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ABSTRACT

One hundred years after Albert Einstein predicted the existence of gravitational waves as a
result of his theory of general relativity, the Laser Interferometer Gravitational-Wave Observatory
(LIGO), made the first direct detection of a gravitational-wave signal from a binary black hole
merger, GW150914. GW150914 was found not only by search methods specifically developed to
find the distinctive waveform produced by coalescing binaries, but also by generic searches de-
signed to find any arbitrary short-duration signal in the LIGO data. The impact of noise on the
searches must be carefully investigated in order to reduce the search background and enable con-
fident gravitational-wave detections. In this dissertation, I will present my work on characterizing
transient noise sources in the detectors and implementing data quality vetoes to reduce their effects
on the generic transient gravitational-wave searches.

Chapters 3 and 4 describe my work on the data quality of the searches for generic transient
gravitational waves. I worked on the development of data quality vetoes during the first observing
run and the decisions about which vetoes to implement in the transient searches. I also analyzed
the transient noise sources that the vetoes were unable to eliminate, using statistical methods to
search for potential instrumental causes. Since the development of data quality vetoes requires
a thorough understanding of every component of the detectors, I have also conducted a detailed
investigation into the transients in the suspension systems used to isolate the LIGO optics from
seismic motion. Chapter 5 presents the details of this work.

The first gravitational wave detection was only the beginning an exciting era of gravitational-
wave astronomy that will give us a new way of understanding the universe. Even in the first
observing run, a second binary black hole merger was observed. The methods used in this disserta-
tion to investigate and reduce background noise will continue to play an important role in making
these detections possible. As the detectors improve in the future and continue to take data, more
signals will be detected, bringing us a wealth of new information about black holes and other types

of sources.
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CHAPTER 1
GRAVITATIONAL WAVES

In 1915, Albert Einstein published his General Theory of Relativity, which describes gravity
as the interaction between matter, energy, space, and time.[1] Extending gravitational theory
beyond Newton’s law of gravitation to be reconciled with special relativity, this formulation of
the theory of gravity in terms of geometry and relativity revolutionized our understanding of the
universe. While in a weak gravitational field the theory agrees with the Newtonian picture, general
relativity introduced several important theoretical insights and predictions beyond classical physics.
It provided a satisfactory explanation for the anomalous precession of Mercury’s orbit, which
disagreed with Newtonian calculations. Einstein also used the theory of relativity to accurately
predict the bending of starlight around the sun, which was famously first observed by Arthur
Eddington and his colleagues in 1919, and further confirmed by later measurements.

In 1916, Einstein predicted the existence of gravitational waves as a result of the theory of
relativity. [2] Analogous to the acceleration of charge that produces electromagnetic waves, ac-
celerated mass can dynamically change the curvature of spacetime in such a way that produces
ripples in the gravitational field, which travel outward at the speed of light. As these waves travel,
they stretch and squeeze space itself, transverse to the direction of propagation. While several of
Einstein’s predictions were confirmed within a few decades after his initial formulation of the the-
ory of relativity, gravitational waves remained a mystery for much longer. In fact, the existence of
gravitational waves as a physical reality remained controversial among physicists until a conference
in 1957 on the role of gravitation in physics.[3] Indirect detection of the effects of gravitational
radiation on a binary pulsar provided evidence for the theory by 1982,[4] but direct observation
took over thirty more years of careful planning and experimentation. Finally, on September 14,
2015, a gravitational wave signal from the merger of two black holes was detected by the Laser

Interferometer Gravitational-Wave Observatory (LIGO). [5]



This dissertation will present only a small but exciting piece of the 100-year history of gravi-
tational waves, relating to the tuning of the detectors, data analysis, and validation of the ground-
breaking gravitational wave detection through careful instrumental investigations. To begin, this
chapter will briefly discuss the prediction of gravitational waves from the theory of general relativ-
ity, an overview of some astrophysical sources, and an introduction to the instrumental methods

used by ground-based interferometric gravitational wave detectors, specifically LIGO.

1.1 Gravitational Waves

Gravitational radiation is a key prediction of the theory of general relativity, though concep-
tually the idea of gravitational waves is a natural consequence of applying the principles of special
relativity to classical gravity. In fact, even without using the thorough formalization of general rel-
ativity, one can use relativistic corrections to the Newtonian gravitational potential to make rough
approximations on the nature of gravitational waves. [6] In Newton’s law of universal gravitation,
the force of gravity acts instantaneously between masses, regardless of the distance between them.
If one object moves or its mass changes, the gravitational force on the other mass is altered with no
time delay. This action violates the laws of special relativity, which dictate that nothing can travel
faster than the speed of light. To communicate any information about movement of one mass to

the other, there must be some kind of radiation that travels at a finite speed: a gravitational wave.

1.1.1 Linearized Gravity
In general relativity, the relationship between matter and spacetime is expressed by the Einstein

field equations:

1 8rG
Rop — igaﬂR T Ta

Top (1.1)
The lefthand side of the differential equation contains information about the geometrical nature
of spacetime, described by the spacetime metric g,,, from which is derived the Riemann tensor,

R.p, and the Ricci scalar, R. These tensors define the curvature of space and time. On the

righthand side is 7,3, the stress-energy tensor, which represents the mass and energy of the system.



The stress-energy tensor is the relativistic generalization of the Newtonian stress tensor, which
uses only the spacial dimensions. Essentially, each component T%* gives the o component of the
momentum flux of the across a surface in the direction of 2%. Within the stress-energy tensor, one
can thus find the mass density, energy, pressure, and momentum of the system in all dimensions.
This equivalency between the geometrical components of spacetime and the mass and energy of a
system demonstrates the connection between spacetime and matter. The matter and energy warp
the surrounding spacetime, and the curved spacetime dictates the motion of the matter.

As simple as Equation 1.1 may appear, the Einstein field equations are actually ten cou-
pled, nonlinear differential equations, and exact solutions can only be found using some special
assumptions. Manipulating the equations to predict the intricacies of gravitational waveforms in-
volves advanced computational techniques. So for the purposes of demonstrating the prediction of
gravitational radiation from from the theory of general relativity, we will only use the weak-field
approximation, so that the spacetime metric can be described as flat (Minkowski) with only a small
added perturbation. The Minkowski metric describing flat spacetime is written here in Cartesian

coordinates (t,z,y,2) as nas:

-1 0 0 O

0 1 00
Nap =

0O 010

0 0 0 1

Flat spacetime can also be represented equivalently using the spacetime interval:

ds* = —cdt® + dx* + dy* + dz? (1.2)



Although the Einstein equations tell us that the curvature will be influenced by mass and
energy, we can approximate the metric far away from large mass as the flat spacetime with only a

small perturbation, h,g, such that the magnitude h << 1:

9op = Nap + hagp (1.3)

The Riemann curvature tensor can be greatly simplified using approximations to first order
in h, and by taking advantage of gauge freedom, the gravitational wave equation results from
the Einstein field equations. Away from the matter at the source of the gravitational waves, the
stress-energy tensor becomes zero and the wave equations in the weak field far from the source

becomes:
1 0?
<v2 - §ﬁ> hag = 0 (1.4)

This wave equation shows that gravitational waves are a direct consequence of the theory of
general relativity.
In the transverse and traceless gauge, solutions for a gravitational wave traveling in the z

direction are of the form:

h = Ae*m/i=kx (1.5)

where the amplitude of the wave is given by A, the frequency by f, and the wave number k. For

a wave traveling in the z direction, the transverse traceless gauge provides a simple form of h,gs:



00 0 0
0 he hy, O
has = *
0 hy —hy 0
00 0 0

The wave is transverse because the strain is in only in the x and y dimensions; the z-component
of the strain is zero. This tensor is traceless because the sum of the diagonal components is zero.
As can be seen from the opposite signs of hq; and hgs in Equation 1.1.1, the strain has the effect of
contracting one dimension while simultaneously lengthening another. The magnitudes h, and h,
demonstrate the fact that the gravitational waves can then be represented as a linear combination
of two polarization states. The diagonal terms are called the “plus” polarization h, because of
the strain effects in the x and y directions. The off-diagonal terms are the “cross” polarization h,,
which is rotated by 45 degrees like an X. Figure 1.1 illustrates the effects of these two polarizations
on a ring of test masses. For the plus polarization, as the wave passes through the ring, the distance
between masses is first increased in the y-dimension while being decreased in the x-dimension. Half

of a cycle later, the x-dimension is stretched while the y-dimension is squeezed.

1.1.2 Astronomical sources of gravitational waves

The strength of a gravitational wave is described by its strain, h, the proportional change in
separation L between free masses. The production of gravitational waves can be understood by
using the Einstein field equations near to the source, instead of the weak field limit. The dominant
term in the amplitude of the strain is proportional to the second derivative of the gravitational
quadrupolar moment of the source, I w, and inversely proportional to the observer’s distance from

the source, R[8]:

h=—"n~ "] (1.6)



AN ! \ e i ! e
L O )
o '\\'/a' - ol -

Y AN N T

, P | %
UEYA ) )
L 3

h i . M1
phase 0 11 2 21

Figure 1.1: An illustration of the effects of the two gravitational wave polarizations on a ring of
test masses. [7]

Masses and gravitation near Earth are not nearly great enough to produce detectable gravita-
tional waves, but accelerations and violent interactions of massive objects far out in the universe
could make such a splash in space-time that the ripples will reach the earth with enough strength
to be detected. Even so, estimates of the strength of the waves predict that they should only
change the separation between masses on earth by a tiny scale factor. For example, using rough
estimates of the quadrupolar moment and distance of a neutron star binary near coalescence in the
Virgo cluster, the above equation yields a strain of just 10721

Some sources of gravitational waves are predicted to emit continuous waves over a long period
of time.[9, 10] For example, non-axisymmetric rapidly rotating neutron stars and orbiting binaries
should produce gravitational radiation at twice their orbital frequency, which can be modeled
by a sinusoid of fairly steady frequency over a long time. For many pulsars, this frequency is
known precisely from astronomical observations. Different models for calculating the upper-limits
on the expected strength of these continuous waves yield strains of 1072* or smaller. Less well-

modeled long-duration signals come from sources such as the stochastic background of primordial



gravitational radiation, analogous to the cosmic microwave background, or from the incoherent
background made up of the superposition of waves from many sources.

Other gravitational waves are emitted from violent astrophysical events over a short period
of time. The best modeled transient sources are compact binary systems in the final stages of
spiraling in towards one another and merging. The huge acceleration of these highly massive and
dense systems provides a large amount of energy released as gravitational radiation. As the orbiting
bodies approach their final coalescence, the orbital frequency and the amplitude of the gravitational
waves increases rapidly, emitting a characteristic gravitational-wave signature. The inspiral phase
of the waveform can be modeled with post newtonian approximations, while numerical relativity
is needed to model the merger.[11] The first direct detection of gravitational waves, which will be
discussed in greater detail in Chapter 3, came from the merger of two stellar mass black holes,
with a signature well-matched to the predictions from relativistic models. Similar signals would
also be produced from the coalescence of neutron stars or larger black holes, but with important
differences in the evolution of waveforms.

Finally, gravitational wave sources could come in short-duration bursts from sources that are
not well modeled, or from sources that deviate unexpectedly from the model. For example, core-
collapse supernovae should produce gravitational radiation, but many uncertainties in the models
make the waveform difficult to predict. For a supernova at a distance of 10 kiloparsecs from earth,
emitting an energy of 10~7Myc? in gravitational radiation, the strain amplitude would be roughly
6 x 10721 [9]

The various possibilities for astrophysical gravitational wave sources creates an exciting po-
tential for gravitational wave detectors to make interesting astronomical observations. Detected
waves could offer insight on models of core collapse mechanisms,[12] constrain predictions of rates
of binary mergers,[13] and uncover new information about black holes, which cannot be seen elec-
tromagnetically. The first gravitational wave detection alone was an advance in astrophysics; its

implications discussed in [14] include proving the existence of intermediate mass black holes and



black hole mergers, as well as showing consistency with some models of event rates, and severe

constraints on others. [15, 16]

1.2 Gravitational wave detectors

In 1974, Joseph Taylor and Russell Hulse discovered a binary pulsar system,[17] and in the
following years the period of the orbit was observed to decay by the precise amount that would
be predicted by the energy loss due to gravitational radiation.[4] These measurements provided
strong experimental evidence for the existence of gravitational waves and increased interest in
developing experiments to directly observe gravitational waves, which had already begun with
the work of Joseph Weber. [18] The first gravitational wave detectors were resonant aluminum
cylinders, pioneered by Weber. These bar detectors were designed to respond to gravitational
waves at their resonant frequencies. Although the mass detectors improved over time and with
the addition of cryogenic detectors, the sensitivity never reached the sensitivity necessary to detect
any gravitational waves.

The idea for building gravitational wave detectors using interferometry was first proposed in
the early 1970s. Interferometric detectors build upon the basic Michelson-Morley interferometer:
a laser beam is sent through a beam splitter, reflects off of two end mirrors, and recombines
again at the beam splitter. The returning light, sensed by a photodetector at the output, carries
with it information about the phase difference between the returning beams. As a quadrupolar
gravitational wave with the appropriate polarization impinges upon the interferometer, the length
of one arm increases as the other decreases, as illustrated in Figure 1.2. This variation in the
path length difference will affect the relative phase between the returning beams, which in turn
determines the intensity of light sensed at the output.[19]

The initial set of gravitational wave interferometers included the two Laser Interferometer
Gravitational-wave Observatory (LIGO) detectors in the USA,[21, 22] the Virgo instrument in
Italy,[23] and GEO 600 in Germany.[24] These detectors collected data over several years in the
2000s, gradually increasing sensitivity with various improvements through several periods of obser-

vation. Beginning in 2010, the LIGO and Virgo detectors began to be decommissioned to make a



time

Figure 1.2: An illustration of the effects of a gravitational wave on a Michelson interferometer. As
the length of each arm changes, the interference of the returning beams changes because of the
varying phase difference caused by differences in the optical path length. [20]

series of major upgrades, including additional optical cavities, higher laser power, and stronger seis-
mic isolation systems.[25, 26] Although the Advanced LIGO detectors have not yet reached their
full design sensitivity, they were ready to begin searching for gravitational waves in September

2015, with a sensitivity over three times better than the initial detectors.

1.3 Advanced LIGO

The historic first direct gravitational wave detection was made by the Laser Interferometer
Gravitational-Wave Observatory (LIGO), a project comprising two kilometer-scale interferometers
in the USA.

To actually reach the sensitivity required to detect the tiny signals expected, the instrument
is much more complex than a simple Michelson interferometer. Each component of the system has
been designed to maximize the sensitivity to gravitational waves, and to minimize the effects of
terrestrial noise sources. Figure 1.3 shows the basic optical path of the laser beam.

Instead of single end mirrors, LIGO has four-kilometer arms with Fabry-Pérot cavities to

increase the effective optical path length. Instead of only making one trip through the beam
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Figure 1.3: Basic optical path of the Advanced LIGO interferometers.[25]

splitter and down the arms, additional partially reflective mirrors are placed between the beam
splitter and end mirrors, creating the resonant cavities in the arms. Light makes multiple trips in
the resonant cavities, which increases the optical path length. Since the strain length change is
proportional to the total length of the arms, the accumulated phase shift caused by a gravitational
wave signal is amplified, and the sensitivity of the detector is increased by a factor of nearly 300
from a simple Michelson configuration.

Several additional optical cavities further improve the sensitivity of the detector. The Input
Mode Cleaner (IMC), filters the laser light before it goes through the beam splitter, ensuring
that the beam profile is the Gaussian 00 mode. The Power Recycling Cavity (PRC) acts as a
complex mirror between the laser and the beam splitter, sending any reflected light back into the
interferometer, further building up the resonant power in the arms. The Signal Recycling Cavity

(SRC) at the output amplifies the gravitational wave signal before readout.
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1.3.1 Noise sources

There are several noise sources that affect LIGO’s sensitivity in different frequency regions. For
each predicted source of noise, efforts have been made to improve the instrumentation of Advanced
LIGO to push the limits of sensitivity. Figure 1.4 shows the estimated noise curve that can be
eventually achieved with Advanced LIGO,[27] while Figure 1.5 is the actual sensitivity reached
during the first observing run.|[2§]

The main limiting factor at low frequency is the seismic noise, varying with the earthquakes and
anthropogenic activities. In the initial era of LIGO, seismic motion had a large effect on the quality
of the data; nearby trains and trucks on the highway frequently created noticeable effects on the
detectors’ sensitivity. Advanced LIGO detectors incorporate stronger isolation of the optics from
ground motion, using layers of active seismic isolation platforms, from which are hung multi-stage
pendulums. The input and end mirrors of the two arms are the bottom stage of quadruple level
suspensions, in order to approximate the behavior of free test masses. Chapter 5 discusses these
suspensions in detail, and presents an investigation into their behavior during the first Advanced
LIGO observing run.

In the mid frequency range, key noise limitations are the thermal effects from the wires of
the suspensions and the Brownian noise in the test mass bulk material and mirror coatings. The
design and materials of the mirrors and suspensions have been chosen with the goal of minimizing
this noise source.[29, 30] The test masses and the fibers that are used to suspend them are made
of fused silica, which has a high quality factor to lower the thermal noise. Coatings of the optics
were specifically designed not only to create the high reflectivity needed but also to reduce the
Brownian noise.

At higher frequencies, quantum effects are the limiting noise source, specifically from shot noise.
Shot noise is the uncertainty that arises when trying to use a photodetector to sense fluctuations in
power. Because of the quantum nature of photons, there is some natural variation in the number of
photons that will arrive at the output of the detector, with a Poissonian distribution, regardless of

the presence of a gravitational wave. In Advanced LIGO, the power of the laser has been increased
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(and will continue to be raised in the later observing runs) in order to lower the effects of shot
noise, since at higher laser power the fractional fluctuation of the number of photons decreases. In
the first observing run, the initial laser power was generally at 20 W, but because of the power
amplification in the Fabry-Pérot cavities, the laser power circulating in the arms was 100 kW.

In addition to the constant noise sources that determine the average displacement sensitivity
of the detectors, there are transient noise sources of various origins, varying with seismic motion,
weather conditions, local anthropogenic activity, and the stability of the many electronics and
servo loops used to control the interferometer. Short-duration noises, or glitches, may not have
a sizeable impact on the average sensitivity spectrum, but affect the background of transient
gravitational wave searches. If all of the noise in the instrument were stationary, then a short
burst of energy caused by an incoming gravitational wave would be more easily distinguishable
from the steady rate of background noise. With the level of transient noise in the detectors,
any gravitational wave candidate in the data must be carefully examined against the background
transients to determine how confident we can be that the signal is actually astrophysical in origin,
rather than an instrumental glitch. The main topic of this dissertation is the process of studying
transient noise and removing glitches from the gravitational wave searches, in order to reduce the

transient background and improve confidence in gravitational wave detections.
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CHAPTER 2
SEARCHING FOR UNMODELED
GRAVITATIONAL WAVES

2.1 Unmodeled sources of gravitational waves

There are various astrophysical phenomena that could produce short duration bursts of grav-
itational waves, on the order of seconds or fractions of seconds within LIGO’s sensitive frequency
band. For some of these sources, the exact form of the waves are not well known, due to uncer-
tainties in physical models and limits in numerical simulations. Examples include supernovae and
neutron star instabilities. Even for well-modeled sources, such as binary black hole mergers, the
influence of high eccentricity and precession could drastically alter the waveforms.

Core collapse supernovae are one potential source of unmodelled transient gravitational waves.[31,
32] The highly energetic nature of supernova explosions makes them a possible source for grav-
itational radiation during several parts of the process, provided that there is some asymmetry
involved. Gravitational waves could be emitted from the bounce as neutron degeneracy pressure
increases in the core, when the matter in the star’s core experiences its highest accelerations. If
the star is rotating, the accelerations at this stage will produce the rapidly varying quadrupole
moment necessary for gravitational radiation. After the core bounce, gravitational waves could
also be produced by the highly convective currents that provide energy to the supernova explosion,
or by instabilities in oscillation modes of the resulting neutron star as it cools. Neutron stars also
undergo energetic events such as pulsar glitches or magnetar flares, which could possibly produce
gravitational radiation.

Although there are many scenarios in which supernovae and neutron stars are expected to
produce gravitational radiation, the complicated dynamics of potential gravitational wave emission
mechanisms are difficult to simulate due to numerical constraints. For example, accurate models
need to include correct equations of state, models of the angular momentum of progenitor systems,

and account for the effects of magnetic fields. Uncertainties in the theoretical factors of neutron
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star evolution and seismology similarly lead to difficulties in understanding the possible effects
of oscillation mode instabilities. The complexity of modeling all of these factors leads to large

uncertainties in the gravitational wave signatures expected, both in waveform and amplitude.

2.2 Generic searches for unmodeled sources

With the possibility of detectable gravitational radiation from such exciting astrophysical
events, it is important to perform gravitational wave searches that can accommodate all the un-
certainty involved. These generic transient searches place minimal constraints on the expected
waveforms. Rather than restricting the algorithms to identify particular waveforms, they search
for any burst of excess power in the strain signal and use the coherence between the different

detectors to constrain the results to potential astrophysical signals.

2.2.1 Coherent WaveBurst search method

One of the main methods of searching for unmodeled transient sources is Coherent WaveBurst
(cWB).[33, 34] Developed during initial LIGO and upgraded to a newer version for Advanced
LIGO, ¢WB is an algorithm designed to detect signals coincident between two detectors with
minimal prior assumptions about the waveforms. Although its primary purpose is to search for
transients with unknown waveforms, it also is able to find black hole binary mergers.[35] In fact,
it was the first search to identify the black hole merger signal GW150914.[5]

The first step of the cWB search is conditioning the data from each of the sites by whitening the
gravitational wave strain data to normalize the power across the frequency range of the search.[33]
Filters are also applied in this stage to reduce the influence of predictable, stationary lines in the
data, such as known mechanical resonances. The whitened time series is transformed into a time-
frequency representation using the Wilson-Daubechies-Meyer wavelet basis, using several different
time and frequency resolutions to more effectively cover the parameter space and to allow for the
optimal characterization of a variety of signals.

Individual time-frequency tiles are clustered together, and the most energetic samples of the re-
sulting time-frequency maps are chosen based on a power threshold. For example, Figure 2.1 shows

the time-frequency pixels selected for the GW150914 event at two of the different resolution layers.
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16



The waveforms of coincident events are then reconstructed using the maximum likelihood statistic,
which is based on the correlation between the different detectors and energy of the waveforms. For
each time-frequency cluster, the likelihood is calculated for all sky positions to determine the most
likely source direction.

The noise-weighted coherent energy is the cross-correlated energy between different detectors,
which is calculated from sum of the components of the likelihood statistic that involve two different
detectors. The correlation coefficient, c., is defined as the ratio of the coherent energy to the total

energy — residual noise added to the coherent energy:

E.
Ce= 7
E.+ E,

(2.1)

For a real gravitational wave signal, the normalized coherent energy, E., should be high, while
the residual noise energy FE,, which is the energy left after subtraction of the waveform from the
data, should be quite low, leading to a correlation coefficient close to one. By setting a threshold
on the correlation coefficient, the events recovered by the search are the most likely astrophysical
events.

The gravitational wave candidates are further ranked by a significance statistic, 7., which
is dependent on the correlation coefficient and the amount of coherent energy. Defined by the
following equation, this quantity is analagous to a signal-to-noise ratio, and can help select events

with signals that are coherent between the sites with enough energy above the background noise

of the detectors:

Te = (2CCEC)1/2 (22)

Any coherent burst event that passes the required thresholds on the correlation coefficient and
coherent significance statistic is recorded by the algorithm as a single event trigger, which contains
a summary of the key information about the event, such as its peak time, frequency, amplitude,

and duration.
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During the first observing run, the statistic p was also frequently used to represent the signifi-
cance, which is just 7,/v/2. Both 7. and p will be used in this dissertation to show the amplitude

of cWB events.

2.2.2 Estimating false alarm rates

When a gravitational-wave search is performed, it is crucial to know whether we can be con-
fident that a signal detected by the algorithm is actually astrophysical, rather than random noise,
or a coincidence caused by the nonstationary instrumental or environmental noise of the detectors.

Therefore, in addition to searching for the coincident signals between detectors, the burst
searches must also estimate how likely it is that noise in the detectors would create a false positive,
called the background rate. To estimate this rate, the search must be performed over data that
certainly does not contain gravitational waves, ideally for a long period of time, to find how often
the algorithm detects a signal that is not astrophysical.

In the cWB search as well as other gravitational wave searches, the background rate is calcu-
lated by artificially introducing a time shift of one detector’s data with respect to each other, by
an amount greater than the light travel time between the interferometers. This ensures that if a
gravitational wave is present in the data, it will no longer appear at the same time in each detector.
The search algorithm is then run over this new data set, and the resulting events represent the
chance that uncorrelated noise could produce a coherent signal between the detectors. One impor-
tant underlying assumption in this analysis is that the transient noise that appears in the resulting
background is a good representative of all of the glitches that could cause false alarms in the search
results. Therefore, many time shifted analyses are performed to increase the available statistics to
give false alarm rates over an analysis period equivalent to thousands of years. Additionally, it is
vital to carefully characterize the background noise, to understand whether the kinds of glitches
present occur throughout the analysis period or whether new types of noises appear.

After a thorough background analysis, any gravitational wave candidate can be compared to

the background events to interpret its significance and state a false alarm rate.
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2.2.3 Effects of non-stationary noise on the background

If the noise in the detectors followed Gaussian distributions, the rate of events would decrease
for higher amplitudes. In such an idealized case, a real gravitational wave signal is easily distin-
guishable from the background, because its correlated energy will be highly significant.

However, the real background is quite different, due to large non-Gaussian glitches present
in both detectors. Therefore the resulting backgrounds from initial and Advanced LIGO have
tails in the distribution, loud outliers in significance, as shown in Figure 2.2. These glitches
particularly affect the lower frequency range of the search, below a few hundred hertz. While
modeled searches have the ability to reject glitches based on whether their waveforms conform
to theoretical expectations, the generic transient searches are by definition meant to detect any
potential gravitational waves. Louder events can only be excluded based on a confidence that they
are glitches caused by an instrumental origin rather than an astrophysical event. To analyze the

origins of instrumental noise, thorough characterization of the detectors themselves is necessary.
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Figure 2.2: The coherent WaveBurst background distribution from O1, compared with a back-
ground of Gaussian noise. At each amplitude, the rate shown is the total rate of background
events with a p greater than or equal to that amplitude. The amount of background time pro-
duced for the Gaussian set is less than for the O1 set (which is why the grey curve stops at a
higher event rate) but even with the time shown the real distribution has diverged from the ideal
stationary background. Rather than continuing to decrease with higher p, the actual rate begins
to plateau due to high amplitude outliers. This tail in the distribution limits the false alarm rate
that can be claimed for a gravitational wave detection.
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2.3 Detector Characterization

To reduce the false alarm rate of gravitational wave candidates, it is vital to remove the events
that form the tails of the background distribution, either by instrumental improvements to eliminate
noise sources, or by the application of data quality vetoes to remove times when the detector data
is known to contain glitches. In any case, it is necessary to understand the behavior of the detectors
to diagnose transient problems. The LIGO detector characterization working group is a team of
scientists dedicated to the analysis of the instrumental and environmental noise sources that affect
the sensitivity of the detectors to gravitational waves.

When a noise source is better understood, the instrument can be improved or data quality flags
can be produced to cut out compromised data from the search results. For example, in initial LIGO
as well as in the first observing run of Advanced LIGO, vetoes were produced to eliminate times
when there were errors in the calibration of the strain channel, excess seismic noise, saturations in
control signals, and other environmental and instrumental disturbances.[36] Some of the methods
for characterizing noise are introduced here, while specific O1 noise sources, vetoes, and their effects

on the search will be discussed in greater detail in Chapter 3.

2.3.1 Finding instrumental glitches

In addition to the gravitational wave data, thousands of auxiliary channels are recorded to
monitor the status of LIGO’s subsystems and the physical environment. Signals are recorded
from sensors all around the interferometer: outside the building to record the local environmental
conditions, in the multi-layered seismic isolation platforms, suspended test masses and other optics,
laser stabilization systems, and the feedback control loops keeping various cavities of the detector
locked and aligned. The detector characterization group uses these auxiliary channels to trace data
quality issues to particular subsystems of the interferometer.

Glitches are detected in the auxiliary channel data using event trigger generators, algorithms
designed to report short duration bursts of excess energy. Several different algorithms have been
developed and used to search for transient noise.[37, 38, 39] The Omicron algorithm is the main one

currently in use for detector characterization, after an extensive comparison of its performance with
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others determined that it is one of the most efficient at finding glitches.[40] Omicron is not only a
tool for detector characterization, but is also part of one of the main gravitational wave searches,
Omicron-LIB, so it is inherently designed to locate events of the type that would affect the burst
searches.[41] When used as a gravitational wave search, Omicron is run over both sites’ gravitational
wave channels to find events with excess power, and then it is combined with a parameter estimation
algorithm, LIB, to find coherent events with reconstructed waveforms. Similar to the first steps of
the cWB algorithm, Omicron takes whitened strain data and transforms it into the time-frequency
domain with various time and frequency resolutions, using a sine-Gaussian basis rather than the
wavelet transform.[37, 42] The resolutions used are defined by their quality factor, or @, which is
the central frequency divided by the bandwidth. In each different resolution, or Q-plane, the energy
of all of the points, or @Q-tiles, is computed and compared to the mean energy, and events with
excess energy above a specified signal-to-noise ratio are selected. Figure 2.3 displays the Omicron
triggers in both detectors in the time surrounding GW150914. Although the Omicron triggers
associated with GW150914 are among the highest SNR in the short time period shown, many
instrumental glitches cause Omicron triggers with much higher SNR, on the order of hundreds or
even thousands. For this reason, it is important not only to find excess power in one detector, but
to search in both detectors and find coherence between them.

For each resulting trigger, Omicron estimates various parameters of each event, including
the central frequency and bandwidth, time and duration, integrated amplitude over the signal,
and signal-to-noise ratio (SNR). This information given is useful for characterizing populations of
glitches in the gravitational wave channel as well as the auxiliary channels. With the main prop-
erties of the events identified by Omicron, we can identify particular periods of time or frequency

ranges that tend to have a high rate of glitches that require further investigation.

2.3.2 Analyzing glitch morphology
Although Omicron is a useful way of quickly finding the main properties of glitches, it is also
often helpful to look at the specific morphology of different glitches. While Omicron can provide

the peak frequency, bandwidth, central time, and estimated duration of a transient signal, it can
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Figure 2.3: Single detector Omicron triggers in the 10 minutes surrounding GW150914. The
asterisks represent the Omicron triggers in each detector at the time of the gravitational wave
signal.

be useful to visualize how the frequency and amplitude of the signal evolve over time. Omicron
and the related Omega algorithm both provide short-duration detailed spectrograms to show the
features of the data in time and frequency, using the information from multiple @)-planes to display
the evolution of the signal over time. As Figure 2.4 shows, the Omega scans of the gravitational
wave signal GW150914 exhibit the distinct morphology of increasing frequency over time, which is
characteristic of gravitational waves from binary mergers. Unlike the cWB figures shown in Figure
2.1, the scan shown in Figure 2.4 combines various resolutions to highlight the most prominent tiles
from each one. While the beginning of the signal is better represented by showing the narrowband
tiles with less time resolution, the more rapidly-evolving chirp towards the end of the merger is
better captured by the short-duration tiles with a broader frequency range.

Using the Omega algorithm to visualize transient noise has also been a useful tool for unearthing
unique characteristics of glitch populations and providing additional evidence to suggest potential
origins of the noise. Several types of glitches appeared in both detectors during early Advanced
LIGO engineering runs, with distinctive frequency shapes that characterize particular kinds of

transients. For example, during several days in June 2015, strain Omicron trigger distributions in
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Figure 2.5: Effects of glitches near 500 hz and harmonics on the Livingston strain Omicron triggers.
Each point shown here gives the time and central frequency individual Omicron trigger, with the
color indicating the SNR. The hours marked in red at the bottom of the figure are times when
the interferometer was not operating, so no triggers are shown during those periods. The analysis
segments towards the end of the day show a large number of points near the harmonics of 500
Hz, distinct from the structure of the glitches earlier in the day. The large number of glitches at
high frequencies during the segment between 5:30 and 10:30 were due to an unrelated instrumental
problem.

the Livingston detector began to exhibit excessive glitches near 500 Hz and harmonics, as shown
in Figure 2.5.

Examination of particular glitches using the Omega algorithm, such as the time shown in Fig-
ure 2.6, showed that these glitches were short duration, and they occurred at the fundamental and
harmonics all at the same times. The main feature of the detectors’ spectra in those frequency
ranges are the violin modes, the resonances of the fibers of the suspension chains used for the optics.
On the days when the glitches were occurring most frequently, the amplitude of the suspension
violin modes were elevated compared to previous days. The combination of information from the
Omicron distributions, Omega scan visualization, and knowledge of the detectors led to the hypoth-
esis that the violin mode excitation was causing these glitches, and a greater effort was therefore

implemented to develop better damping of the violin modes. After these improvements, the level
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of excitation was reduced, and the glitches were not seen again, though the exact mechanism of
the glitch was not fully understood.

Even though this occurred during an engineering run in the summer rather than the official
observing period that began in September 2015, the search algorithms were running over the data
in preparation for the observing run, allowing us to witness the effects of these glitches on the
transient search backgrounds, in addition to observing the glitches in the individual detectors.
Figure 2.7 shows a comparison of the cWB background distribution during the times when the
violin modes were excited and later damped. While the violin mode amplitudes were elevated, the
c¢WB background distribution contained populations of triggers near 500 Hz and 1500 Hz, which
were reduced after the violin mode damping was used.

As another example of the usefulness of visualizing glitch morphology, Figure 2.8 shows a glitch
in the gravitational wave strain channel. This glitch was caused by a radio frequency oscillator
used for cavity control wandering in frequency near to another radio frequency line, and the two
frequencies beating together. As the wandering frequency approaches the fixed line, the beating
frequency becomes lower. As the wandering frequency moves farther away ag