  w e  r a n d o m l y  

s e l e c t  2 0 0  p a i r s  o f  u n - e x c e s s - p i x e l  m S T F T s  w i t h  q u i e t  m S T F T s  a n d  c a l c u l a t e  t w o - s i d e d  

K S  s t a t i s t i c s  f o r  e a c h  p a i r .  W e  u s e  t h e  t w o - s i d e d  K S  s t a t i s t i c  b e c a u s e  w e  w a n t  t o  s e e  t h e  

s i m i l a r i t y  o f  t w o  m S T F T  i n  a  p a i r .  L i k e w i s e ,  w e  r a n d o m l y  s e l e c t  2 0 0  p a i r s  o f  t w o  q u i e t  

m S T F T s  a n d  c a l c u l a t e  t w o - s i d e d  K S  s t a t i s t i c s .  W e  t a k e  t h e  r a t i o  o f  t h e  K S  s t a t i s t i c  a v e r a g e d  

o v e r  t h e  u n - e x c e s s - q u i e t  p a i r s  t o  t h e  K S  s t a t i s t i c  a v e r a g e d  o v e r  t h e  q u i e t - q u i e t  p a i r s .
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Two-sided KS statistic Two-sided KS statistic Two-sided KS statistic

F i g u r e  7 .  H i s t o g r a m s  o f  t w o - s i d e d  K S  s t a t i s t i c s  o f  q u i e t - q u i e t ,  u n - e x e s s - q u i e t ,  e x c e s s - q u i e t  

p a i r s  w i t h  5 0  p e r c e n t i l e  ( l e f t ) ,  9 9  p e r c e n t i l e  ( m i d d l e ) ,  a n d  1 0 0  p e r c e n t i l e  m u l t i p l i e d  b y  5  

( r i g h t )  a s  p i x e l  t h r e s h o l d s  f o r  Scattered light  ( t o p )  a n d  Extrem ely loud  ( b o t t o m )  g l i t c h e s .

F i g u r e  7  s h o w s  h i s t o g r a m s  o f  K S  s t a t i s t i c s  o f  2 0 0  q u i e t - q u i e t  p a i r s ,  2 0 0  u n - e x c e s s -  

q u i e t  p a i r s ,  a n d  2 0 0  e x c e s s - q u i e t  p a i r s  w i t h  d i f f e r e n t  p i x e l  t h r e s h o l d s .  T h e  r a t i o  i s  c l o s e d  t o  

o n e  w h e n  t h e  u n - e x c e s s  p i x e l s  a r e  s i m i l a r  t o  t h e  q u i e t  p i x e l s ,  i . e . ,  e x c e s s  p i x e l s  c o n t a i n  t h e  

m a j o r i t y  o f  g l i t c h  p i x e l s  a n d  f e w e r  n o i s e - p i x e l .  W h e r e a s ,  l a r g e r  v a l u e s  o f  t h e  r a t i o  i m p l y  

t h a t  1 )  o n l y  s m a l l e r  a m p l i t u d e  n o i s e  p i x e l s  a r e  c o n t a i n e d  i n  u n - e x c e s s  p i x e l s ,  i . e . ,  e x c e s s  

p i x e l s  c o n t a i n  a  l a r g e r  a m o u n t  o f  n o i s e  p i x e l s  ( c o r r e s p o n d i n g  s m a l l e r  p i x e l  t h r e s h o l d s ) ,  o r  

2 )  u n - e x c e s s  p i x e l s  h a v e  a  h i g h e r  n u m b e r  o f  g l i t c h  p i x e l s ,  i . e . ,  e x c e s s  p i x e l s  h a v e  o n l y  a  f e w  

g l i t c h  p i x e l s  ( c o r r e s p o n d i n g  t o  l a r g e r  p i x e l  t h r e s h o l d s ) .  W e  v a r y  t h e  p i x e l  t h r e s h o l d  f r o m  

5 0 ,  9 0 ,  9 9 ,  9 9 . 9 ,  1 0 0  p e r c e n t i l e s  o f  t h e  m S T F T  i n  t h e  t i m e - f r e q u e n c y  r e g i o n  t h a t  i s  e x p e c t e d  

t o  c o n t a i n  n o  g l i t c h e s  ( s e e  t h e  a b o v e  s e c t i o n s ) .  A l s o ,  w e  c o n s i d e r  v a l u e s  o f  1 0 0 - p e r c e n t i l e  

m u l t i p l i e d  b y  2 ,  3  a n d ,  5  a s  t h e  t h r e s h o l d .

T h e r e f o r e ,  m i n i m i z i n g  t h e  r a t i o  o v e r  p i x e l  t h r e s h o l d s  a l l o w s  u s  t o  f i n d  t h e  b e s t  p i x e l  

t h r e s h o l d .  F i g u r e  8  s h o w s  t h e  r a t i o  o f  t h e  u n - e x c e s s - q u i e t  p a i r  K S  s t a t i s t i c  t o  t h e  q u i e t - q u i e t  

p a i r  K S  s t a t i s t i c .  F o r  Scattered light  g l i t c h e s ,  t h e  r a t i o  r e a c h e s  t h e  l o w e s t  v a l u e s  ~  2 . 1  ~  2 . 2  

w i t h  t h r e s h o l d s  o f  9 9 ,  9 9 . 9 ,  a n d  1 0 0  p e r c e n t i l e s .  F o r  Extrem ely loud  g l i t c h e s ,  t h e  r a t i o  h a s
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F i g u r e  8 .  T h e  r a t i o  o f  t h e  u n - e x c e s s - q u i e t  p a i r  K S  s t a t i s t i c  t o  t h e  q u i e t - q u i e t  p a i r  K S  

s t a t i s t i c .  P i x e l s  t h r e s h o l d s  b e l o w  1 0 0  d e n o t e  p e r c e n t i l e s  o f  m S T F T  i n  t h e  t i m e - f r e q u e n c y  

r e g i o n  t h a t  i s  e x p e c t e d  t o  c o n t a i n  n o  g l i t c h e s .  P i x e l  t h r e s h o l d s  a b o v e  1 0 0  d e n o t e  1 0 0  

p e r c e n t i l e  m u l t i p l i e d  b y  2 ,  3 ,  o r  5 .

t h e  m i n i m u m  v a l u e  o f  ~  3 . 9  w i t h  9 9  p e r c e n t i l e .  Extrem ely loud  g l i t c h e s  h a v e  e x t r e m e l y  

h i g h  S N R  s o  t h a t  t h e  r a t i o  i s  m o r e  s e n s i t i v e  t o  t h e  p i x e l  t h r e s h o l d .  A c c o r d i n g  t o  t h e  a b o v e  

s t u d y ,  w e  s e t  t h e  b e s t  t h r e s h o l d  t o  b e  9 9  p e r c e n t i l e  f o r  b o t h  c l a s s e s  o f  g l i t c h e s .

4 .  G R I F F I N - L I M  T R A N S F O R M  A N D  F A S T  G R I F F I N - L I M  T R A N S F O R M

4 . 1 .  O V E R V I E W  O F  G R I F F I N - L I M  T R A N S F O R M

W e  p r e s e n t  a  b r i e f  o v e r v i e w  o f  t h e  G r i f f i n - L i m  ( G L )  t r a n s f o r m a t i o n  ( G r i f f i n  a n d  J a e  

L i m ,  1 9 8 4 )  a n d  t h e  F G L  t r a n s f o r m a t i o n  ( P e r r a u d i n  et al., 2 0 1 3 )  w h i c h  i s  a  m o d i f i e d  v e r s i o n  

o f  t h e  G L  t r a n s f o r m a t i o n  t o  f a s t e n  t h e  c o n v e r g e n c e .

T h e  G L  t r a n s f o r m a t i o n  p r o v i d e s  a  r e a l - v a l u e  t i m e  s e r i e s  f r o m  a  g i v e n  m S T F T  

b y  e s t i m a t i n g  t h e  p h a s e .  W e  f i r s t  s h o w  t h e  i n t r o d u c t i o n  o f  t h e  m e t h o d  ( G r i f f i n  a n d  J a e  

L i m ,  1 9 8 4 )  t o  e s t i m a t e  a  t i m e  s e r i e s  w h o s e  S T F T  i s  c l o s e  t o  a n  a r b i t r a r y  S T F T  w h i c h  

i s  n o t  g u a r a n t e e d  t o  h a v e  a n  e x a c t  c o r r e s p o n d i n g  t i m e  s e r i e s .  T h e n ,  w e  s h o w  t h e  G L  

t r a n s f o r m a t i o n  t o  e s t i m a t e  a  t i m e  s e r i e s  f o r  a n  a r b i t r a r y  m S T F T .
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L e t  x ( n )  d e n o t e  a  t i m e  s e r i e s  w i t h  i t s  t i m e - s t a m p  i n d e x  n. U s i n g  a  r e a l  n o n - z e r o  

w i n d o w  f u n c t i o n  w ( n )  o v e r  0  <  n  <  L , w h e r e  L  r e p r e s e n t s  t h e  w i n d o w  l e n g t h ,  t h e  S T F T  

o f  x  ( n )  i s  w r i t t e n  a s
TO

X w ( m S , m )  = J  x w(mS, l)e —lml,  ( F . 1 )

l =— TO

w h e r e  t h e  w i n d o w e d  t i m e  s e r i e s  i s

x w  ( m S ,  l )  =  w (m S — l ) x  (l ) ,  ( F . 2 )

w h e r e  S  i s  a  p o s i t i v e  i n t e g e r ,  w h i c h  r e p r e s e n t s  t h e  s a m p l i n g  p e r i o d  t o  c a l c u l a t e  t h e  F F T ,  m  

r u n s  o v e r  ( . . . , - 1 ,  0 ,  1 ,  . . . ) ,  m  d e n o t e  a n g u l a r  f r e q u e n c i e s .

F o r  a  g i v e n  S T F T  Yw(m S,m ),  t h e  c o r r e s p o n d i n g  w i n d o w e d  t i m e  s e r i e s  i s  e x p r e s s e d  

w i t h  t h e  i n v e r s e  S T F T  a s

1  r n
y w ( m S ,  l )  =  —  /  Y w ( m S , m ) e l m l d m . 

2n  J -n
( F . 3 )

A n  a r b i t r a r y  Y w ( m S , m )  i s  n o t  g u a r a n t e e d  t o  h a v e  i t s  c o r r e s p o n d i n g  t i m e  s e r i e s  y w (mS, l ) .  

T h e  t i m e  s e r i e s  x ( n )  w h o s e  S T F T  X w (mS, m) c l o s e s t  t o  Y w ( m S ,  m )  i s  o b t a i n e d  b y  c o n s i d e r i n g  

t h e  d i f f e r e n c e  b e t w e e n  X w  ( m S , m )  a n d  Y w  ( m S , m )  s u m m e d  o v e r  t i m e  a n d  f r e q u e n c y :

L [  x ( n ) ,  Y w  ( m ) , m ) ]

= .  J  2 J
-n | X w ( m S , m )  —  Y w ( m S , m ) | 2 d m  . ( F . 4 )

n

A c c o r d i n g  t o  P a r s e v a l ’ s  t h e o r e m  ( H a r d y  a n d  T i t c h m a r s h ,  1 9 3 1 ) ,  E q u a t i o n  ( F . 4 )  c a n  b e  

w r i t t e n  a s
TOTO

L [ x  (n), Yw (m S,m )] = ^  x w  (mS, l ) — yw (mS, l ) ] 2 ,

m=TO l=TO
( F . 5 )
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i f  t h e r e  e x i s t s  y W (mS, l )  w h i c h  s a t i s f i e s  E q u a t i o n  ( F . 3 ) .  B e c a u s e  E q u a t i o n  ( F . 5 )  i s  a  q u a d r a t i c  

f r o m  o f  x(n),  a  s o l u t i o n  x ( n )  t h a t  m i n i m i z e s  E q u a t i o n  ( F . 5 )  i s  o b t a i n e d  b y  t a k i n g  d e r i v a t i v e  

o f  E q u a t i o n  ( F . 5 )  w i t h  r e s p e c t  t o  x ( n ) .  U s i n g  E q u a t i o n  ( F . 2 ) ,  t h e  s o l u t i o n  i s

Z m = - TO w (m S -  n ) ( m S ,  n )

Z m = - ^  w 2 ( m S  -  n )  ’

Z m = -O T  w (m S -  n ) 21 Yw (m S,w )eMndw

Zm=-™ w 2(mS -  n)
( F . 6 )

M o d i f y i n g  E q u a t i o n  ( F . 6 ) ,  G r i f f i n  a n d  J a e  L i m  ( 1 9 8 4 )  p r e s e n t e d  t h e  m e t h o d  t o  

e s t i m a t e  x ( n )  f r o m  t h e  a r b i t r a r y  m S T F T  i t e r a t i v e l y .  S u p p o s e  x j  i s  t h e  e s t i m a t e  a t  t h e  j t h  

i t e r a t i o n ,  t h e  ( j  +  1  ) t h  e s t i m a t e  x j + 1 i s  g i v e n  a s

x j +
( n )  =

IZ=-™  W(m S -  n )2 ; / ”, JXwW (m S ,w )eh

Z « = - o o  w 2 ( m S  -  n )

( F . 7 )

w h e r e

X W ( m S , w )  =  | Y w ( m S , m ) \  — ^ , ( F . 8 )

| XWw ( m S , m ) \

w h e r e  X W (m S ,w )  i s  s e t  t o  e q u a l  t o  \Y W ( m S , m ) \  w i t h  a n  a r b i t r a r y  p h a s e  i f  \ XW( m S , m ) \  =  0 .  

E q u a t i o n  ( F . 8 )  c o n s t r a i n  t h e  m a g n i t u d e  o f  t h e  e s t i m a t e d  S T F T  t o  a l w a y s  b e  t h e  s a m e  a s  

\Y W ( m S , m ) \  a n d  t h e  i n v e r s e  S T F T  i n  E q u a t i o n  ( F . 7 )  p u t s  a  h a r d  c o n s t r a i n t  o n  t h e  e s t i m a t e d  

t i m e  s e r i e s  s u c h  t h a t  i t s  S T F T  i s  XW( m S , m )  s o  t h a t  t h e  p h a s e  i s  i m p l i c i t l y  e s t i m a t e d .  

X W ( m S , m )  i s  o b t a i n e d  u s i n g  E q u a t i o n  ( F . 1 ) .  N o t e  t h a t  t h e  G L  t r a n s f o r m  c o n v e r g e s  t o  a  

c r i t i c a l  p o i n t ,  w h e r e  t h e  g r a d i e n t  o f  L  i s  z e r o  b e t w e e n  ( j  +  1 ) t h  a n d  j t h  i t e r a t i o n s .  H o w e v e r ,  

a  c r i t i c a l  p o i n t  d o e s  n o t  n e c e s s a r i l y  t o  b e  t h e  g l o b a l  m i n i m u m  a s  p o i n t e d  i n  G r i f f i n  a n d  J a e  

L i m  ( 1 9 8 4 ) .
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T o  f a s t e n  t h e  c o n v e r g e n c e ,  G r i f f i n  a n d  J a e  L i m  ( 1 9 8 4 )  p r e s e n t e d  a  m o d i f i e d  v e r s i o n  

c a l l e d  t h e  F G L  t r a n s f o r m a t i o n .  L e t  u s  r e w r i t e  t h e  i t e r a t i o n  r u l e  i n  t h e  G L  t r a n s f o r m a t i o n  

b y  l e t t i n g  G  d e n o t e  t h e  o p e r a t o r  t o  g e t  t h e  S T F T  o f  t h e  t i m e  s e r i e s  i n  E q u a t i o n  ( F . 1 )  a s

XwW+ 1 ( m S , m )  =  G [ x ' + 1 ( n ) ]  : =  ^  w (m S  -  n ) x ' + 1 ( n ) e  l m n , ( F . 9 )

l = - r c >

a n d  G  1 d e n o t e  t h e  o p e r a t o r  t o  g e t  x ^ 1 f r o m  X '  i n  E q u a t i o n  ( F . 7 ) a s

x ' + 1 ( n )  =  G  1 [  X '  ( m S , m ) ]

Z m = - OT w ( m S  -  n )  2n  / - n  X W ( m S , m ) e l " n d m  

2 m = - ^  w 2 ( m S  -  n )

( F . 1 0 )

T h e  i t e r a t i o n  r u l e  f o r  t h e  e s t i m a t e d  S T F T  i n  t h e  G L  t r a n s f o r m a t i o n  c a n  b e  r e w r i t t e n  a s

X W + V & w )  =  G
G - 1

|Y w  ( m S , m ) |
X W  ( m S , m )

| X W  ( m S , m ) |

( F . 1 1 )

w h e r e  X W  i s  c h o s e n  t o  b e  t h e  S T F T  o f  t h e  G a u s s i a n  n o i s e .  T h e  F G L  t r a n s f o r m a t i o n  a d d s  

o n e  e x t r a  s t e p  a f t e r  E q u a t i o n  ( F . 1 1 )  p e r  i t e r a t i o n  a s

K W + 1 ( m S , m )

X W + 1 ( m S , m )

G G
1

|Y W  ( m S , m ) | -
X W  ( m S , m )

K W + 1 ( m S , m )  +  a[K\ j + 1
W

| X W  ( m S , m ) |

( m S , m )  -  K W ( m S , m ) ] . ( F . 1 2 )

n  1
w h e r e  K W  =  G [ G - 1 ( | Y W | — ) ] .  E q u a t i o n  ( F . 1 2 )  u p d a t e s  X W  u s i n g  t h e  g r a d i e n t  b e t w e e n  

t h e  e s t i m a t e d  S T F T  i n  t h e  c u r r e n t  a n d  p r e v i o u s  i t e r a t i o n s  b y  a  f a c t o r  o f  a  t o  f a s t e n  t h e  

c o n v e r g e n c e .  H o w e v e r ,  a d d i n g  t h i s  e x t r a  s t e p  d o e s  n o t  g u a r a n t e e  t h e  t h e o r e t i c a l  c o n v e r g e n c e  

a s  p o i n t e d  i n  ( P e r r a u d i n  et al., 2 0 1 3 ) .

F i g u r e  9  s h o w s  t h e  F N R  a s  a  f u n c t i o n  o f  F G L  i t e r a t i o n  w i t h  a  = 0 . 9 9  ( r e c o m m e n d e d  

v a l u e  i n  P e r r a u d i n  et al. ( 2 0 1 3 ) ) .  V a l u e s  F N R  a r e  c o m p a r a b l e  a f t e r  2 0  i t e r a t i o n s .  W e  c h o o s e  

3 2  i t e r a t i o n s  ( d e f a u l t  v a l u e  i n  C h e u k  et al. ( 2 0 2 0 ) )  a n d  a  = 0.99  i n  P a p e r  I I .



185

f=!
. 2
*-+̂>
O

CD
f-H

ui
o

c
.2
o
03

£

0.70
0.65
0.60
0.55
0.50
0.45
0.40
0.35

20 40 60 80 100 120 140 160 180
Iteration Iteration

F i g u r e  9 .  F r a c t i o n  o f  S N R  r e d u c t i o n  v e r s u s  t h e  n u m b e r  o f  F G L  i t e r a t i o n s  f o r  Scattered  
light  ( l e f t )  a n d  Extrem ely loud  g l i t c h e s .  T h e  s o l i d  c u r v e s  d e n o t e  t h e  m e d i a n  v a l u e s  a n d  t h e  

s h a d e d  a r e a s  d e n o t e  1 - ^  p e r c e n t i l e s .

T h e  d a t a  u s e d  i n  P a p e r  I I  d o e s  n o t  g u a r a n t e e  t h e  t h e o r e t i c a l  c o n v e r g e n c e  i n h e r i t e d  

f r o m  t h e  a l g o r i t h m  o f  t h e  F G L  t r a n s f o r m a t i o n  a n d  t h e  c o n v e r g e n t  p o i n t  t o  b e  t h e  g l o b a l  

m i n i m u m  i n h e r i t e d  f r o m  t h e  G L  t r a n s f o r m a t i o n .  W e  a d d r e s s  t h e  a c c u r a c y  o f  t h e  F G L  

t r a n s f o r m a t i o n  o n  t h e  d a t a  u s e d  i n  P a p e r  I I  i n  t h e  n e x t  s e c t i o n .

4 . 2 .  A C C U R A C Y  O F  F A S T  G R I F F I N - L I M  T R A N S F O R M

T o  q u a n t i f y  t h e  a c c u r a c y  o f  F G L  t r a n s f o r m ,  w e  c a l c u l a t e  match M  ( d e f i n e d  i n  

E q u a t i o n  ( 4 . 5 ) )  b e t w e e n  e x t r a c t e d  g l i t c h  w a v e f o r m s  a n d  t h e  F G L  t r a n s f o r m e d  t i m e  s e r i e s  

f r o m  t h e  m S T F T  o f  t h e  s a m e  e x t r a c t e d  g l i t c h  w a v e f o r m s .  V a l u e s  o f  M  r a n g e  f r o m  - 1  

( f u l l y  a n t i - c o r r e l a t e d )  t o  1  ( p e r f e c t  m a t c h ) .  T h e  F G L  t r a n s f o r m e d  t i m e  s e r i e s  h a s  a  p h a s e  

e r r o r .  A l s o ,  w e  a p p l y  t h e  p h a s e  c o r r e c t i o n  b e f o r e  s u b t r a c t i n g  g l i t c h e s  f r o m  t h e  d a t a  b e f o r e  

s u b t r a c t i n g  g l i t c h e s .  w e  a l s o  c a l c u l a t e  t h e  m a t c h  m a x i m i z e d  o v e r  p h a s e  a n d  t i m e ,  d e f i n e d  

a s

M m a x =  a r g m a x f0
| ( a  b e2m ftt) c o m p l e x  |

V ( « ,  a ) ( b ,  b )

( F . 1 3 )
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w h e r e  t h e  c o m p l e x  i n n e r  p r o d u c t  ( a ,  be2mft0 ) c O m p i e x  i s  d e f i n e d  a s

/»rc>
(a, b e 2 n i / t 0  ) c o m p l e x  =  4 d f

Jo

a*{ f  ) b  { f  )e2nift0
( F . 1 4 )

W e  u s e  e x t r a c t e d  g l i t c h  w a v e f o r m s  i n  t h e  t e s t i n g  s e t  o f  Scattered light  a n d  Extremely  

loud  g l i t c h e s  w i t h  s a m p l e  s i z e s  o f  6 7 8  a n d  1 2 3 3 ,  r e s p e c t i v e l y .  F i g u r e  1 0  s h o w s  d i s t r i b u t i o n s  

o f  t h e  m a t c h  a n d  m a x i m i z e d  m a t c h .

S a m p l e s  w i t h  v a l u e s  o f  M  ~  ±  1  a n d  M m a x  ~  1  i n d i c a t e  t h a t  t h e  F G L  t r a n s f o r m e d  

t i m e  s e r i e s  a r e  s i m i l a r  t o  t h e  o r i g i n a l  e x t r a c t e d - g l i t c h  w a v e f o r m s  w i t h  s o m e  d e g r e e  o f  p h a s e  

s h i f t s .  S a m p l e s  w i t h  v a l u e s  o f  M  ~  0  a n d  M m a x  ~  1  i n d i c a t e  t h a t  t h e  F G L  t r a n s f o r m e d  

t i m e  s e r i e s  h a v e  p h a s e  s h i f t s  s u c h  t h a t  t h e y  m i s m a t c h  w i t h  t h e  e x t r a c t e d  g l i t c h  w a v e f o r m s .  

S a m p l e s  w i t h  v a l u e s  o f  M  ~  0  a n d  M m a x  ~  0  i n d i c a t e  t h a t  t h e  F G L  t r a n s f o r m e d  t i m e  s e r i e s  

m i s m a t c h  w i t h  t h e  o r i g i n a l  e x t r a c t e d - g l i t c h  w a v e f o r m s  w i t h  b o t h  p h a s e s  a n d  a m p l i t u d e s .  

T h e  m e d i a n  a n d  9 0  p e r c e n t i l e  o f  a b s o l u t e  v a l u e s  o f  t h e  t i m e  s h i f t  t 0  w h i c h  m a x i m i z e s  t h e  

m a t c h  a r e  ~  0 . 0 2  ( ~  0 . 0 0 3 )  a n d  ~  0 . 0 6  ( ~  0 . 0 0 3 4 )  s e c o n d s  f o r  Scattered light (Extremely 

loud )  g l i t c h e s ,  r e s p e c t i v e l y .

F i g u r e  1 1  s h o w s  t h e  o p t i m a l  a n d  l e a s t  a c c u r a t e  F G L  t r a n s f o r m e d  t i m e  s e r i e s .  T h e  

o p t i m a l  a n d  l e a s t  v a l u e s  o f  M m a x  a r e  ~  0 . 2 7  ( ~  0 . 2 7 )  a n d  ~  0 . 9 9  ( ~  0 . 9 7 )  f o r  Scattered  

light  (Extremely loud )  g l i t c h e s ,  r e s p e c t i v e l y .  T h e  F G L  t r a n s f o r m  s e e m s  t o  p r o d u c e  n o  

s i g n i f i c a n t  d e v i a t i o n s  o n  t h e  a m p l i t u d e  i n  t h e  p o r t i o n  w h e r e  t h e  e x t r a c t e d  g l i t c h  w a v e f o r m s  

h a v e  a m p l i t u d e s  c l o s e  t o  z e r o .  T h e r e f o r e ,  t h e  a m o u n t  o f  t h e  m i s m a t c h  s e e m s  t o  b e  d u e  t o  t h e  

a m p l i t u d e  d i f f e r e n c e  i n  t h e  p o r t i o n  w h e r e  e x t r a c t e d  g l i t c h  w a v e f o r m s  h a v e  l a r g e  a m p l i t u d e s .

T o  u n d e r s t a n d  t h e  m e a n i n g  o f  v a l u e s  o f  M m a x  b e t w e e n  t h e  F G L  t r a n s f o r m e d  t i m e  

s e r i e s  a n d  t h e  e x t r a c t e d  g l i t c h  w a v e f o r m s  i n  t e r m s  o f  a m p l i t u d e  u n c e r t a i n t y  o f  t h e  F G L  

t r a n s f o r m ,  w e  c a l c u l a t e  M m a x  b e t w e e n  t h e  e x t r a c t e d  w a v e f o r m  a n d  t h e m s e l v e s  i n j e c t e d  

i n t o  t h e  G a u s s i a n  n o i s e  w i t h  z e r o  m e a n  a n d  a  g i v e n  s t a n d a r d  d e v i a t i o n .  A s s u m i n g  t h e  

F G L  t r a n s f o r m a t i o n  p r o v i d e s  t h e  a m p l i t u d e  e r r o r  f o l l o w i n g  a  G a u s s i a n  d i s t r i b u t i o n  w i t h
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F i g u r e  1 0 .  D i s t r i b u t i o n s  o f  t h e  m a t c h  M  a n d  m a x i m i z e d  m a t c h  M m a x  b e t w e e n  e x t r a c t e d  

w a v e f o r m s  a n d  F G L  t r a n s f o r m e d  w a v e f o r m s  f o r  Scattered light  ( l e f t )  a n d  Extrem ely loud  
( r i g h t )  g l i t c h e s .  B l a c k  l i n e s  d e n o t e  t h e  m e d i a n  v a l u e s  a n d  d a s h e d  l i n e s  d e n o t e  1 - a  p e r ­

c e n t i l e s .

z e r o  m e a n  t h r o u g h o u t  t i m e  s e r i e s ,  w e  c a n  f i n d  t h e  s t a n d a r d  d e v i a t i o n  o f  t h e  G a u s s i a n  

n o i s e  c o r r e s p o n d i n g  t o  t h e  a m p l i t u d e  u n c e r t a i n t y  o f  t h e  F G L  t r a n s f o r m .  W e  f i n d  t h a t  

Scattered light  a n d  Extrem ely loud  g l i t c h e s  h a v e  t h e  a m p l i t u d e  u n c e r t a i n t i e s  e q u i v a l e n t  t o  

t h e  ~  0 . 4 a  a n d  ~  8 a  n o i s e ,  r e s p e c t i v e l y ,  a s  s h o w n  i n  F i g u r e  1 2 .  A s  d i s c u s s e d  a b o v e ,  

t h e  F G L  t r a n s f o r m a t i o n  p r o d u c e s  n o  s i g n i f i c a n t  a m p l i t u d e  e r r o r s  i n  t h e  p o r t i o n  w h e r e  t h e  

e x t r a c t e d  g l i t c h  w a v e f o r m s  h a v e  a m p l i t u d e s  c l o s e  t o  z e r o .  T h e r e f o r e ,  t h e  a b o v e  e s t i m a t e s  

u s i n g  t h e  n o i s e  w i t h  a  g i v e n  a  h a s  a  b i a s  f o r  w a v e f o r m s  w i t h  l a r g e r  a m p l i t u d e s  i n  l i m i t e d  

t i m e  p o r t i o n s  s u c h  a s  Extrem ely loud  g l i t c h e s .  O n e  o f  t h e  p o s s i b l e  a p p r o a c h e s  t o  c o r r e c t  

t h e  p h a s e  a n d  a m p l i t u d e s  o f  t h e  F G L  t r a n s f o r m e d  t i m e  s e r i e s  i s  t o  s p l i t  t h e  t i m e  s e r i e s  i n t o  

s m a l l  s e g m e n t s  a n d  c h a n g e  t h e  p h a s e  a n d  a m p l i t u d e  i n  e a c h  s e g m e n t  ( s e e  d e t a i l s  i n  S e c .  

2 . 5 ) .
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F i g u r e  1 1 .  O p t i m a l l y  ( t o p )  a n d  l e a s t  ( b o t t o m )  a c c u r a t e  F G L  t r a n s f o r m e d  t i m e  s e r i e s  ( r e d )  

a n d  e x t r a c t e d  g l i t c h  w a v e f o r m s  ( g r a y )  o f  Scattered light  ( l e f t )  a n d  Extrem ely loud  ( r i g h t )  

g l i t c h e s .  T h e  o p t i m a l  a n d  l e a s t  v a l u e s  o f  M m a x  a r e  ~  0 . 2 7  ( ~  0 . 2 7 )  a n d  ~  0 . 9 9  ( ~  0 . 9 7 )  f o r  

Scattered light  ( Extrem ely loud )  g l i t c h e s ,  r e s p e c t i v e l y .

4 . 3 .  T I M E  W I N D O W  T O  S U B T R A C T  G L I T C H E S

A p p l y i n g  t h e  F G L  t r a n s f o r m  t o  t h e  e s t i m a t e d  m S T F T  f r o m  t h e  t r a i n e d  n e t w o r k ,  w e  

o b t a i n  t h e  e s t i m a t e d  g l i t c h  w a v e f o r m s .  U s i n g  t h e  e s t i m a t e d  g l i t c h  w a v e f o r m s ,  w e  s u b t r a c t  

g l i t c h e s  f r o m  t h e  d a t a .  I n  t h e  g l i t c h - s u b t r a c t i o n  p r o c e s s ,  w e  d e t e r m i n e  p o r t i o n s  o f  t h e  d a t a  

c o n t a i n i n g  g  g l i t c h e s  b a s e d  o n  t h e  e s t i m a t e d  g l i t c h  w a v e f o r m s .  W e  o n l y  s u b t r a c t  t h e  d a t a  i n  

p o r t i o n s  c o n t a i n i n g  g l i t c h e s  a n d  u s e  t h e  o r i g i n a l  d a t a  i n  t h e  r e s t  p o r t i o n s  w i t h o u t  t h e  g l i t c h  

s u b t r a c t i o n .  T o  d e t e r m i n e  t h e  d a t a  p o r t i o n s ,  w e  u s e  t h e  e s t i m a t e d  g l i t c h  w a v e f o r m s  i n  t h e  

t e s t i n g  s e t  w i t h  s a m p l e  s i z e s  o f  6 7 8  a n d  1 2 3 3  f o r  Scattered light  a n d  Extrem ely loud  g l i t c h e s .  

W e  f i r s t  c a l c u l a t e  t h e  a b s o l u t e  v a l u e s  o f  t h e  e s t i m a t e d  g l i t c h  w a v e f o r m s  a n d  t h e n  s m o o t h
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F i g u r e  1 2 .  M e d i a n  o f  m a x i m i z e d  m a t c h e s  ( g r a y  s o l i d )  b e t w e e n  t h e  e x t r a c t e d  g l i t c h  w a v e ­

f o r m s  a n d  t h e m s e l v e s  i n j e c t e d  i n t o  t h e  G a u s s i a n  d i s t r i b u t e d  n o i s e  w i t h  z e r o  m e a n  a n d  a  

g i v e n  s t a n d a r d  d e v i a t i o n  a s  w e l l  a s  t h e  m e d i a n  o f  m a x i m i z e d  m a t c h e s  ( r e d  d a s h e d )  b e t w e e n  

t h e  F G L  t r a n s f o r m e d  t i m e  s e r i e s  a n d  t h e  e x t r a c t e d  g l i t c h  w a v e f o r m s  f o r  Scattered light  ( l e f t )  

Extrem ely loud  ( r i g h t )  g l i t c h e s .  T h e  s h a d e d  a r e a s  d e n o t e  1 - ^  p e r c e n t i l e s .

t h e  c u r v e .  W e  c o n s i d e r  d a t a  p o r t i o n s  t o  b e  t h e  r e g i o n s  w h e r e  t h e  s m o o t h e d  c u r v e s  a r e  a b o v e  

t h r e s h o l d s .  S m a l l e r  t h r e s h o l d s  m a k e  t h e  d a t a  p o r t i o n s  t o  b e  l a r g e r  s o  t h a t  l a r g e r  d a t a  a r e  u s e d  

i n  t h e  s u b t r a c t i o n  p r o c e s s ,  w h e r e  l a r g e r  f r a c t i o n s  o f  t h e  d a t a  p o r t i o n s  h a v e  n o  g l i t c h e s  a n d  

n o  n e e d  t o  b e  s u b t r a c t e d .  L a r g e r  t h r e s h o l d s  m a k e  t h e  d a t a  p o r t i o n s  t o  b e  s m a l l e r  s o  t h a t  o n l y  

s m a l l  f r a c t i o n s  o f  g l i t c h e s  a r e  s u b t r a c t e d .  W e  c o n s i d e r  v a r i o u s  p e r c e n t i l e s  o f  t h e  a b s o l u t e  

v a l u e  o f  t h e  e s t i m a t e d  g l i t c h  w a v e f o r m s  a s  t h r e s h o l d s .  F i g u r e  1 3  s h o w s  t h e  v a r i a t i o n  o f  

F N R s  d u e  t o  t h e  c h o i c e s  o f  p e r c e n t i l e s .  W e  f i n d  t h a t  t h e  p e a k  o f  m e d i a n  F N R s  a r e  o b t a i n e d  

w i t h  a n d  6 0  a n d  5 5  p e r c e n t i l e s  f o r  Scattered light  a n d  Extrem ely loud, r e s p e c t i v e l y .  B e l o w  

t h e  p e a k  v a l u e s ,  v a l u e s  o f  F N R s  a r e  c o m p a t i b l e  w i t h i n  t h e  1 - ^  u n c e r t a i n t y  b e c a u s e  t h e  

r e g i o n s  w i t h  t h e  a b s e n c e  o f  g l i t c h e s  a r e  n o t  s i m i l a r  t o  t h e  c o r r e s p o n d i n g  p o r t i o n s  o f  t h e  

e s t i m a t e d  g l i t c h  w a v e f o r m  o t h e r  t h a n  t h e  G a u s s i a n  f l u c t u a t i o n s ,  c a u s i n g  n o  g l i t c h e s  t o  b e  

s u b t r a c t e d  s u b t r a c t i o n  i n  t h a t  r e g i o n s .  L a r g e r  p e r c e n t i l e s  c o r r e s p o n d i n g  t o  l a r g e r  t h r e s h o l d s  

l e t  o n l y  s m a l l  f r a c t i o n s  o f  g l i t c h e s  b e  s u b t r a c t e d ,  c a u s i n g  s m a l l e r  v a l u e s  o f  F N R .  T h r e s h o l d  

v a l u e s  u s e d  i n  S e c .  3 . 1  a n d  S e c .  3 . 2  a r e  7 0  p e r c e n t i l e  a n d  9 0  p e r c e n t i l e  f o r  Scattered light 

a n d  Extrem ely loud, r e s p e c t i v e l y ,  w h o s e  v a l u e s  o f  F N R  a r e  s m a l l e r  t h a n  t h e  p e a k  m e d i a n  

v a l u e s  b y  o n l y  ~  3 % .
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F i g u r e  1 3 .  F r a c t i o n  o f  S N R  r e d u c t i o n  a s  a  f u n c t i o n  o f  p e r c e n t i l e  a s  t h r e s h o l d s  f o r  t h e  g l i t c h  

p r e s e n t  p o r t i o n s  f o r  Scattered light  ( l e f t )  a n d  Extrem ely loud  ( r i g h t )  g l i t c h e s .  T h e  s o l i d  

c u r v e s  d e n o t e  t h e  m e d i a n  v a l u e s  a n d  t h e  s h a d e d  a r e a s  d e n o t e  1 - ^  p e r c e n t i l e s .

4 . 4 .  C O M P A R I S O N  O F  A C C U R A C Y  B E T W E E N  M O D E L E D  A N D  U N M O D E L E D  

S E A R C H E S  P I P E L I N E S

U n m o d e l e d  G W  s e a r c h  p i p e l i n e s  a r e  t y p i c a l l y  l e s s  s e n s i t i v e  t h a n  m o d e l e d  p i p e l i n e s .  

T h e  s k y  l o c a l i z a t i o n  e r r o r  r e g i o n s  o b t a i n e d  w i t h  t h e  u n m o d e l e d  s e a r c h  p i p e l i n e s  a r e  a l s o  

l e s s  a c c u r a t e  t h a n  t h o s e  o b t a i n e d  w i t h  m o d e l e d  p i p e l i n e s .  T o  c o m p a r e  t h e i r  a c c u r a c y ,  w e  

m a k e  9  s e t s  o f  i n j e c t e d  s i m u l a t e d  B B H  s i g n a l s  w i t h  t h e  n e t w o r k  S N R  o f  4 2 . 4 , 2 8 . 3 , 1 1 . 3  w i t h  

t h e  c o m p o n e n t  m a s s e s  o f  ( m 1 ,  m 2 )  =  ( 3 5 , 2 9 ) ,  ( 2 0 , 1 5 ) ,  ( 1 2 , 1 0 )  M 0  i n t o  s i m u l a t e d  c o l o r e d  

G a u s s i a n  n o i s e  w i t h  t h e  L I G O  d e s i g n  s e n s i t i v i t y  i n  t h e  t w o - d e t e c t o r  n e t w o r k .  W e  c h o o s e  

t h e  w a v e f o r m  c o a l e s c e n c e  p h a s e ,  p o l a r i z a t i o n  a n g l e ,  a n d  c o s i n e  o f  t h e  i n c l i n a t i o n  a n g l e  

t o  b e  u n i f o r m l y  d i s t r i b u t e d  i n  t h e  i n t e r v a l s  [ 0 , 2 n ] ,  [ 0 , n ] ,  a n d  [ - 1 , 1 ] .  W e  u s e  a  m o d i f i e d  

v e r s i o n  o f  a  pyCBC ( N i t z  et al., 2 0 2 0 )  s c r i p t ,  pycbc_make_skymap, a n d  c W B  ( K l i m e n k o  

e ta l.,  2 0 0 8 ,  2 0 1 6 )  a s  m o d e l e d  a n d  u n m o d e l e d  s k y - m a p  g e n e r a t o r s ,  r e s p e c t i v e l y .

F i g u r e  1 4  s h o w s  t h e  c o m p a r i s o n  o f  t h e  c o n t o u r  l e v e l s  a t  t h e  i n j e c t i o n  d i r e c t i o n s .  

6 3 - 8 2 %  o f  i n j e c t i o n s  h a v e  t h e i r  c o n t o u r  l e v e l s  b e l o w  0 . 9  f o r  i n  s k y  m a p s  o b t a i n e d  b y  t h e  

m o d e l e d  s e a r c h  i r r e s p e c t i v e  o f  a l l  u s e d  n e t w o r k  S N R s .  N o  m o r e  t h a n  5 0 %  o f  i n j e c t i o n s  

h a v e  t h e i r  c o n t o u r  l e v e l s  l e s s  t h a n  0 . 9  f o r  t h e  s k y  m a p s  o b t a i n e d  b y  c W B .  F o r  c W B ,  l a r g e r  

c o m p o n e n t  m a s s e s  c o r r e s p o n d  t o  m o r e  a c c u r a t e  e s t i m a t e s  o f  t h e  s o u r c e  d i r e c t i o n s  b e c a u s e
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h i g h e r  s i g n a l  e n e r g y  i s  c o n c e n t r a t e d  o n  s m a l l e r  t i m e  p e r i o d s  a n d  t h e  s i g n a l  r e c o n s t r u c t i o n s  

a r e  m o r e  a c c u r a t e .  S e t s  w i t h  t h e  n e t w o r k  S N R  o f  1 1 . 3  h a v e  l e s s  t h a n  5 3 %  o f  i n j e c t i o n s  

f o u n d  b y  c W B  b e c a u s e  t h e  r a n k i n g  s t a t i s t i c  p  = 6  i s  c h o s e n  a s  a  t y p i c a l  c r i t e r i o n  t o  r e p o r t  

t h e  r e c o n s t r u c t i o n .  T h e  n e t w o r k  S N R  o f  1 1 . 6  c o r r e s p o n d s  t o  p  ~  5 . 8 ,  w h i c h  i s  l o w e r  t h a n  

t h i s  c r i t e r i o n  s o  t h a t  t h e  m a j o r i t y  o f  i n j e c t i o n s  a r e  n o t  f o u n d  f o r  t h e  n e t w o r k  S N R  o f  1 1 . 6 .
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F i g u r e  1 4 .  C o m p a r i s o n s  o f  t h e  c o n t o u r  l e v e l  o b t a i n e d  b y  B a y e s t a r  ( s o l i d - b l a c k )  a n d  c W B  

( d a s h e d - r e d )  f o r  5 1 2  s i m u l a t e d  B B H  s i g n a l s  w i t h  t h e  n e t w o r k  S N R  o f  4 2 . 4  ( 1 s t  r o w ) ,  2 8 . 3  

( 2 n d  r o w ) ,  a n d  1 1 . 3  ( 3 r d  r o w )  w i t h  t h e  c o m p o n e n t  m a s s e s  o f  ( m i , m 2 )  =  ( 3 5 , 2 9 )  M 0  ( 1 s t  

c o l u m n ) ,  ( m 1 ,  m 2 )  =  ( 2 0 , 1 5 )  M 0  ( 2 n d  c o l u m n ) ,  a n d  ( m 1 ,  m 2 )  =  ( 1 2 , 1 0 )  M 0  ( 3 r d  c o l u m n )

i n j e c t e d  i n t o  t h e  s i m u l a t e d  c o l o r e d  G a u s s i a n  d a t a  w i t h  L I G O ’ s  d e s i g n  s e n s i t i v i t y .  T h e  f i r s t  

a n d  s e c o n d  q u o t e d  v a l u e s  a r e  t h e  p e r c e n t s  o f  i n j e c t i o n s  w i t h  t h e i r  c o n t o u r  l e v e l s  b e l o w  0 . 9  

i n  t h e  s k y  m a p s  o b t a i n e d  b y  B a y e s t a r  a n d  c W B ,  r e s p e c t i v e l y .  T h e  l a s t  q u o t e d  v a l u e s  a r e  

p e r c e n t s  o f  i n j e c t i o n s  f o u n d  b y  c W B .



193

R E F E R E N C E S

A a s i ,  J .  et al., ‘ A d v a n c e d  L I G O , ’ C l a s s .  Q u a n t .  G r a v . ,  2 0 1 5 ,  3 2 ,  p .  0 7 4 0 0 1 ,  d o i :  1 0 . 1 0 8 8 /  

0 2 6 4 - 9 3 8 1 / 3 2 / 7 / 0 7 4 0 0 1 .

A b a d i e ,  J .  et al., ‘ A  G r a v i t a t i o n a l  w a v e  o b s e r v a t o r y  o p e r a t i n g  b e y o n d  t h e  q u a n t u m  s h o t -  

n o i s e  l i m i t :  S q u e e z e d  l i g h t  i n  a p p l i c a t i o n , ’ N a t u r e  P h y s . ,  2 0 1 1 ,  7 ,  p p .  9 6 2 - 9 6 5 ,  d o i :  

1 0 . 1 0 3 8 / n p h y s 2 0 8 3 .

A b b o t t ,  B .  et al., ‘ S e a r c h  f o r  g r a v i t a t i o n a l  w a v e s  f r o m  g a l a c t i c  a n d  e x t r a - g a l a c t i c  b i n a r y  

n e u t r o n  s t a r s , ’ P h y s .  R e v .  D ,  2 0 0 5 ,  7 2 ,  p .  0 8 2 0 0 1 ,  d o i :  1 0 . 1 1 0 3 / P h y s R e v D . 7 2 .  

0 8 2 0 0 1 .

A b b o t t ,  B .  eta l.,  ‘ G W 1 5 0 9 1 4 :  I m p l i c a t i o n s  f o r t h e  s t o c h a s t i c  g r a v i t a t i o n a l  w a v e  b a c k g r o u n d  

f r o m  b i n a r y  b l a c k  h o l e s , ’ P h y s .  R e v .  L e t t . ,  2 0 1 6 a ,  1 1 6 ( 1 3 ) ,  p .  1 3 1 1 0 2 ,  d o i :  1 0 . 1 1 0 3 /  

P h y s R e v L e t t . 1 1 6 . 1 3 1 1 0 2 .

A b b o t t ,  B .  et al., ‘ A l l - s k y  s e a r c h  f o r  c o n t i n u o u s  g r a v i t a t i o n a l  w a v e s  f r o m  i s o l a t e d  n e u t r o n  

s t a r s  u s i n g  A d v a n c e d  L I G O  O 2  d a t a , ’ P h y s .  R e v .  D ,  2 0 1 9 a ,  1 0 0 ( 2 ) ,  p .  0 2 4 0 0 4 ,  d o i :  

1 0 . 1 1 0 3 / P h y s R e v D . 1 0 0 . 0 2 4 0 0 4 .

A b b o t t ,  B .  et al., ‘ A l l - s k y  s e a r c h  f o r  l o n g - d u r a t i o n  g r a v i t a t i o n a l - w a v e  t r a n s i e n t s  i n  t h e  

s e c o n d  A d v a n c e d  L I G O  o b s e r v i n g  r u n , ’ P h y s .  R e v .  D ,  2 0 1 9 b ,  9 9 ( 1 0 ) ,  p .  1 0 4 0 3 3 ,  

d o i :  1 0 . 1 1 0 3 / P h y s R e v D . 9 9 . 1 0 4 0 3 3 .

A b b o t t ,  B .  P .  et al., ‘ A  F i r s t  T a r g e t e d  S e a r c h  f o r  G r a v i t a t i o n a l - W a v e  B u r s t s  f r o m  C o r e ­

C o l l a p s e  S u p e r n o v a e  i n  D a t a  o f  F i r s t - G e n e r a t i o n  L a s e r  I n t e r f e r o m e t e r  D e t e c t o r s , ’ 

P h y s .  R e v .  D ,  2 0 1 6 b ,  9 4 ( 1 0 ) ,  p .  1 0 2 0 0 1 ,  d o i :  1 0 . 1 1 0 3 / P h y s R e v D . 9 4 . 1 0 2 0 0 1 .

A b b o t t ,  B .  P .  et al . , ‘ A l l - s k y  s e a r c h  f o r  l o n g - d u r a t i o n  g r a v i t a t i o n a l  w a v e  t r a n s i e n t s  w i t h  i n i t i a l  

L I G O , ’ P h y s .  R e v .  D ,  2 0 1 6 c ,  9 3 ( 4 ) ,  p .  0 4 2 0 0 5 ,  d o i :  1 0 . 1 1 0 3 / P h y s R e v D . 9 3 . 0 4 2 0 0 5 .

A b b o t t ,  B .  P .  et al., ‘ G W 1 5 0 9 1 4 :  F i r s t  r e s u l t s  f r o m  t h e  s e a r c h  f o r  b i n a r y  b l a c k  h o l e  

c o a l e s c e n c e  w i t h  A d v a n c e d  L I G O , ’ P h y s .  R e v .  D ,  2 0 1 6 d ,  9 3 ( 1 2 ) ,  p .  1 2 2 0 0 3 ,  d o i :  

1 0 . 1 1 0 3 / P h y s R e v D . 9 3 . 1 2 2 0 0 3 .

A b b o t t ,  B .  P .  et al., ‘ O b s e r v a t i o n  o f  G r a v i t a t i o n a l  W a v e s  f r o m  a  B i n a r y  B l a c k  H o l e  M e r g e r , ’ 

P h y s .  R e v .  L e t t . ,  2 0 1 6 e ,  1 1 6 ( 6 ) ,  p .  0 6 1 1 0 2 ,  d o i :  1 0 . 1 1 0 3 / P h y s R e v L e t t . 1 1 6 . 0 6 1 1 0 2 .

A b b o t t ,  B .  P .  et al., ‘ E x p l o r i n g  t h e  S e n s i t i v i t y  o f  N e x t  G e n e r a t i o n  G r a v i t a t i o n a l  W a v e  

D e t e c t o r s , ’ C l a s s .  Q u a n t .  G r a v . ,  2 0 1 7 a ,  3 4 ( 4 ) ,  p .  0 4 4 0 0 1 ,  d o i :  1 0 . 1 0 8 8 / 1 3 6 1 - 6 3 8 2 /  

a a 5 1 f 4 .

A b b o t t ,  B .  P .  et al., ‘ G r a v i t a t i o n a l  W a v e s  a n d  G a m m a - R a y s  f r o m  a  B i n a r y  N e u t r o n  S t a r  

M e r g e r :  G W 1 7 0 8 1 7  a n d  G R B  1 7 0 8 1 7 A , ’ A s t r o p h y s .  J . ,  2 0 1 7 b ,  8 4 8 ( 2 ) ,  p .  L 1 3 ,  d o i :  

1 0 . 3 8 4 7 / 2 0 4 1 - 8 2 1 3 / a a 9 2 0 c .



194

A b b o t t ,  B .  P .  et al., ‘ G w 1 7 0 8 1 7 :  O b s e r v a t i o n  o f  g r a v i t a t i o n a l  w a v e s  f r o m  a  b i ­

n a r y  n e u t r o n  s t a r  i n s p i r a l , ’ P h y s .  R e v .  L e t t . ,  O c t  2 0 1 7 c ,  1 1 9 ,  p .  1 6 1 1 0 1 ,  d o i :  

1 0 . 1 1 0 3 / P h y s R e v L e t t . 1 1 9 . 1 6 1 1 0 1 .

A b b o t t ,  B .  P .  et al., ‘ M u l t i - m e s s e n g e r  O b s e r v a t i o n s  o f  a  B i n a r y  N e u t r o n  S t a r  M e r g e r , ’ 

A s t r o p h y s .  J . ,  2 0 1 7 d ,  8 4 8 ( 2 ) ,  p .  L  1 2 ,  d o i :  1 0 . 3 8 4 7 / 2 0 4 1 - 8 2 1 3 / a a 9 1 c 9 .

A b b o t t ,  B .  P .  eta l.,  ‘ T h e  b a s i c  p h y s i c s  o f  t h e  b i n a r y  b l a c k  h o l e  m e r g e r  G W 1 5 0 9 1 4 , ’ A n n a l e n  

P h y s . ,  2 0 1 7 e ,  5 2 9 ( 1 - 2 ) ,  p .  1 6 0 0 2 0 9 ,  d o i :  1 0 . 1 0 0 2 / a n d p . 2 0 1 6 0 0 2 0 9 .

A b b o t t ,  B .  P .  et al., ‘ A l l - s k y  s e a r c h  f o r  l o n g - d u r a t i o n  g r a v i t a t i o n a l  w a v e  t r a n s i e n t s  i n  t h e  

f i r s t  A d v a n c e d  L I G O  o b s e r v i n g  r u n , ’ C l a s s .  Q u a n t .  G r a v . ,  2 0 1 8 ,  3 5 ( 6 ) ,  p .  0 6 5 0 0 9 ,  

d o i :  1 0 . 1 0 8 8 / 1 3 6 1 - 6 3 8 2 / a a a b 7 6 .

A b b o t t ,  B .  P .  et al., ‘ A l l - S k y  S e a r c h  f o r  S h o r t  G r a v i t a t i o n a l - W a v e  B u r s t s  i n  t h e  S e c o n d  

A d v a n c e d  L I G O  a n d  A d v a n c e d  V i r g o  R u n , ’ P h y s .  R e v .  D ,  2 0 1 9 c ,  1 0 0 ( 2 ) ,  p .  0 2 4 0 1 7 ,  

d o i :  1 0 . 1 1 0 3 / P h y s R e v D . 1 0 0 . 0 2 4 0 1 7 .

A b b o t t ,  B .  P .  et al., ‘ G w t c - 1 :  A  g r a v i t a t i o n a l - w a v e  t r a n s i e n t  c a t a l o g  o f  c o m p a c t  b i n a r y  

m e r g e r s  o b s e r v e d  b y  l i g o  a n d  v i r g o  d u r i n g  t h e  f i r s t  a n d  s e c o n d  o b s e r v i n g  r u n s , ’ 

P h y s .  R e v .  X ,  S e p  2 0 1 9 d ,  9 ,  p .  0 3 1 0 4 0 ,  d o i :  1 0 . 1 1 0 3 / P h y s R e v X . 9 . 0 3 1 0 4 0 .

A b b o t t ,  B .  P .  et al., ‘ S e a r c h  f o r  g r a v i t a t i o n a l - w a v e  s i g n a l s  a s s o c i a t e d  w i t h  g a m m a - r a y  

b u r s t s  d u r i n g  t h e  s e c o n d  o b s e r v i n g  r u n  o f  A d v a n c e d  L I G O  a n d  A d v a n c e d  V i r g o , ’ 

A s t r o p h y s .  J . ,  2 0 1 9 e ,  8 8 6 ,  p .  7 5 ,  d o i :  1 0 . 3 8 4 7 / 1 5 3 8 - 4 3 5 7 / a b 4 b 4 8 .

A b b o t t ,  B .  P .  et al., ‘ P r o s p e c t s  f o r  o b s e r v i n g  a n d  l o c a l i z i n g  g r a v i t a t i o n a l - w a v e  t r a n s i e n t s  

w i t h  A d v a n c e d  L I G O ,  A d v a n c e d  V i r g o  a n d  K A G R A , ’ L i v i n g  R e v .  R e l . ,  2 0 2 0 a ,  

2 3 ( 1 ) ,  p .  3 ,  d o i :  1 0 . 1 0 0 7 / s 4 1 1 1 4 - 0 2 0 - 0 0 0 2 6 - 9 .

A b b o t t ,  B .  P .  et al., ‘ A  G r a v i t a t i o n a l - w a v e  M e a s u r e m e n t  o f  t h e  H u b b l e  C o n s t a n t  F o l l o w i n g  

t h e  S e c o n d  O b s e r v i n g  R u n  o f  A d v a n c e d  L I G O  a n d  V i r g o , ’ A s t r o p h y s .  J . ,  2 0 2 1 a ,  

9 0 9 ( 2 ) ,  p .  2 1 8 ,  d o i :  1 0 . 3 8 4 7 / 1 5 3 8 - 4 3 5 7 / a b d c b 7 .

A b b o t t ,  R .  et al., ‘ S e a r c h  f o r  G r a v i t a t i o n a l  W a v e s  A s s o c i a t e d  w i t h  G a m m a - R a y  B u r s t s  

D e t e c t e d  b y  F e r m i  a n d  S w i f t  D u r i n g  t h e  L I G O - V i r g o  R u n  O 3 a , ’ 1 0  2 0 2 0 b .

A b b o t t ,  R .  et al., ‘ G W T C - 2 :  C o m p a c t  B i n a r y  C o a l e s c e n c e s  O b s e r v e d  b y  L I G O  a n d  V i r g o  

D u r i n g  t h e  F i r s t  H a l f  o f  t h e  T h i r d  O b s e r v i n g  R u n , ’ P h y s .  R e v .  X ,  2 0 2 1 b ,  1 1 ,  p .  

0 2 1 0 5 3 ,  d o i :  1 0 . 1 1 0 3 / P h y s R e v X . 1 1 . 0 2 1 0 5 3 .

A b b o t t ,  R .  et al., ‘ T e s t s  o f  g e n e r a l  r e l a t i v i t y  w i t h  b i n a r y  b l a c k  h o l e s  f r o m  t h e  s e c o n d  

L I G O - V i r g o  g r a v i t a t i o n a l - w a v e  t r a n s i e n t  c a t a l o g , ’ P h y s .  R e v .  D ,  2 0 2 1 c ,  1 0 3 ( 1 2 ) ,  p .  

1 2 2 0 0 2 ,  d o i :  1 0 . 1 1 0 3 / P h y s R e v D . 1 0 3 . 1 2 2 0 0 2 .

A c e r n e s e ,  F .  et a l . , ‘ A d v a n c e d  V i r g o :  a  s e c o n d - g e n e r a t i o n  i n t e r f e r o m e t r i c  g r a v i t a t i o n a l  w a v e  

d e t e c t o r , ’ C l a s s .  Q u a n t .  G r a v . ,  2 0 1 5 ,  3 2 ( 2 ) ,  p .  0 2 4 0 0 1 ,  d o i :  1 0 . 1 0 8 8 / 0 2 6 4 - 9 3 8 1 / 3 2 /  

2 / 0 2 4 0 0 1 .



195

A k u t s u ,  T .  eta l.,  ‘ O v e r v i e w  o f  K A G R A :  D e t e c t o r  d e s i g n  a n d  c o n s t r u c t i o n  h i s t o r y , ’ P r o g r e s s  

o f  T h e o r e t i c a l  a n d  E x p e r i m e n t a l  P h y s i c s ,  0 8  2 0 2 0 ,  2 0 2 1 ( 5 ) ,  I S S N  2 0 5 0 - 3 9 1 1 ,  d o i :  

1 0 . 1 0 9 3 / p t e p / p t a a 1 2 5 ,  0 5 A 1 0 1 .

A l l e n ,  B . ,  ‘x 2 t i m e - f r e q u e n c y  d i s c r i m i n a t o r  f o r  g r a v i t a t i o n a l  w a v e  d e t e c t i o n , ’ P h y s .  R e v .  D ,  

M a r  2 0 0 5 ,  7 1 ,  p .  0 6 2 0 0 1 ,  d o i :  1 0 . 1 1 0 3 / P h y s R e v D . 7 1 . 0 6 2 0 0 1 .

A l l e n ,  B . ,  A n d e r s o n ,  W .  G . ,  B r a d y ,  P .  R . ,  B r o w n ,  D .  A . ,  a n d  C r e i g h t o n ,  J .  D .  E . ,  ‘ F I N D -  

C H I R P :  A n  A l g o r i t h m  f o r  d e t e c t i o n  o f  g r a v i t a t i o n a l  w a v e s  f r o m  i n s p i r a l i n g  c o m p a c t  

b i n a r i e s , ’ P h y s .  R e v .  D ,  2 0 1 2 ,  8 5 ,  p .  1 2 2 0 0 6 ,  d o i :  1 0 . 1 1 0 3 / P h y s R e v D . 8 5 . 1 2 2 0 0 6 .

A s h t o n ,  G . ,  H u b n e r ,  M . ,  L a s k y ,  P .  D . ,  T a l b o t ,  C . ,  A c k l e y ,  K . ,  B i s c o v e a n u ,  S . ,  C h u ,  Q . ,  

D i v a k a r l a ,  A . ,  E a s t e r ,  P .  J . ,  G o n c h a r o v ,  B . ,  V i v a n c o ,  F .  H . ,  H a r m s ,  J . ,  L o w e r ,  M .  E . ,  

M e a d o r s ,  G .  D . ,  M e l c h o r ,  D . ,  P a y n e ,  E . ,  P i t k i n ,  M .  D . ,  P o w e l l ,  J . ,  S a r i n ,  N . ,  S m i t h ,  

R .  J .  E . ,  a n d  T h r a n e ,  E . ,  ‘ B i l b y :  A  u s e r - f r i e n d l y  b a y e s i a n  i n f e r e n c e  l i b r a r y  f o r  

g r a v i t a t i o n a l - w a v e  a s t r o n o m y , ’ T h e  A s t r o p h y s i c a l  J o u r n a l  S u p p l e m e n t  S e r i e s ,  a p r  

2 0 1 9 ,  2 4 1 ( 2 ) ,  p .  2 7 ,  d o i :  1 0 . 3 8 4 7 / 1 5 3 8 - 4 3 6 5 / a b 0 6 f c .

B e n g i o ,  Y . ,  S i m a r d ,  P . ,  a n d  F r a s c o n i ,  P . ,  ‘ L e a r n i n g  l o n g - t e r m  d e p e n d e n c i e s  w i t h  g r a d i e n t  

d e s c e n t  i s  d i f f i c u l t , ’ I E E E  T r a n s a c t i o n s  o n  N e u r a l  N e t w o r k s ,  1 9 9 4 ,  5 ( 2 ) ,  p p .  1 5 7 — 

1 6 6 ,  d o i :  1 0 . 1 1 0 9 / 7 2 . 2 7 9 1 8 1 .

B i s w a s ,  R .  eta l.,  ‘ A p p l i c a t i o n  o f  m a c h i n e  l e a r n i n g  a l g o r i t h m s  t o  t h e  s t u d y  o f  n o i s e  a r t i f a c t s  

i n  g r a v i t a t i o n a l - w a v e  d a t a , ’ P h y s .  R e v .  D ,  2 0 1 3 ,  8 8 ( 6 ) ,  p .  0 6 2 0 0 3 ,  d o i :  1 0 . 1 1 0 3 /  

P h y s R e v D . 8 8 . 0 6 2 0 0 3 .

B o n d ,  C . ,  B r o w n ,  D . ,  F r e i s e ,  A . ,  a n d  S t r a i n ,  K . ,  ‘ I n t e r f e r o m e t e r  t e c h n i q u e s  f o r  g r a v i t a t i o n a l -  

w a v e  d e t e c t i o n , ’ L I V I N G  R E V I E W S  I N  R E L A T I V I T Y ,  D e c e m b e r  2 0 1 6 ,  1 9 ,  p p .  

1 - 2 2 1 ,  I S S N  1 4 3 3 - 8 3 5 1 ,  d o i :  1 0 . 1 0 0 7 / s 4 1 1 1 4 - 0 1 6 - 0 0 0 2 - 8 .

B r o w n ,  D .  A . ,  Searching fo r  gravitational radiation fro m  binary black hole M ACH O s in the 
galactic halo, O t h e r  t h e s i s ,  1 2  2 0 0 4 .

B u r r o w s ,  A . ,  H a y e s ,  J . ,  a n d  F r y x e l l ,  B .  A . ,  ‘ O n  t h e  n a t u r e  o f  c o r e  c o l l a p s e  s u p e r n o v a  

e x p l o s i o n s , ’ A s t r o p h y s .  J . ,  1 9 9 5 ,  4 5 0 ,  p .  8 3 0 ,  d o i :  1 0 . 1 0 8 6 / 1 7 6 1 8 8 .

C a n n o n ,  K .  C . ,  ‘ E f f i c i e n t  a l g o r i t h m  f o r  c o m p u t i n g  t h e  t i m e - r e s o l v e d  f u l l - s k y  c r o s s  p o w e r  

i n  a n  i n t e r f e r o m e t e r  w i t h  o m n i d i r e c t i o n a l  e l e m e n t s , ’ P h y s .  R e v .  D ,  J u n  2 0 0 7 ,  7 5 ,  p .  

1 2 3 0 0 3 ,  d o i :  1 0 . 1 1 0 3 / P h y s R e v D . 7 5 . 1 2 3 0 0 3 .

C a r r o l l ,  S . ,  Spacetim e and  Geometry: A n  Introduction to General Relativity,  B e n j a m i n  

C u m m i n g s ,  2 0 0 3 ,  I S B N  0 8 0 5 3 8 7 3 2 3 .

C h a t t e r j e e ,  C . ,  W e n ,  L . ,  V i n s e n ,  K . ,  K o v a l a m ,  M . ,  a n d  D a t t a ,  A . ,  ‘ U s i n g  D e e p  L e a r n i n g  t o  

L o c a l i z e  G r a v i t a t i o n a l  W a v e  S o u r c e s , ’ P h y s .  R e v .  D ,  2 0 1 9 , 1 0 0 ( 1 0 ) ,  p .  1 0 3 0 2 5 ,  d o i :  

1 0 . 1 1 0 3 / P h y s R e v D . 1 0 0 . 1 0 3 0 2 5 .



196

C h a t t e r j i ,  S . ,  B l a c k b u r n ,  L . ,  M a r t i n ,  G . ,  a n d  K a t s a v o u n i d i s ,  E . ,  ‘ M u l t i r e s o l u t i o n  t e c h n i q u e s  

f o r  t h e  d e t e c t i o n  o f  g r a v i t a t i o n a l - w a v e  b u r s t s , ’ C l a s s .  Q u a n t .  G r a v . ,  2 0 0 4 ,  2 1 ,  p p .  

S 1 8 0 9 - S 1 8 1 8 ,  d o i :  1 0 . 1 0 8 8 / 0 2 6 4 - 9 3 8 1 / 2 1 / 2 0 / 0 2 4 .

C h a t z i i o a n n o u ,  K . ,  C o r n i s h ,  N . ,  W i j n g a a r d e n ,  M . ,  a n d  L i t t e n b e r g ,  T .  B . ,  ‘ M o d e l i n g  c o m p a c t  

b i n a r y  s i g n a l s  a n d  i n s t r u m e n t a l  g l i t c h e s  i n  g r a v i t a t i o n a l  w a v e  d a t a , ’ P h y s .  R e v .  D ,  

2 0 2 1 , 1 0 3 ( 4 ) ,  p .  0 4 4 0 1 3 ,  d o i :  1 0 . 1 1 0 3 / P h y s R e v D . 1 0 3 . 0 4 4 0 1 3 .

C h e u k ,  K .  W . ,  A n d e r s o n ,  H . ,  A g r e s ,  K . ,  a n d  H e r r e m a n s ,  D . ,  ‘ n n a u d i o :  A n  o n - t h e - f l y  g p u  

a u d i o  t o  s p e c t r o g r a m  c o n v e r s i o n  t o o l b o x  u s i n g  1 d  c o n v o l u t i o n a l  n e u r a l  n e t w o r k s , ’ 

I E E E  A c c e s s ,  2 0 2 0 ,  8 ,  p p .  1 6 1 9 8 1 - 1 6 2 0 0 3 ,  d o i :  1 0 . 1 1 0 9 / A C C E S S . 2 0 2 0 . 3 0 1 9 0 8 4 .

C o k e l a e r ,  T . ,  ‘ G r a v i t a t i o n a l  w a v e s  f r o m  i n s p i r a l l i n g  c o m p a c t  b i n a r i e s :  H e x a g o n a l  t e m p l a t e  

p l a c e m e n t  a n d  i t s  e f f i c i e n c y  i n  d e t e c t i n g  p h y s i c a l  s i g n a l s , ’ P h y s .  R e v .  D ,  2 0 0 7 ,  7 6 ,  

p .  1 0 2 0 0 4 ,  d o i :  1 0 . 1 1 0 3 / P h y s R e v D . 7 6 . 1 0 2 0 0 4 .

C o r n i s h ,  N .  J . ,  ‘ R a p i d  a n d  R o b u s t  P a r a m e t e r  I n f e r e n c e  f o r  B i n a r y  M e r g e r s , ’ P h y s .  R e v .  D ,  

2 0 2 1 , 1 0 3 ( 1 0 ) ,  p .  1 0 4 0 5 7 ,  d o i :  1 0 . 1 1 0 3 / P h y s R e v D . 1 0 3 . 1 0 4 0 5 7 .

C o r n i s h ,  N .  J .  a n d  L i t t e n b e r g ,  T .  B . ,  ‘ B a y e s w a v e :  B a y e s i a n  i n f e r e n c e  f o r  g r a v i t a t i o n a l  w a v e  

b u r s t s  a n d  i n s t r u m e n t  g l i t c h e s , ’ C l a s s i c a l  a n d  Q u a n t u m  G r a v i t y ,  J u n  2 0 1 5 ,  3 2 ,  p .  

1 3 5 0 1 2 ,  d o i :  1 0 . 1 0 8 8 / 0 2 6 4 - 9 3 8 1 / 3 2 / 1 3 / 1 3 5 0 1 2 .

C o u c h ,  S .  M .  a n d  O t t ,  C .  D . ,  ‘ T h e  R o l e  o f  T u r b u l e n c e  i n  N e u t r i n o - D r i v e n  C o r e - C o l l a p s e  

S u p e r n o v a  E x p l o s i o n s , ’ A s t r o p h y s .  J . ,  2 0 1 5 ,  7 9 9 ( 1 ) ,  p .  5 ,  d o i :  1 0 . 1 0 8 8 / 0 0 0 4 - 6 3 7 X /  

7 9 9 / 1 / 5 .

D a v i s ,  D . ,  M a s s i n g e r ,  T .  J . ,  L u n d g r e n ,  A .  P . ,  D r i g g e r s ,  J .  C . ,  U r b a n ,  A .  L . ,  a n d  N u t t a l l ,  

L .  K . ,  ‘ I m p r o v i n g  t h e  S e n s i t i v i t y  o f  A d v a n c e d  L I G O  U s i n g  N o i s e  S u b t r a c t i o n , ’ 

C l a s s .  Q u a n t .  G r a v . ,  2 0 1 9 ,  3 6 ( 5 ) ,  p .  0 5 5 0 1 1 ,  d o i :  1 0 . 1 0 8 8 / 1 3 6 1 - 6 3 8 2 / a b 0 1 c 5 .

D a v i s ,  D .  et a l. , ‘ L I G O  D e t e c t o r  C h a r a c t e r i z a t i o n  i n  t h e  S e c o n d  a n d  T h i r d  O b s e r v i n g  R u n s , ’ 

C l a s s .  Q u a n t .  G r a v . ,  2 0 2 1 ,  3 8 ( 1 3 ) ,  p .  1 3 5 0 1 4 ,  d o i :  1 0 . 1 0 8 8 / 1 3 6 1 - 6 3 8 2 / a b f d 8 5 .

D r a g o ,  M . ,  Search fo r  transient gravitational wave signals with a known waveform  in the 
LIG O  Virgo network o f  interferometric detectors using a fu lly  coherent algorithm, 
P h . D .  t h e s i s ,  P a d u a  U . ,  2 0 1 0 .

E i n s t e i n ,  A . ,  ‘ Z u r  e l e k t r o d y n a m i k  b e w e g t e r  k o r p e r , ’ A n n a l e n  d e r  P h y s i k ,  1 9 0 5 ,  3 2 2 ( 1 0 ) ,  

p p .  8 9 1 - 9 2 1 ,  d o i :  h t t p s : / / d o i . o r g / 1 0 . 1 0 0 2 / a n d p . 1 9 0 5 3 2 2 1 0 0 4 .

E i n s t e i n ,  A . ,  ‘ T h e  F i e l d  E q u a t i o n s  o f  G r a v i t a t i o n , ’ S i t z u n g s b e r .  P r e u s s .  A k a d .  W i s s .  B e r l i n  

( M a t h .  P h y s . ) ,  1 9 1 5 , 1 9 1 5 ,  p p .  8 4 4 - 8 4 7 .

E i n s t e i n ,  A . ,  ‘ N a h e r u n g s w e i s e  I n t e g r a t i o n  d e r  F e l d g l e i c h u n g e n  d e r  G r a v i t a t i o n , ’ S i t z u n g s -  

b e r i c h t e  d e r  K o n i g l i c h  P r e u B i s c h e n  A k a d e m i e  d e r  W i s s e n s c h a f t e n  ( B e r l i n ,  J a n u a r y  

1 9 1 6 ,  p p .  6 8 8 - 6 9 6 .

https://doi.org/10.1002/andp.19053221004


197

E s s i c k ,  R . ,  G o d w i n ,  P . ,  H a n n a ,  C . ,  B l a c k b u r n ,  L . ,  a n d  K a t s a v o u n i d i s ,  E . ,  ‘ i D Q :  S t a t i s t i c a l  

i n f e r e n c e  o f  n o n - g a u s s i a n  n o i s e  w i t h  a u x i l i a r y  d e g r e e s  o f  f r e e d o m  i n  g r a v i t a t i o n a l -  

w a v e  d e t e c t o r s , ’ M a c h i n e  L e a r n i n g :  S c i e n c e  a n d  T e c h n o l o g y ,  d e c  2 0 2 0 ,  2 ( 1 ) ,  p .  

0 1 5 0 0 4 ,  d o i :  1 0 . 1 0 8 8 / 2 6 3 2 - 2 1 5 3 / a b a b 5 f .

F i n n ,  L .  S . ,  ‘ D e t e c t i o n ,  m e a s u r e m e n t ,  a n d  g r a v i t a t i o n a l  r a d i a t i o n , ’ P h y s .  R e v .  D ,  D e c  1 9 9 2 ,  

4 6 ,  p p .  5 2 3 6 - 5 2 4 9 ,  d o i :  1 0 . 1 1 0 3 / P h y s R e v D . 4 6 . 5 2 3 6 .

G o l d s t e i n ,  A .  e ta l . , ‘ A n  O r d i n a r y  S h o r t  G a m m a - R a y  B u r s t  w i t h  E x t r a o r d i n a r y  I m p l i c a t i o n s :  

F e r m i - G B M  D e t e c t i o n  o f  G R B  1 7 0 8 1 7 A , ’ A s t r o p h y s .  J .  L e t t . ,  2 0 1 7 ,  8 4 8 ( 2 ) ,  p .  L 1 4 ,  

d o i :  1 0 . 3 8 4 7 / 2 0 4 1 - 8 2 1 3 / a a 8 f 4 1 .

G r i f f i n ,  D .  a n d  J a e  L i m ,  ‘ S i g n a l  e s t i m a t i o n  f r o m  m o d i f i e d  s h o r t - t i m e  f o u r i e r  t r a n s f o r m , ’ 

I E E E  T r a n s a c t i o n s  o n  A c o u s t i c s ,  S p e e c h ,  a n d  S i g n a l  P r o c e s s i n g ,  1 9 8 4 ,  3 2 ( 2 ) ,  p p .  

2 3 6 - 2 4 3 ,  d o i :  1 0 . 1 1 0 9 / T A S S P . 1 9 8 4 . 1 1 6 4 3 1 7 .

H a h n l o s e r ,  R .  H .  R . ,  S a r p e s h k a r ,  R . ,  M a h o w a l d ,  M .  A . ,  D o u g l a s ,  R .  J . ,  a n d  S e u n g ,  H .  S . ,  

‘ D i g i t a l  s e l e c t i o n  a n d  a n a l o g u e  a m p l i f i c a t i o n  c o e x i s t  i n  a  c o r t e x - i n s p i r e d  s i l i c o n  

c i r c u i t , ’ N a t u r e ,  0 7  2 0 0 0 ,  4 0 5 ,  p p .  9 4 7 - 5 1 ,  d o i :  1 0 . 1 0 3 8 / 3 5 0 1 6 0 7 2 .

H a r d y ,  G .  H .  a n d  T i t c h m a r s h ,  E . ,  ‘ A  N o t e  o n  P a r s e v a l ’ s  T h e o r e m  f o r  F o u r i e r  T r a n s f o r m s , ’ 

J o u r n a l  o f  t h e  L o n d o n  M a t h e m a t i c a l  S o c i e t y ,  0 1  1 9 3 1 ,  s 1 - 6 ( 1 ) ,  p p .  4 4 - 4 8 ,  I S S N  

0 0 2 4 - 6 1 0 7 ,  d o i :  1 0 . 1 1 1 2 / j l m s / s 1 - 6 . 1 . 4 4 .

H a r r y ,  I .  W . ,  A l l e n ,  B . ,  a n d  S a t h y a p r a k a s h ,  B . ,  ‘ A  S t o c h a s t i c  t e m p l a t e  p l a c e m e n t  a l g o r i t h m  

f o r  g r a v i t a t i o n a l  w a v e  d a t a  a n a l y s i s , ’ P h y s .  R e v .  D ,  2 0 0 9 ,  8 0 ,  p .  1 0 4 0 1 4 ,  d o i :  1 0 .  

1 1 0 3 / P h y s R e v D . 8 0 . 1 0 4 0 1 4 .

H e r a n t ,  M . ,  ‘ T h e  c o n v e c t i v e  e n g i n e  p a r a d i g m  f o r  t h e  s u p e r n o v a  e x p l o s i o n  m e c h a n i s m  a n d  

i t s  c o n s e q u e n c e s , ’ P h y s i c s  R e p o r t s ,  1 9 9 5 ,  2 5 6 ( 1 ) ,  p p .  1 1 7 - 1 3 3 ,  I S S N  0 3 7 0 - 1 5 7 3 ,  

d o i :  h t t p s : / / d o i . o r g / 1 0 . 1 0 1 6 / 0 3 7 0 - 1 5 7 3 ( 9 4 ) 0 0 1 0 5 - C , t h e  P h y s i c s  o f  S u p e r n o v a e .

H o c h r e i t e r ,  S .  a n d  S c h m i d h u b e r ,  J . ,  ‘ L o n g  S h o r t - T e r m  M e m o r y , ’ N e u r a l  C o m p u t a t i o n ,  1 1  

1 9 9 7 ,  9 ( 8 ) ,  p p .  1 7 3 5 - 1 7 8 0 ,  I S S N  0 8 9 9 - 7 6 6 7 ,  d o i :  1 0 . 1 1 6 2 / n e c o . 1 9 9 7 . 9 . 8 . 1 7 3 5 .

H u l s e ,  R .  a n d  T a y l o r ,  J . ,  ‘ D i s c o v e r y  o f  a  p u l s a r  i n  a  b i n a r y  s y s t e m , ’ A s t r o p h y s .  J .  L e t t . ,  

1 9 7 5 , 1 9 5 ,  p p .  L 5 1 - L 5 3 ,  d o i :  1 0 . 1 0 8 6 / 1 8 1 7 0 8 .

I y e r ,  B .  et al . , ‘ L I G O - I n d i a ,  P r o p o s a l  o f  t h e  C o n s o r t i u m  f o r  I n d i a n  I n i t i a t i v e  i n  G r a v i t a t i o n a l -  

w a v e  O b s e r v a t i o n s  ( I n d I G O ) , ’ 2 0 1 1 .

J o y c e ,  J .  M . ,  K ullback-Leibler Divergence,  p p .  7 2 0 - 7 2 2 ,  S p r i n g e r  B e r l i n  H e i d e l b e r g ,  B e r l i n ,  

H e i d e l b e r g ,  I S B N  9 7 8 - 3 - 6 4 2 - 0 4 8 9 8 - 2 ,  2 0 1 1 ,  d o i :  1 0 . 1 0 0 7 / 9 7 8 - 3 - 6 4 2 - 0 4 8 9 8 - 2 _  

3 2 7 .

K h a n ,  S . ,  H u s a ,  S . ,  H a n n a m ,  M . ,  O h m e ,  F . ,  P u r r e r ,  M . ,  F o r t e z a ,  X .  J . ,  a n d  B o h e ,  A . ,  

‘ F r e q u e n c y - d o m a i n  g r a v i t a t i o n a l  w a v e s  f r o m  n o n p r e c e s s i n g  b l a c k - h o l e  b i n a r i e s .  i i .  

a  p h e n o m e n o l o g i c a l  m o d e l  f o r  t h e  a d v a n c e d  d e t e c t o r  e r a , ’ P h y s .  R e v .  D ,  F e b  2 0 1 6 ,  

9 3 ,  p .  0 4 4 0 0 7 ,  d o i :  1 0 . 1 1 0 3 / P h y s R e v D . 9 3 . 0 4 4 0 0 7 .

https://doi.org/10.1016/0370-1573(94)00105-C


198

K i n g m a ,  D .  a n d  B a ,  J . ,  ‘A d a m :  A  m e t h o d  f o r  s t o c h a s t i c  o p t i m i z a t i o n , ’ I n t e r n a t i o n a l  C o n ­

f e r e n c e  o n  L e a r n i n g  R e p r e s e n t a t i o n s ,  1 2  2 0 1 4 .

K i t t e l ,  C . ,  Elem entary Statistical Physics,  D o v e r  B o o k s  o n  P h y s i c s  S e r i e s ,  D o v e r  P u b l i c a ­

t i o n s ,  2 0 0 4 ,  I S B N  9 7 8 0 4 8 6 4 3 5 1 4 5 .

K l i m e n k o ,  S . ,  M o h a n t y ,  S . ,  R a k h m a n o v ,  M . ,  a n d  M i t s e l m a k h e r ,  G . ,  ‘ C o n s t r a i n t  l i k e l i h o o d  

a n a l y s i s  f o r  a  n e t w o r k  o f  g r a v i t a t i o n a l  w a v e  d e t e c t o r s , ’ P h y s .  R e v .  D ,  2 0 0 5 ,  7 2 ,  p .  

1 2 2 0 0 2 ,  d o i :  1 0 . 1 1 0 3 / P h y s R e v D . 7 2 . 1 2 2 0 0 2 .

K l i m e n k o ,  S . ,  M o h a n t y ,  S . ,  R a k h m a n o v ,  M . ,  a n d  M i t s e l m a k h e r ,  G . ,  ‘ C o n s t r a i n t  l i k e l i h o o d  

m e t h o d :  g e n e r a l i z a t i o n  f o r  c o l o r e d  n o i s e . ’ J o u r n a l  o f  P h y s i c s :  C o n f e r e n c e  S e r i e s ,  

m a r  2 0 0 6 ,  3 2 ,  p p .  1 2 - 1 7 ,  d o i :  1 0 . 1 0 8 8 / 1 7 4 2 - 6 5 9 6 / 3 2 / 1 / 0 0 3 .

K l i m e n k o ,  S . ,  Y a k u s h i n ,  I . ,  M e r c e r ,  A . ,  a n d  M i t s e l m a k h e r ,  G . ,  ‘ C o h e r e n t  m e t h o d  f o r  

d e t e c t i o n  o f  g r a v i t a t i o n a l  w a v e  b u r s t s , ’ C l a s s .  Q u a n t .  G r a v . ,  2 0 0 8 ,  2 5 ,  p .  1 1 4 0 2 9 ,  

d o i :  1 0 . 1 0 8 8 / 0 2 6 4 - 9 3 8 1 / 2 5 / 1 1 / 1 1 4 0 2 9 .

K l i m e n k o ,  S .  eta l.,  ‘ M e t h o d  f o r  d e t e c t i o n  a n d  r e c o n s t r u c t i o n  o f  g r a v i t a t i o n a l  w a v e  t r a n s i e n t s  

w i t h  n e t w o r k s  o f  a d v a n c e d  d e t e c t o r s , ’ P h y s .  R e v .  D ,  2 0 1 6 ,  9 3 ( 4 ) ,  p .  0 4 2 0 0 4 ,  d o i :  

1 0 . 1 1 0 3 / P h y s R e v D . 9 3 . 0 4 2 0 0 4 .

K u m a r ,  P .  a n d  G r a n o t ,  J . ,  ‘ T h e  E v o l u t i o n  o f  a  s t r u c t u r e d  r e l a t i v i s t i c  j e t  a n d  G R B  a f t e r g l o w  

l i g h t -  c u r v e s , ’ A s t r o p h y s .  J . ,  2 0 0 3 ,  5 9 1 ,  p p .  1 0 7 5 - 1 0 8 5 ,  d o i :  1 0 . 1 0 8 6 / 3 7 5 1 8 6 .

L I G O  S c i e n t i f i c  C o l l a b o r a t i o n ,  ‘ L I G O  A l g o r i t h m  L i b r a r y  -  L A L S u i t e , ’ f r e e  s o f t w a r e  ( G P L ) ,  

2 0 1 8 ,  d o i :  1 0 . 7 9 3 5 / G T 1 W - F Z 1 6 .

L u c k ,  H .  et al., ‘ T h e  u p g r a d e  o f  G E O 6 0 0 , ’ J .  P h y s .  C o n f .  S e r . ,  2 0 1 0 ,  2 2 8 ,  p .  0 1 2 0 1 2 ,  d o i :  

1 0 . 1 0 8 8 / 1 7 4 2 - 6 5 9 6 / 2 2 8 / 1 / 0 1 2 0 1 2 .

L y n c h ,  R . ,  V i t a l e ,  S . ,  E s s i c k ,  R . ,  K a t s a v o u n i d i s ,  E . ,  a n d  R o b i n e t ,  F . ,  ‘ I n f o r m a t i o n - t h e o r e t i c  

a p p r o a c h  t o  t h e  g r a v i t a t i o n a l - w a v e  b u r s t  d e t e c t i o n  p r o b l e m , ’ P h y s .  R e v .  D ,  2 0 1 7 ,  

9 5 ( 1 0 ) ,  p .  1 0 4 0 4 6 ,  d o i :  1 0 . 1 1 0 3 / P h y s R e v D . 9 5 . 1 0 4 0 4 6 .

M a c l e o d ,  D . ,  U r b a n ,  A .  L . ,  C o u g h l i n ,  S . ,  M a s s i n g e r ,  T . ,  P i t k i n ,  M . ,  r n g e o r g e ,  p a u l a l t i n ,  

A r e e d a ,  J . ,  S i n g e r ,  L . ,  Q u i n t e r o ,  E . ,  L e i n w e b e r ,  K . ,  a n d  B a d g e r ,  T .  G . ,  ‘ g w p y / g w p y :  

2 . 0 . 2 , ’ D e c e m b e r  2 0 2 0 ,  d o i :  1 0 . 5 2 8 1 / z e n o d o . 4 3 0 1 8 5 1 .

M a n c a ,  G .  M .  a n d  V a l l i s n e r i ,  M . ,  ‘ C o v e r  a r t :  I s s u e s  i n  t h e  m e t r i c - g u i d e d  a n d  m e t r i c - l e s s  

p l a c e m e n t  o f  r a n d o m  a n d  s t o c h a s t i c  t e m p l a t e  b a n k s , ’ P h y s .  R e v .  D ,  2 0 1 0 ,  8 1 ,  p .  

0 2 4 0 0 4 ,  d o i :  1 0 . 1 1 0 3 / P h y s R e v D . 8 1 . 0 2 4 0 0 4 .

M a s s e y ,  F .  J . ,  ‘ T h e  K o l m o g o r o v - S m i r n o v  t e s t  f o r  g o o d n e s s  o f  f i t , ’ J o u r n a l  o f  t h e  A m e r i c a n  

S t a t i s t i c a l  A s s o c i a t i o n ,  1 9 5 1 ,  4 6 ( 2 5 3 ) ,  p p .  6 8 - 7 8 .

M e e r s ,  B .  J . ,  ‘ R e c y c l i n g  i n  l a s e r - i n t e r f e r o m e t r i c  g r a v i t a t i o n a l - w a v e  d e t e c t o r s , ’ P h y s .  R e v .  

D ,  O c t  1 9 8 8 ,  3 8 ,  p p .  2 3 1 7 - 2 3 2 6 ,  d o i :  1 0 . 1 1 0 3 / P h y s R e v D . 3 8 . 2 3 1 7 .



199

M i c h e l s o n ,  A .  A .  a n d  M o r l e y ,  E .  W . ,  ‘ O n  t h e  R e l a t i v e  M o t i o n  o f  t h e  E a r t h  a n d  t h e  L u m i n i f ­

e r o u s  E t h e r , ’ A m .  J .  S c i . ,  1 8 8 7 ,  3 4 ,  p p .  3 3 3 - 3 4 5 ,  d o i :  1 0 . 2 4 7 5 / a j s . s 3 - 3 4 . 2 0 3 . 3 3 3 .

M i s n e r ,  C .  W . ,  T h o r n e ,  K .  S . ,  a n d  W h e e l e r ,  J .  A . ,  Gravitation,  W .  H .  F r e e m a n ,  S a n  

F r a n c i s c o ,  1 9 7 3 ,  I S B N  9 7 8 - 0 - 7 1 6 7 - 0 3 4 4 - 0 ,  9 7 8 - 0 - 6 9 1 - 1 7 7 7 9 - 3 .

M o d j a z ,  M . ,  ‘ S t e l l a r  F o r e n s i c s  w i t h  t h e  S u p e r n o v a - G R B  C o n n e c t i o n , ’ A s t r o n .  J . ,  2 0 1 1 ,  

3 3 2 ,  p .  4 3 4 ,  d o i :  1 0 . 1 0 0 2 / a s n a . 2 0 1 1 1 1 5 6 2 .

M o g u s h i ,  K . ,  ‘A p p l i c a t i o n  o f  a  n e w  t r a n s i e n t - n o i s e  a n a l y s i s  t o o l  f o r  a n  u n m o d e l e d  

g r a v i t a t i o n a l - w a v e  s e a r c h  p i p e l i n e , ’ C l a s s i c a l  a n d  Q u a n t u m  G r a v i t y ,  2 0 2 1 a .

M o g u s h i ,  K . ,  ‘ R e d u c t i o n  o f  t r a n s i e n t  n o i s e  a r t i f a c t s  i n  g r a v i t a t i o n a l - w a v e  d a t a  u s i n g  d e e p  

l e a r n i n g , ’ 5  2 0 2 1 b .

M o g u s h i ,  K . ,  C a v a g l i a ,  M . ,  a n d  S i e l l e z ,  K . ,  ‘ J e t  g e o m e t r y  a n d  r a t e  e s t i m a t e  o f  c o i n c i d e n t  

g a m m a - r a y  b u r s t  a n d  g r a v i t a t i o n a l - w a v e  o b s e r v a t i o n s , ’ T h e  A s t r o p h y s i c a l  J o u r n a l ,  

j u l  2 0 1 9 ,  8 8 0 ( 1 ) ,  p .  5 5 ,  d o i :  1 0 . 3 8 4 7 / 1 5 3 8 - 4 3 5 7 / a b 1 f 7 6 .

M o g u s h i ,  K . ,  Q u i t z o w - J a m e s ,  R . ,  C a v a g l i a ,  M . ,  K u l k a r n i ,  S . ,  a n d  H a y e s ,  F . ,  ‘ N n e t f i x :  

A n  a r t i f i c i a l  n e u r a l  n e t w o r k - b a s e d  d e n o i s i n g  e n g i n e  f o r  g r a v i t a t i o n a l - w a v e  s i g n a l s , ’ 

M a c h i n e  L e a r n i n g :  S c i e n c e  a n d  T e c h n o l o g y ,  2 0 2 1 .

M o o l e y ,  K .  P . ,  D e l l e r ,  A .  T . ,  G o t t l i e b ,  O . ,  N a k a r ,  E . ,  H a l l i n a n ,  G . ,  B o u r k e ,  S . ,  F r a i l ,  D .  A . ,  

H o r e s h ,  A . ,  C o r s i ,  A . ,  a n d  H o t o k e z a k a ,  K . ,  ‘ S u p e r l u m i n a l  m o t i o n  o f  a  r e l a t i v i s t i c  

j e t  i n  t h e  n e u t r o n - s t a r  m e r g e r  G W 1 7 0 8 1 7 , ’ N a t u r e ,  2 0 1 8 ,  5 6 1 ( 7 7 2 3 ) ,  p p .  3 5 5 - 3 5 9 ,  

d o i :  1 0 . 1 0 3 8 / s 4 1 5 8 6 - 0 1 8 - 0 4 8 6 - 3 .

N a i r ,  V .  a n d  H i n t o n ,  G .  E . ,  ‘ R e c t i f i e d  l i n e a r  u n i t s  i m p r o v e  r e s t r i c t e d  b o l t z m a n n  m a ­

c h i n e s , ’ i n  ‘ P r o c e e d i n g s  o f  t h e  2 7 t h  I n t e r n a t i o n a l  C o n f e r e n c e  o n  I n t e r n a t i o n a l  C o n ­

f e r e n c e  o n  M a c h i n e  L e a r n i n g , ’ I C M L ’ 1 0 ,  O m n i p r e s s ,  M a d i s o n ,  W I ,  U S A ,  I S B N  

9 7 8 1 6 0 5 5 8 9 0 7 7 ,  2 0 1 0  p .  8 0 7 - 8 1 4 .

N e c u l a ,  V . ,  K l i m e n k o ,  S . ,  a n d  M i t s e l m a k h e r ,  G . ,  ‘ T r a n s i e n t  a n a l y s i s  w i t h  f a s t  W i l s o n -  

D a u b e c h i e s  t i m e - f r e q u e n c y  t r a n s f o r m , ’ J .  P h y s .  C o n f .  S e r . ,  2 0 1 2 ,  3 6 3 ,  p .  0 1 2 0 3 2 ,  

d o i :  1 0 . 1 0 8 8 / 1 7 4 2 - 6 5 9 6 / 3 6 3 / 1 / 0 1 2 0 3 2 .

N e y m a n ,  J .  a n d  P e a r s o n ,  E .  S . ,  ‘ O n  t h e  P r o b l e m  o f  t h e  M o s t  E f f i c i e n t  T e s t s  o f  S t a t i s t i c a l  

H y p o t h e s e s , ’ P h i l .  T r a n s .  R o y .  S o c .  L o n d .  A ,  1 9 3 3 , 2 3 1 ( 6 9 4 - 7 0 6 ) ,  p p .  2 8 9 - 3 3 7 ,  d o i :  

1 0 . 1 0 9 8 / r s t a . 1 9 3 3 . 0 0 0 9 .

N i t z ,  A . ,  H a r r y ,  I . ,  B r o w n ,  D . ,  B i w e r ,  C .  M . ,  W i l l i s ,  J . ,  C a n t o n ,  T .  D . ,  C a p a n o ,  C . ,  P e k o w s k y ,

L .  , D e n t ,  T . ,  W i l l i a m s o n ,  A .  R . ,  D a v i e s ,  G .  S . ,  D e ,  S . ,  C a b e r o ,  M . ,  M a c h e n s c h a l k ,  

B . ,  K u m a r ,  P . ,  R e y e s ,  S . ,  M a c l e o d ,  D . ,  P a n n a r a l e ,  F . ,  d f i n s t a d ,  M a s s i n g e r ,  T . ,  T a p a i ,

M .  , S i n g e r ,  L . ,  K h a n ,  S . ,  F a i r h u r s t ,  S . ,  K u m a r ,  S . ,  N i e l s e n ,  A . ,  s h a s v a t h ,  D o r r i n g t o n ,  

I . ,  L e n o n ,  A . ,  a n d  G a b b a r d ,  H . ,  ‘ g w a s t r o / p y c b c :  P y c b c  r e l e a s e  1 . 1 6 . 4 , ’ J u n  2 0 2 0 ,  

d o i :  1 0 . 5 2 8 1 / z e n o d o . 3 9 0 4 5 0 2 .



200

O r m i s t o n ,  R . ,  N g u y e n ,  T . ,  C o u g h l i n ,  M . ,  A d h i k a r i ,  R .  X . ,  a n d  K a t s a v o u n i d i s ,  E . ,  ‘ N o i s e  

R e d u c t i o n  i n  G r a v i t a t i o n a l - w a v e  D a t a  v i a  D e e p  L e a r n i n g , ’ P h y s .  R e v .  R e s . ,  2 0 2 0 ,  

2 ( 3 ) ,  p .  0 3 3 0 6 6 ,  d o i :  1 0 . 1 1 0 3 / P h y s R e v R e s e a r c h . 2 . 0 3 3 0 6 6 .

O t t ,  C . ,  ‘ T h e  G r a v i t a t i o n a l  W a v e  S i g n a t u r e  o f  C o r e - C o l l a p s e  S u p e r n o v a e , ’ C l a s s .  Q u a n t .  

G r a v . ,  2 0 0 9 ,  2 6 ,  p .  0 6 3 0 0 1 ,  d o i :  1 0 . 1 0 8 8 / 0 2 6 4 - 9 3 8 1 / 2 6 / 6 / 0 6 3 0 0 1 .

P a n k o w ,  C .  et al., ‘ M i t i g a t i o n  o f  t h e  i n s t r u m e n t a l  n o i s e  t r a n s i e n t  i n  g r a v i t a t i o n a l - w a v e  d a t a  

s u r r o u n d i n g  g w 1 7 0 8 1 7 , ’ P h y s .  R e v .  D ,  O c t  2 0 1 8 ,  9 8 ,  p .  0 8 4 0 1 6 ,  d o i :  1 0 . 1 1 0 3 /  

P h y s R e v D . 9 8 . 0 8 4 0 1 6 .

P e d r e g o s a ,  F . ,  V a r o q u a u x ,  G . ,  G r a m f o r t ,  A . ,  M i c h e l ,  V . ,  T h i r i o n ,  B . ,  G r i s e l ,  O . ,  B l o n d e l ,  

M . ,  P r e t t e n h o f e r ,  P . ,  W e i s s ,  R . ,  D u b o u r g ,  V . ,  V a n d e r p l a s ,  J . ,  P a s s o s ,  A . ,  C o u r n a p e a u ,  

D . ,  B r u c h e r ,  M . ,  P e r r o t ,  M . ,  a n d  D u c h e s n a y ,  E . ,  ‘ S c i k i t - l e a r n :  M a c h i n e  l e a r n i n g  i n  

P y t h o n , ’ J o u r n a l  o f  M a c h i n e  L e a r n i n g  R e s e a r c h ,  2 0 1 1 ,  1 2 ,  p p .  2 8 2 5 - 2 8 3 0 .

P e r r a u d i n ,  N . ,  B a l a z s ,  P . ,  a n d  S 0 n d e r g a a r d ,  P .  L . ,  ‘A  f a s t  g r i f f i n - l i m  a l g o r i t h m , ’ i n  ‘ 2 0 1 3  

I E E E  W o r k s h o p  o n  A p p l i c a t i o n s  o f  S i g n a l  P r o c e s s i n g  t o  A u d i o  a n d  A c o u s t i c s , ’ 

2 0 1 3  p p .  1 - 4 ,  d o i :  1 0 . 1 1 0 9 / W A S P A A . 2 0 1 3 . 6 7 0 1 8 5 1 .

P e s c a l l i ,  A . ,  G h i r l a n d a ,  G . ,  S a l a f i a ,  O .  S . ,  G h i s e l l i n i ,  G . ,  N a p p o ,  F . ,  a n d  S a l v a t e r r a ,  R . ,  

‘ L u m i n o s i t y  f u n c t i o n  a n d  j e t  s t r u c t u r e  o f  G a m m a - R a y  B u r s t , ’ M o n .  N o t .  R o y .  A s t r o n .  

S o c . ,  2 0 1 5 ,  4 4 7 ( 2 ) ,  p p .  1 9 1 1 - 1 9 2 1 ,  d o i :  1 0 . 1 0 9 3 / m n r a s / s t u 2 4 8 2 .

P o i s s o n ,  E .  a n d  W i l l ,  C .  M . ,  Gravity: Newtonian, Post-Newtonian, Relativistic,  C a m b r i d g e  

U n i v e r s i t y  P r e s s ,  2 0 1 4 ,  d o i :  1 0 . 1 0 1 7 / C B O 9 7 8 1 1 3 9 5 0 7 4 8 6 .

R h o a d s ,  J .  E . ,  ‘ T h e  d y n a m i c s  a n d  l i g h t  c u r v e s  o f  b e a m e d  g a m m a - r a y  b u r s t  a f t e r g l o w s , ’ 

A s t r o p h y s .  J . ,  1 9 9 9 ,  5 2 5 ,  p p .  7 3 7 - 7 4 9 ,  d o i :  1 0 . 1 0 8 6 / 3 0 7 9 0 7 .

R i l e s ,  K . ,  ‘ G r a v i t a t i o n a l  W a v e s :  S o u r c e s ,  D e t e c t o r s  a n d  S e a r c h e s , ’ P r o g .  P a r t .  N u c l .  P h y s . ,  

2 0 1 3 ,  6 8 ,  p p .  1 - 5 4 ,  d o i :  1 0 . 1 0 1 6 / j . p p n p . 2 0 1 2 . 0 8 . 0 0 1 .

R o b i n e t ,  F . ,  A r n a u d ,  N . ,  L e r o y ,  N . ,  L u n d g r e n ,  A . ,  M a c l e o d ,  D . ,  a n d  M c l v e r ,  J . ,  ‘ O m i -  

c r o n :  A  t o o l  t o  c h a r a c t e r i z e  t r a n s i e n t  n o i s e  i n  g r a v i t a t i o n a l - w a v e  d e t e c t o r s , ’ S o f t -  

w a r e X ,  2 0 2 0 ,  p .  1 0 0 6 2 0 ,  I S S N  2 3 5 2 - 7 1 1 0 ,  d o i :  h t t p s : / / d o i . o r g / 1 0 . 1 0 1 6 / j . s o f t x . 

2 0 2 0 . 1 0 0 6 2 0 .

R o s e n b l a t t ,  F . ,  ‘ P r i n c i p l e s  o f  n e u r o d y n a m i c s .  p e r c e p t r o n s  a n d  t h e  t h e o r y  o f  b r a i n  m e c h a ­

n i s m s , ’ T e c h n i c a l  r e p o r t ,  C o r n e l l  A e r o n a u t i c a l  L a b  I n c  B u f f a l o  N Y ,  1 9 6 1 .

R o s s i ,  E . ,  L a z z a t i ,  D . ,  a n d  R e e s ,  M .  J . ,  ‘ A f t e r g l o w  l i g h t c u r v e s ,  v i e w i n g  a n g l e  a n d  t h e  j e t  

s t r u c t u r e  o f  g a m m a - r a y  b u r s t s , ’ M o n .  N o t .  R o y .  A s t r o n .  S o c . ,  2 0 0 2 ,  3 3 2 ,  p .  9 4 5 ,  d o i :  

1 0 . 1 0 4 6 / j . 1 3 6 5 - 8 7 1 1 . 2 0 0 2 . 0 5 3 6 3 . x .

S a u l s o n ,  P . ,  Fundam entals o f  Interferom etric G ravitational Wave D etectors,  W o r l d  S c i e n ­

t i f i c ,  1 9 9 4 ,  I S B N  9 7 8 9 8 1 0 2 1 8 2 0 1 .

https://doi.org/10.1016/j.softx


201

S c h n a b e l ,  R . ,  M a v a l v a l a ,  N . ,  M c C l e l l a n d ,  D .  E . ,  a n d  L a m ,  P .  K . ,  ‘ Q u a n t u m  m e t r o l o g y  f o r  

g r a v i t a t i o n a l  w a v e  a s t r o n o m y , ’ N a t u r e  C o m m u n . ,  2 0 1 0 ,  1 ( 8 ) ,  p .  1 2 1 ,  d o i :  1 0 . 1 0 3 8 /  

n c o m m s 1 1 2 2 .

S i n g e r ,  L .  P .  a n d  P r i c e ,  L .  R . ,  ‘ R a p i d  b a y e s i a n  p o s i t i o n  r e c o n s t r u c t i o n  f o r  g r a v i t a t i o n a l -  

w a v e  t r a n s i e n t s , ’ P h y s .  R e v .  D ,  J a n  2 0 1 6 ,  9 3 ,  p .  0 2 4 0 1 3 ,  d o i :  1 0 . 1 1 0 3 / P h y s R e v D .  

9 3 . 0 2 4 0 1 3 .

S u t t o n ,  P .  J .  et al., ‘X - P i p e l i n e :  A n  A n a l y s i s  p a c k a g e  f o r  a u t o n o m o u s  g r a v i t a t i o n a l - w a v e  

b u r s t  s e a r c h e s , ’ N e w  J .  P h y s . ,  2 0 1 0 ,  1 2 ,  p .  0 5 3 0 3 4 ,  d o i :  1 0 . 1 0 8 8 / 1 3 6 7 - 2 6 3 0 / 1 2 / 5 /  

0 5 3 0 3 4 .

T s e ,  M .  et al., ‘ Q u a n t u m - e n h a n c e d  a d v a n c e d  l i g o  d e t e c t o r s  i n  t h e  e r a  o f  g r a v i t a t i o n a l - w a v e  

a s t r o n o m y , ’ P h y s .  R e v .  L e t t . ,  D e c  2 0 1 9 ,  1 2 3 ,  p .  2 3 1 1 0 7 ,  d o i :  1 0 . 1 1 0 3 / P h y s R e v L e t t .  

1 2 3 . 2 3 1 1 0 7 .

U s m a n ,  S .  A .  et al., ‘ T h e  p y c b c  s e a r c h  f o r  g r a v i t a t i o n a l  w a v e s  f r o m  c o m p a c t  b i n a r y  c o a l e s ­

c e n c e , ’ C l a s s .  Q u a n t .  G r a v . ,  2 0 1 6 ,  3 3 ( 2 1 ) ,  p .  2 1 5 0 0 4 ,  d o i :  1 0 . 1 0 8 8 / 0 2 6 4 - 9 3 8 1 / 3 3 /  

2 1 / 2 1 5 0 0 4 .

V a n  D e n  B r o e c k ,  C . ,  B r o w n ,  D .  A . ,  C o k e l a e r ,  T . ,  H a r r y ,  I . ,  J o n e s ,  G . ,  S a t h y a p r a k a s h ,  B . ,  

T a g o s h i ,  H . ,  a n d  T a k a h a s h i ,  H . ,  ‘ T e m p l a t e  b a n k s  t o  s e a r c h  f o r  c o m p a c t  b i n a r i e s  w i t h  

s p i n n i n g  c o m p o n e n t s  i n  g r a v i t a t i o n a l  w a v e  d a t a , ’ P h y s .  R e v .  D ,  2 0 0 9 ,  8 0 ,  p .  0 2 4 0 0 9 ,  

d o i :  1 0 . 1 1 0 3 / P h y s R e v D . 8 0 . 0 2 4 0 0 9 .

V i t a l e ,  S . ,  G e r o s a ,  D . ,  F a r r ,  W .  M . ,  a n d  T a y l o r ,  S .  R . ,  ‘ I n f e r r i n g  t h e  p r o p e r t i e s  o f  a  p o p u l a t i o n  

o f  c o m p a c t  b i n a r i e s  i n  p r e s e n c e  o f  s e l e c t i o n  e f f e c t s , ’ 7  2 0 2 0 .

W e i ,  W .  a n d  H u e r t a ,  E .  A . ,  ‘ G r a v i t a t i o n a l  W a v e  D e n o i s i n g  o f  B i n a r y  B l a c k  H o l e  M e r g e r s  

w i t h  D e e p  L e a r n i n g , ’ P h y s .  L e t t .  B ,  2 0 2 0 ,  8 0 0 ,  p .  1 3 5 0 8 1 ,  d o i :  1 0 . 1 0 1 6 / j . p h y s l e t b .  

2 0 1 9 . 1 3 5 0 8 1 .

Y u ,  H .  eta l.,  ‘ Q u a n t u m  c o r r e l a t i o n s  b e t w e e n  l i g h t  a n d  t h e  k i l o g r a m - m a s s  m i r r o r s  o f  L I G O , ’ 

N a t u r e ,  2 0 2 0 ,  5 8 3 ( 7 8 1 4 ) ,  p p .  4 3 - 4 7 ,  d o i :  1 0 . 1 0 3 8 / s 4 1 5 8 6 - 0 2 0 - 2 4 2 0 - 8 .

Z e v i n ,  M .  et al., ‘ G r a v i t y  S p y :  I n t e g r a t i n g  A d v a n c e d  L I G O  D e t e c t o r  C h a r a c t e r i z a t i o n ,  M a ­

c h i n e  L e a r n i n g ,  a n d  C i t i z e n  S c i e n c e , ’ C l a s s .  Q u a n t .  G r a v . ,  2 0 1 7 ,  3 4 ( 6 ) ,  p .  0 6 4 0 0 3 ,  

d o i :  1 0 . 1 0 8 8 / 1 3 6 1 - 6 3 8 2 / a a 5 c e a .

Z h a n g ,  B .  a n d  M e s z a r o s ,  P . ,  ‘ G a m m a - r a y  b u r s t  b e a m i n g :  a  u n i v e r s a l  c o n f i g u r a t i o n  w i t h  a  

s t a n d a r d  e n e r g y  r e s e r v o i r ? ’ A s t r o p h y s .  J . ,  2 0 0 2 ,  5 7 1 ,  p p .  8 7 6 - 8 7 9 ,  d o i :  1 0 . 1 0 8 6 /  

3 3 9 9 8 1 .

Z h e n g ,  Y . ,  C a v a g l i a ,  M . ,  Q u i t z o w - J a m e s ,  R . ,  a n d  M o g u s h i ,  K . ,  ‘A  n e e d l e  i n  ( m a n y )  

h a y s t a c k s :  U s i n g  t h e  f a l s e  a l a r m  r a t e  t o  s i f t  g r a v i t a t i o n a l  w a v e s  f r o m  n o i s e , ’ S i g n i f ­

i c a n c e ,  0 2  2 0 2 1 , 1 8 ,  p p .  2 6 - 3 1 ,  d o i :  1 0 . 1 1 1 1 / 1 7 4 0 - 9 7 1 3 . 0 1 4 8 8 .



202

V I T A

K e n t a r o  M o g u s h i  w a s  b o r n  i n  B a n g K o g ,  T h a i l a n d .  H e  r e c e i v e d  h i s  b a c h e l o r  o f  

s c i e n c e  i n  t h e  p h y s i c s  d e p a r t m e n t  a t  t h e  S a i t a m a  U n i v e r s i t y  i n  2 0 1 5  w i t h  t h e  a w a r d  o f  

a n  e x c e l l e n t  s t u d e n t .  H e  m o v e d  t o  t h e  U n i v e r s i t y  o f  M i s s i s s i p p i  a n d  r e c e i v e d  a  m a s t e r ’ s  

d e g r e e  i n  t h e  P h y s i c s  d e p a r t m e n t  i n  M a y  2 0 1 9 .  I n  J u n e  2 0 1 9 ,  h e  b e g a n  s t u d y i n g  a t  t h e  

M i s s o u r i  U n i v e r s i t y  o f  S c i e n c e  a n d  T e c h n o l o g y  a n d  w a s  a w a r d e d  f i r s t  p r i z e  a t  t h e  2 6 t h  

a n n u a l  S c h e a r e r  P r i z e  C o m p e t i t i o n  i n  t h e  p h y s i c s  d e p a r t m e n t .  I n  J u l y  2 0 2 1 ,  h e  r e c e i v e d  h i s  

P h . D .  d e g r e e  i n  t h e  P h y s i c s  f r o m  M i s s o u r i  U n i v e r s i t y  o f  S c i e n c e  a n d  T e c h n o l o g y ,  R o l l a ,  

M O .  H i s  r e s e a r c h  i n t e r e s t s  i n c l u d e d  p r o b a b i l i t y  t h e o r i e s ,  d a t a  a n a l y s i s  t e c h n i q u e s  s u c h  a s  

m a c h i n e  l e a r n i n g  a l g o r i t h m s ,  a n d  a s t r o p h y s i c s  a l o n g  w i t h  g e n e r a l  r e l a t i v i t y .  H e  p u b l i s h e d  

h i s  s t u d i e s  r e l a t e d  t o  t h e  a b o v e  i n t e r e s t s .
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