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Abstract

The merging of binary neutron stars (BNSs) produces gravitational waves capable of being
detected by Advanced LIGO and Virgo before the time of merger. Therefore, the merger event
can be detected before the electromagnetic counterpart. The early warning gravitational wave
detection pipeline was previously tested in Sachdev et al. [1]. Here we will build off that testing
with an updated method of data recoloring to more closely simulate real signals. We will be
narrowing the range of frequencies investigated in the original paper to look solely at 49 Hz. By
enabling the early warning of gravitational wave event, an organized observing group including
several telescopes has the potential to observe the merger seconds before the event occurs.



ii

Table of Contents

List of Figures iii

List of Tables iv

Acknowledgements v

1 Introduction to LIGO and Gravitational Wave Detection 1
1.1 What is a Gravitational Wave? . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Sources of Gravitational Waves . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Gravitational Wave Detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2 Multi-Messenger Astronomy 7
2.1 What is a Multi-Messenger Astronomy? . . . . . . . . . . . . . . . . . . . . . . . 8
2.2 The Future of Multi-Messenger Astronomy . . . . . . . . . . . . . . . . . . . . . 10

3 Methods 14
3.1 Matched Filtering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.2 Real Time Anlaysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.3 Early Warning Capabilities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.4 Generation of Simulated Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.5 Simulating Early Warning Searches . . . . . . . . . . . . . . . . . . . . . . . . . 17

4 Results 19
4.1 Effectiveness of Early Warning . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

5 Conclusion 24
5.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
5.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

Bibliography 26



iii

List of Figures

1.1 Gravitational Strain Diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Binary Pulsar and Neutron Star System . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Michelson Interferometer Diagram . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.1 Cumulative Histogram of 90% Credible Interval of Sky Localizations . . . . . . . 12

3.1 SCALD Dashboard . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

4.1 Injected Parameter Distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
4.2 Mchirp Parameter Accuracy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
4.3 Time Parameter Accuracy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
4.4 Expected SNR vs. Chirp Mass . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
4.5 Sensitivity Range . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
4.6 Chi-squared Distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
4.7 Chi-squared Distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23



iv

List of Tables

2.1 Messengers of Multi-Messenger Astronomy . . . . . . . . . . . . . . . . . . . . . 9
2.2 Results of Sachdev et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3.1 Settings Used to Generate Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 18



v

Acknowledgements

I would like to thank my Thesis Supervisor Dr. Chad Hanna and the rest of the Penn State In-
stitute for Gravitation and the Cosmos. In particular I would like to thank Dr. Surabhi Sachdev, Dr.
Debnandini Mukherjee, and Dr. Patrick Godwin for their guidance and assistance in my research
pursuits. I would also like to thank the Millennium Scholars program for their mentorship and aca-
demic support. In particular I would like to thank my Millennium Scholars program coordinator
Georjanne Rosa for her assistance.

Lastly, I would like to thank my parents and brothers. Without you I would never have made it
this far.



1

Chapter 1

Introduction to LIGO and Gravitational
Wave Detection
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1.1 What is a Gravitational Wave?
The first detection of a gravitational wave in 2015 by the Laser Interferometer Gravitational

Observatory (LIGO) opened the door for an amazing advancement in astronomy [2]. From this
first detection to a mere six years later, LIGO and Virgo have made countless other detections,
rapidly expanding what is known about this once purely theoretical topic. Gravitational waves
offer the potential to expand astronomy and physic’s scope of knowledge. They are both a wonder
themselves as well as a gateway into new observations of previously hard to observe objects.

Gravitational waves as explained by Einstein are a wave of spatial strain [2]. That description
can be rephrased to say that they are ripple that travels through spacetime distorting space as
they pass through. This distortion appears as a form of compression or expansion changing the
distance between objects as the waves pass through as is visible in Figure 11.1. The magnitude of
these distortions vary along with the frequency at which a wave passes through meaning that an
observation of these parameters reveals information about the source of the wave.

Figure 1.1: Strain causes a distortion in distances. In this example the strain causes a difference in
distance between the center sphere and the side sphere of ∆d.

The first prediction of gravitational waves was done by Einstein as part of his Theory of General
Relativity back in 1916 [2]. In Einstein’s work he predicted a wave of spatial strain. In this
case strain is a dimensionless quantity defined as h, that gives the fractional change in length of
space [3]. Additionally strain is the amplitude of the gravitational wave. Evolving from Einstein’s
original work, the energy loss by systems such as that of a binary system of two non-spinning
compact objects which is given by

dE

dt
' 32G

5c5
η5(

Gm

rc2
)5 (1.1)

where η = m1m2

m2 , r is the radius, G is the gravitational constant, c is the speed of light, and m is
total mass.

The first demonstrated evidence of a gravitational wave was not observed until the discovery of
the Hulse-Taylor Binary by Hulse and Taylor [2]. PSR B1913+16 consist of a pulsar and an unseen
neutron star companion as seen in Figure 21.2 [4]. This system represented proof of gravitational
waves due to its steady decrease in orbital period which was able to be timed due to the pulsar. The
systems expected time of periastron decreased by approximately 40 seconds over a 30 year span.
This time loss from the expected showed a loss of energy in the system. The energy loss was then
compared with the equation of energy loss for a gravitational wave [2].
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Figure 1.2: When a Pulsar and Neutron Star are in a binary system together they produce gravita-
tional radiation in the form of gravitational waves (Green Arrows). These waves effect the period
of the system which is easily measured due to the pulsar being emitted (Blue Arrows).

1.2 Sources of Gravitational Waves
Gravitational waves can come from a variety of sources including rapidly spinning neutron

stars, supernovae, and stochastic sources from the early universe [4]. Gravitational waves from
stochastic sources can be considered analagous to the cosmic microwave background. Each of
these sources represent a potential path of research, but will not be the focus here.

A fourth source, and the focus of this paper is gravitational waves generated by compact binary
coalescences (CBCs). This source can be split into three subcategories consisting of which com-
pact objects make up the binary system. The first is two binary black holes (BBH) [2]. The second
consists of two binary neutron stars (BNS). The third is a black hole and a neutron star (NSBH).

CBCs form gravitational waves as part of their orbital inspiral and eventual merger [2]. The
gravitational waves generated by these events then find their way to Earth where they are detected.
By knowing the parameters of the system we can predict the form of the wave generated. There are
six parameters of the system to consider of which three are particularly important for detection [5].
The first of the system’s parameters is the chirp mass M. The chirp mass of the system is equal
to (m1m2)

3
5 (m1 + m2)

− 1
5 where m1 and m2 are the components masses. The second parameter

is the symmetric mass ratio η. The third parameter is ι, the inclination angle [5]. This is the
angle between the orbital angular momentum vector of the system and the line of sight. The
fourth parameter is the luminosity distance, dL. Luminosity distance is defined by the relationship
between absolute and apparent magnitude. The fifth parameter is an arbitrary reference time tc.
This time is normally set as the time of coalescence for the binary system. The sixth parameter of
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the system is φc. φc is defined as the waveform at tc. These six parameters are used in conjunction
with α, δ, and ψ which are right ascension and declination of the source, and polarization angle
respectively to generate the waveform of a CBC [5].

While there are six parameters we can use to predict what a signal from a CBC will look like,
and that we can find from a signal once we detect it, we first need to detect the signal. The signals
of gravitational waves from CBC sources are chirping sinusoids without a known phase [6]. The
signal normally enters the detectors observational band at around 10-20 Hz [5]. The signal is
then processed and interpreted through a system called match filtering in which template banks of
possible waveforms that a CBC signal could take are generated using component masses as the
parameter. Any incoming signal is then compared to these templates to find a potential match [6].

As previously discussed the strain is the distortion of space as a gravitational wave passes
through. This strain can be defined using the parameters of the waveform which takes the shape
of a quadrupole [7]. With this there are two equations for strain, one in the plus and in the cross
direction. The superposition of these equations is approximately equal to the strain detected by
LIGO detectors.

h+ = 2
M
dL

(1 + cos2(i))(πMf)
2
3 cos(Φ + Ψ) (1.2)

hx = 4
M
dL
cos(i))(πMf)

2
3 sin(Φ + Ψ) (1.3)

While Equations 1.2 and 1.3 work to understand the strain, LIGO currently uses a more
advanced model that utilizes additionaly parameters.

1.3 Gravitational Wave Detection
LIGO and Virgo are two of the most well known gravitational wave detectors. Both of these

groups use modified Michelson Interferometers to detect gravitational waves [8]. A Michelson
Interferometers basic function is to use a beam splitter to split a laser down two arms. The beam is
then reflected back and recombined into a single beam and passed into a detector as seen in Figure
1.3.
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Figure 1.3: A simple Michelson Interferometer splits a beam with a beam splitter, has the beam
go to the end of the arms, reflect back, and be recommbined before being passed to the detector.
While this simple system is displayed in this figure, LIGO detectors add several other components
to enhance the sensitivity and accuracy of the detecetor

The interferometers for the LIGO group have been modified from that basic concept to include
a Fabry-Perot resonant chamber in both arms of the detector [8]. The detectors also include signal
recycling to maintain a broad detector frequency response and detection band of 10 to 7000 Hz.
The most sensitive portion of this band in the LIGO detectors is around 100 Hz. The laser used by
LIGO is a multistage ND:YAG laser with a power of up to 180 W at the system output. Each arm
of the LIGO detectors is 4km long [8].

The interferometer is able to detect a passing gravitational wave due to the effects of the wave
on the arm length. While a wave is not passing through the mirrors in each arm are separated by
Lx=Ly=L=4km, but during a gravitational wave these arms are distorted and are instead measured
as ∆L(t) = δLx − δLy = h(t)L where h is the gravitational wave strain amplitude [2]. This dif-
ference alters the beams phase as the two beams recombine after passing through the arms. The
difference allows an optical signal to be transmitted to the detector that is proportional to that of
the gravitational wave strain. These signals are often very small, so LIGOs detectors include an
optical resonant cavity able to boost signals by a factor of 300 [2].

The first success of these detectors occurred on September 14th, 2015 when LIGO detected
the first direct measurement of a gravitational wave at its two sites, Hanford, Washington and
Livingston, Louisiana [9]. This detection was determined to be the merging of a 36M� black hole
and a 29M� black hole into a 62M� black hole releasing 3.0M� worth of energy. This event
occurred approximately 1.3 × 109 light years from Earth. This event occurred within the same
month of the Advanced LIGO detectors coming online after receiving upgrades. Since this point
many detections have been made including one on August 17th, 2017 when the first observation of
an electromagnetic counterpart and afterglow were observed [1]. This detection was the beginning
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of multi-messenger astronomy.
LIGO and Virgo, another detector located in Italy, will soon be joined by two more ground

based detectors. The Kamioka Gravitational Wave detector (KAGRA) in Japan will add to the ex-
isting detectors allowing for more accurate detection of gravitational waves and their location [10].
Additionally, LIGO-India will be built at some time in the future to further bolster the ground based
detector network [11].

LIGO and Virgo are not alone in detecting gravitational waves. The International Pulsar Timing
Array (IPTA) uses pulsar timing arrays to detect gravitational waves through the monitoring of
pulsar rotational periods [12]. Additionally, the Laser Interferometer Space Antenna (LISA) will
largely expand the signals at which gravitational waves can be detected [13]. In particular LISA
will allow for the detection of gravitational waves between 0.1 and 100 mHz, a frequency range
currently outside the range of ground based detectors.
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Chapter 2

Multi-Messenger Astronomy
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2.1 What is a Multi-Messenger Astronomy?
Throughout the history of astronomy, observations have been stuck in the electromagnetic spec-

trum. Humans were able to observe light in various waelengths, but that was the extent of our
abilities. Multi-messenger astronomy opens a door beyond the electromagnetic spectrum. Things
like gravitional waves and particles such as the neutrino are now detectable allowing for areas of
the universe that were previously unobservable to now be opened up to mankind [14].

Multi-messenger astronomy is progressing with multiple different messengers seeing advance-
ments. As seen in Table 2.1, the various sources range in energy and frequency. Gravitational
waves are one of the predominant aspects of multi-messenger astronomy as they offer a medium
of observation distinctly different than the electromagnetic spectrum. As previously discussed the
sources of gravitational waves vary, but those applicable to multi-messenger astronomy can be
grouped into three general categories [14]. Persistent sources of gravitational waves include pul-
sars paired with a neutron star or binary neutron stars and binary white dwarfs are one category.
A second category includes bursting sources from core collapse events such as supernovae. The
category this thesis will focus on is inspiral sources such as BBH, BNS, and NSBH merger events.
Outside of gravitational waves, neutrinos also offer a gateway into multi-messenger astronomy.
Neutrinos have not yet seen the success of gravitional waves in finding a counter part in another
messenger medium, but events such as gamma-ray burst offer potential for such a ground breaking
detection [14]. A third messenger that may help in multi-messenger astronomy is ultra-high-energy
cosmic rays. This messenger is closely tied to astrophysical neutrinos, however the rays are made
of relativistic, massive charged particles that do not reach the speed of light. These particles do
present a challenge as they are affected by magnetic fields leading to deviation in their direction
and travel time. This makes these rays hard to trace back to a particular source [14].
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Multi-Messenger Sources
Electromagnetic Spectrum
Name Wavelength
Radio 1mm - 100km

Microwave 1mm - 100mm
Infrared* 750nm - 1mm
Visible* 380nm - 760nm

Ultraviolet* 10nm - 400nm
X-ray 10pm - 10nm

Gamma ray < 100pm
Neutrinos

Solar Neutrino Lower Energy
High Energy Neutrino Higher Energy

Gravitational Waves
Source Frequency

Persistent Sources 0.1mHz [15]
Inspiral Sources 10Hz - 7000Hz [8]

Core-collapse Events UNKNOWN

Table 2.1: The sources of multi-messenger astronomy and their related measure-
ments [14]. *Wavelengths in the near infrared and ultraviolet along with the visible
spectrum make up the opitcal spectrum used by optical astronomers.

While multi-messenger astronomy has recently seen major advancements, the era of tran-
sient multi-messenger astronomy began around 30 years ago with the detection of SN1987A [16].
SN1987A was a core-collapse supernova in the Large Magellanic Cloud (LMC). Due to the LMC’s
popularity in astronmical studies, the supernova was detected early on through random chance. In
an independent search a burst of MeV neutrinos were detected only hours before hand. These two
events were clearly linked and led to further studies into the event. This first instance of multi-
messenger astronomy led to confirmations of supernovae produced in the formation of Neutron
Stars and Black Holes, along with revealing a host of new science.

The IceCube group has also established a foot hold in multi-messenger astronomy [16]. Ice-
Cube observes neutrinos that track to the X-ray emmission. By providing real-time alerts, IceCube
enables the Swift satellite to perform rapid follow up of potential astrophysical neutrino events.
This follow up led to the detection of the blazar TXS0506+056. TXS0506+056 was the brightest
GeV flare observed in the past decade of observations. This observation led to an extensive fol-
low up effort. This follow-up is credited with the first detection of a source at very high energies.
TXS0506+056 is another example of multi-messenger astronomy resulting in the discovery of new
science.

The world of multi-messenger astronomy saw another large leap forward on August 17th, 2017
when a BNS coalescence, GW170817, was detected [1]. This gravitional wave detection was the
first to be followed up by the observation of an electromagnetic counterpart as well as afterglow
in the gamma-ray, UV, optical, infra-red, and radio spectrums. The detection gave rise to several
scientific findings, but it also showed that the detection of an event with multiple mediums of de-
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tection was possible. GW170817 helped provided a new way to measure cosmological parameters
such as the Hubble constant, confirmed that mergers produce heavy elements in their aftermath, set
a limit on the speed difference of gravitational waves and light, and helped answer questions about
the origin of short gamma-ray burst. All of these findings came from a single multi-messenger
event. As more occur, more answers may arise.

An important thing to note about GW170817 is the response time from merger event to follow
up observations. The gamma-ray burst was detected approximately 2 seconds post merger event,
but the remaining observations did not occur until approximately 8 hours after the merger [1]. This
time delay was in part due to a glitch at the Livingston interferometer and data transfer issues from
the Virgo detector to analysis sites, which led to the alert going out apprximately 40 minutes after
the event and sky localization going out 4.5 hours after the signal was detected. The glitch and data
transfer issue aside, the time to send out warnings and attempt to follow up on events is a focus of
this paper. As early warning of inspiral events improves, the warning time given to other observers
will increase. Currently BNS sources with low enough redshift can be detected approximately 10
- 60s before the merger. From the BNS mergers detected before merger approximately 2% can be
detected within 100 deg2 with a 90% credible interval [1].

2.2 The Future of Multi-Messenger Astronomy
Multi-messenger astronomy is rapidly becoming a crucial part of the broader astronomical

scientific community. Work to improve and refine methods of multi-messenger astronomy continue
to push forward the accuracy and ease of combining multiple sources such as gravitational waves
and their electromagnetic counterparts. These attempts show a peak into what the future of multi-
messenger astronomy will be. One of the most important aspects of this peak into the future is
early warning systems. These systems allow for electromagnetic follow-up to be possible rather
than relying on coincendatal observations or post-merger observations alone.

When looking towards the future of multi-messenger astronomy and the early warning system
for gravitational waves it is important to look at the work done previously. This paper will be
building off of the previous work done by Sachdev et al. [1]. That paper looked at the pre-merger
detection of BNS coalescences at frequencies starting at 10 Hz and going to 29 Hz, 32 Hz, 38 Hz,
49 Hz, 56 Hz, and 1024 Hz. Each of these frequencies, refered to as runs, approximate to a signal
recovery time of 58 s, 44 s, 28 s, 14 s, 10 s, and 0 s before merger respectively. The exact methods
utilized will be discussed later in Chapter 3, but to simplify the process, simulated BNS signals
were generated. These signals, refered to as injections, are inserted uniformly into Gaussian data.
There is then an attempt to recover the signals using matched-filtering (see Section. 3.1). For
each run a false alarm rate (FAR) <= 1/(30 days) for an injection is considered found in each of
the 6 runs. The paper computed the expected number of signals for each run using the sensitive
spacetime volume based on the FAR threshold and local BNS merger rate. This is then estimated
to

〈V T 〉 = 〈V T 〉injected
Nrecovered

Ntotalsims

(2.1)

where 〈V T 〉 is sensitive spacetime volume, Nrecovered is the number of recovered injections at the
given FAR, and Ntotalsims is the total number of simulated signals. V Tinjected = 0.178Gpc3a for
the signal distribution used in this paper. The results can be seen in Table 2.2 [1].
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fhigh(Hz) 〈V T 〉(Gpc3a) Nsignals(a
−1) Nlow −Nhigh(a−1)

29 2.55x10−4 3.21 0.775− 8.71
32 3.84x10−4 4.84 1.17− 13.2
38 7.23x10−4 9.12 2.20− 24.8
49 1.45x10−3 18.2 4.41− 49.5
56 1.88x10−3 23.6 5.71− 64.2

1024 3.86x10−3 48.7 11.8− 132

Table 2.2: The senstive spactime volume, 〈V T 〉, and the expected number of signals,
Nsignals, per year based on median BNS merger rate as presented in Sachdev et al. [1]

The early detection of mergers is important, but detecting the mergers is not enough. In order
for multi-messenger astronomy to progress, pre-merger detections need to aid electromagnetic ob-
servations. To do this sky localizations are neccessary. LIGO-Virgo use BAYESTAR to generate
rapid localizations [1]. BAYESTAR is a fast Bayesian algorithm able to reconstruct GW transients
positions using the output of a matched-filtering search. In the Sachdev et al paper, passing the sig-
nal to noise ratio (SNR) time series of all the injections passing the FAR threshold to BAYESTAR
resulted in Figure 2.1. The figure shows the cumulative distribution of the sky localizations at a
90% credible interval. The right axis of the number of events expected each year as a function of
the largest localization area given the median merger rate. The left axis shows the right axis value
as a fraction of the total injections recovered at full bandwidth.
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Figure 2.1: The figure shows the cumulative distribution of the sky localizations at a 90% credible
interval. The right axis of the number of events expected each year as a function of the largest
localization area given the median merger rate. The left axis shows the right axis value as a fraction
of the total injections recovered at full bandwidth. [1].

The goal of sky localization is to provide a small search area. This is important due to the
small field of view that optical telescopes have. In Figure 2.1, we see that there is at least one
event per year that is both detected pre-merger and localized within 100deg2 [1]. By considering
the area of the sky searched according to the localization PDF before finding the true location,
the number of events detected before merger and before searching over 100deg2 becomes about
9 events per year. The search area can be further reduced using imagining strategies informed by
galaxy catalogs. Early warning events, particularly those that arre well localized, the source of the
events are typically closer than sources that are not detected in early warning. A minimum of 1
event per year that is detected 60s before merger will be within 100Mpc and 13 events per year
will be within 200Mpc and be detected pre-merger. In Sachdev et al. data transfer, calibration, and
matched-filterng processes are assumed to produce no latency. They state that the actual latency
is approximately 20s with a goal of reducing that time to approximately 7s for smaller bandwidth
configurations.

Optical telescopes such as the BlackGEM array, Zwicky Transient Facility, the Dark Energy
Camera, the Rubin Observatory, the Swope Telescope, and the Subaru Telescope along with other
similar wide-field optical transient facilities are the best suited to optical follow-up for well local-
ized events [1]. The Fermi Gamma-ray Burst Monitor and the Swift Observatory offer a follow-up
option for events with larger localization areas. The early warning alerts of pre-merger GW are
particularly helpful in identifying threshold gamma ray bursts. Large FOV radio telescopes such
as the Murchison Widefield Array, the National Radio Astronomy Observatory, the Giant Metre-
Wave Radio Telescope, the Owens Valley Long Wave-length Array, the Square Kilometre Array,
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and other similar radio telescopes are useful in early warning alerts that are poorly localized as well
as those with good localization. Gamma-ray follow up of alerts can be done by detectors such as
the Cherenkov Telescope Array. This follow up heavily relies on the early warning alert as it must
be pointed at the source at the time of merger as there is no detectable hypothesized afterglow.
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Chapter 3

Methods
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3.1 Matched Filtering
The primary method of detecting gravitational waves in the signals collected by the LIGO

detectors is called Matched Filtering. Matched filtering is a useful technique when the form of the
signal is known accurately [17]. Unfortunately, while we know the form of the signal we do not
know all the parameters. In order to find the parameters of the signal we attempt to match the raw
signal to a waveform with known parameters called a template or filter. The fourier transform of
the template is equal to the fourier transform of the signal divided by the noise power spectrum.
By looking at the maximum correlation with the templates it can be determined whether or not an
event signal is present.

In situations where the parameters of the template match those of the signal we get a boost
to the SNR [17]. This boost is proportional to the square root of the number of cycles the signal
spent in the detector output. When the waveform’s shape is unknown the signal is filtered to
the frequency band where the signal is assumed to lie. At this point the signal to noise ratio is
looked at for each time domain indiviudally. Additionally, for the matched filtering process to be
fully successful, the inspiralling binary waveform must be known accurately. The most important
aspect of the waveform that needs to be considered is the evolution of the waveform’s phase. If the
phase is mismatched between the signal and template the SNR is significantly reduced.

To detect the signal parameters, the signal must be passed through a number of templates [17].
The number of templates required depends on the number of parameters the signal has. A gravi-
tional waveform can be defined by four parameters. The first two parameters are dependent on the
starting conditions. These are ta, the time of arrival and Φ, the phase at arrival. The second two are
both the chirp mass. The first chirp time is the Newtonian chirp time, while the second considers
past-Newtonian corrections to the chirp time. The number of parameters increases the amount of
templates needed to determine the parameters so any reduction in the number of parameters is seen
as a benefit. Because of this, it was found that both the Newtonian and post-Newtonian chirp time
closely correlate to each other and can be reduced to a single parameter. This reduction leaves the
signal with only three parameters to find using the templates. The correlation between the chirp
times only holds while near the maximum of the correlation function, meaning the reduction to
three parameters only holds for certain circumstances.

In the case of LIGO-Virgo data, we use the GstLAL-based inspiral pipeline, a low-latency
mathced-filtering pipeline designed for the detection of gravitational waves from compact binary
coalescences [1]. GstLAL groups templates into smaller sub-banks based on intrinsic parameters
of the template that impact their response to noise. From this it uses the LLOID method, which
performs multi-banding and singular value decomposition of individual time slices to build orthog-
onal basis filters from the sub-banks. By cross-correlating the incoming data with the basis filters,
GW wave canidiates can be found.

In order to reduce the number of event candidates to be looked at any canidate with an SNR
of less than 4.0 is discarded [1]. Following this canidates are ordered by their SNR, detector
sensisitivty at the time of event trigger, a signal consistency test, and the time and phase delays
between detectors. This is done by finding the log-likelihood ratio for each canidate. The next
step is to create the distribution of log-likelihood ratio for noise triggers. To do each parameter of
the log-likelihood ratio has its noise distribution sampled. From there a false-alarm-rate (FAR) is
assigned to each canidate. The false-alarm-rate describes how often noise will create a canidate of
the given appearance without an actual event occuring.
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3.2 Real Time Anlaysis
The LIGO collaboration’s work to detect gravitaional waves involves a large amount of data

collection. During operation, the laser interferometers collect a near continuous stream of data,
meaning the detection of events occurs simultaneously with other data collection. Because of this,
a variety of tools have been developed to aid in the viewing of incoming data with minimal delay.
These tools take in the signals from the detectors after they have traveled through the processing
pipeline and display them in plots of SNR, FAR, IFAR, and other useful plots of the incoming
data as is displayed in Figure 3.1. These plots all cover a set amount of time which automatically
updates as more data enters the dashboard. Therefore you are always looking at the most up to date
information. The dashboard does contain a way to manually set the time range you are looking at
in order to go back to certain events that have occured. In this way you can look at events as they
first show up on the dashboard.

Figure 3.1: The SCALD dashboard shows a variety of useful plots including SNR by Job for each
detector, the FAR over time, and the inverse FAR

These plots all represent important information in the detection of gravitational wave events.
The SNR shows when a gravitational wave has been detected as an event will have cause a spike
in SNR. By checking the FAR, it can be ensured that any event detected is an actual event and not
the result of random noise. The IFAR visually shows the amount of time expected before a false
alarm event occurs, as it is the invese of the FAR. By displaying all of this information in real time,
events flagged by the detection pipeline can be manually checked by observers.

3.3 Early Warning Capabilities
Early warning attempts to detect events pre-merger in a way that the initial detection pipeline

does not. This is possible through the use of the low-latency matched filtering in the GstLAL-
based inspiral pipeline. Early warning is possible when a large enough SNR accumulates before
the merger occurs [1]. Events that accumulate enough SNR and pass a given FAR threshold are
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identified within approxiately 1 minute of the gravitaional-wave signals reaching the Earth [18].
Although detection times can be as fast as 1 minute after the signal reaches Earth the distribution
of an alert does not occur at that same rate due to the presence of latencies [1]. Data transfer,
calibration, filtering, and other follow-up processes result in latencies of approximately 20 s. It is
predicted that these times will be reduced to approximately 7 s for future early warning alerts.

3.4 Generation of Simulated Data
In order to test the early warning process, we simulate data that mimics the actual signals

that LIGO detects. In order to make the signals realistic, event signals are intermixed with noise.
An early paper by Sachdev et al. accomplished this using Gaussian data to simulate noise [1] This
Gaussian data is recolored to fit with the Advanced LIGO and Advanced Virgo design sensitivities.
In that study they generated 1 month of stationary data. This was then combined with 1918947
simulated BNS signals. These signals are referred to as injections and are simulated with compo-
nents masses of m1<1.0M� and m2<2.0M�. The model simulates a population of neutron stars
that are non-spinning. They are distributed uniformily with a redshift up to z = 0.2. The Sachdev
et al. rejected 1659747 of the injections made as their SNRs fell below 3. The remaining injections
were inserted into the Gaussian noise.

One key difference between the study carried out by Sachdev et al. and the simulation done for
this paper, is the nature of the noise. In the original study the noise is simulated using Gaussian
Noise, where as in this paper we will be using noise that more closely mirrors that of LIGO data.
This updated method of noise simulation will include glitches in the signal that effect the detection
of injections, meaning that it will more accurately predict the effectiveness of the early warning
detection.

3.5 Simulating Early Warning Searches
The simulation of the live early warning search utilizes matched filtering, just as it would in

the live detection pipeline. The matched-filtering done in both the previous study by Sachdev et al.
and here uses a template bank composed of GW waveforms that fall within the parameter space
we are looking at [1]. In particular, templates for both studies were made assuming components
masses of m1<0.95M� and m2<2.4M�. The bounds chosen also account for redshift and edge
effects, and expect a chirp mass between 0.9M� and 1.7M�.

In the original paper, Sachdev et al. repeated their search 6 times using the same template
bank and dataset to look at various end frequencies [1]. These frequencies correspond to different
times before merger and are only approximate due to grouping of waveforms such that they have
the same pre-merger time. In particular, 29 Hz, 32 Hz, 38 Hz, 49 Hz, 56 Hz, and 1024 Hz, were
looked at. These correspond to approximately 58 s, 44 s, 28 s, 14 s, 10 s, and 0 s before the merger
occurs. In this paper we will look specifically at 49 Hz or 14 s before merger using the conditions
described in Table 3.1.
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Settings
Start Time 1238166018
End Time 1240757018
Frequency 49Hz

Low Frequency Cutoff 10.0
High Frequency Cutoff 49

Sample Rate 2048
Number of Split Templates 500

Table 3.1: List of settings used to generate the analysis of the simulated data

In order for an injection to be considered found, it must meet a certain FAR threshold. For
Sachdev et al. this threshold had to be met in all 6 different frequency runs, but for us only the
49 Hz frequency will be considered. For both the original study and our own the FAR threshold
was set to FAR <= 1/(30 days) [1]. Once an injection is considered found, sky localization can
be done. This step is accomplished by generating the SNR time series of all found injections and
providing those time series to the BAYESTAR tool to localize the signals.
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Chapter 4

Results
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4.1 Effectiveness of Early Warning
The results of this study can be seen visually in the form of a variety of plots. These results

highlight the current state of early warning by simulating realistic noise. We can further establish
where early warning stands by comparing our results with simulated data using Gaussian noise.
Overall the results show there is marked room for improvement in the early warning pipeline.

Figure 4.1: This plot shows the component masses of the generated injections.

Within Figure 4.1 we can see the distribution of injected parameters. The majority of parame-
ters’ component masses fall approximately between 1.2M� < M1 < 1.8M� and 1.2M� < M2 <
1.8M�. These injections were the target of detection in this study.

Figure 4.2: This plot shows the accuracy of the detected chirp masses. While there is a slight
tail towards recovered injections having smaller chirp masses than expected, the majority of chirp
masses recovered are within close proximity to the injected chirp mass.
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In Figure 4.2, the fractional accuracy of our recovered chirp mass is plotted. As is seen the
peak lies only slightly off of the 0 line, meaning that our recovered chirp masses are very close
to those injected for the majority of injections. While this plot only covers the Hanford detector
similar results were seen in the Livingston and Virgo recovered chirp masses.

Figure 4.3: This plot shows the difference in recovered signal end time and the injection end time
in the Hanford detections. This demonstrates the accuracy to which we can determine the merger
time before the merger event.

Figure 4.3 shows the accuracy of the recovered end times. The plot shows that with significant
accuracy a signals end time can be detected within 5 ms of the actual injection end time. While
this plot is only of the Hanford detector, similar results were found for both the Livingston and
Virgo detectors.

Figure 4.4: The left figure shows the SNR vs Chirp Mass of the injections put into the simulated
“Real” Noise. The points are labeled with which detectors found the injection. The right figure
shows the SNR vs Chirp Mass of the injections put into the simulated Gaussian Noise as discussed
in Sachdev et al. [1]. The points are labeled with which detectors found the injection.
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Figure 4.4 shows which injections are detected in the early warning with Gaussian noise and
with “Real” noise. In the left panel, injections with SNRs at and below 10 are not detected. This
is in contrast to the right panel, where injections below 6 are predominantly not detected. With an
SNR of 10 being the limit for the “Real” Noise, it is evident that the early warning process needs
more refinement. Ideally, we would match the Gaussian Noise SNR limit as a sign that the early
warning detection methods are improving.

Figure 4.5: The left figure shows the range that a chirp mass can be detected at with a given FAR
with injections embedded in simulated “Real” Noise. The left figure shows the range that a chirp
mass can be detected at with a given FAR with injections embedded in Gaussian Noise as done in
Sachdev et al. [1]. In both plots a FAR of 10−7 represents approximately 1 detection a month.

Figure 4.5 both show the range at which a chirp mass can be detected with a given FAR. The
higher this range the better as it indicates higher detection sensitivity. As is clear from the plots,
when using the “Real” Noise simulation the range is significantly dropped representing approxi-
mately 1.84 times fewer event detections. This drop suggest that the early warning method still
needs improvements to increase its sensitivity to be on par with that of the Gaussian noise sim-
ulation. As it currently, functions the “Real” Noise simulation cannot accurately detect as many
mergers. This reduction limits indicates a need to improve the early warning method.
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Figure 4.6: The left figure checks that the SNR accumulated matches the expectations for injections
made into simulated “Real” Noise. The right figure checks that the SNR accumulated matches the
expectation for injections made into Gaussian Noise [1].

Figure 4.6 shows the χ2 plotted against ρ. The χ2 allows us to check that the SNR accumulated
is the same as expectations. Both plots have similar shapes, but the background and injections in
the plot generated with “Real” Noise includes an offshoot going upwards past 10 that is not present
in the plot made for Sachdev et al.

Figure 4.7: The left plot, often referred to as the Money Plot, shows the number of events vs the
inverse FAR when injections are made into simulated “Real” Noise. The right plot shows the same
information when injections are made into Gaussian Noise as done by Sachdev et al [1]. Both tells
us that the FAR is valid despite their respective noise.

Figure 4.7 shows very similar plots from both the “Real” Noise and Gaussian Noise studies.
This similarity is good as it shows that the “Real” Noise test of early warning did work as the FAR
is still valid regardless of the noise. While the other plots show us some shortcomings in early
warning, this plot does imply that the method is working.
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Chapter 5

Conclusion
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5.1 Summary
This study sought to test the early warning system using a simulation that more closely mirrored

live LIGO detection. This was done by simulating “Real” Noise and injecting signals into this
noise in order to test the early warning system. These tests were compared to the previous work
done by Sachdev et al. which carried out a similar assessment of the early warning system, but
using Gaussian Noise. These comparisons showed that the early warning system still has room to
improve as it missed injections with SNRs from 10 to 6 that were previously found in Sachdev et
al. Additionally, the range at which the early warning method was sensitive was decreased in this
study when compared to that of Sachdev et al. While these areas showed weaknesses, the study did
have a Money plot that was similar to that of Sachdev et al. demonstrating that, while the “Real”
Noise did decrease the effectiveness of the early warning method, it did still work as expected.

5.2 Future Work
This experiment focused solely on testing early warning at 49 Hz. Sachdev et al. tested a wider

range of frequencies that correlated to an early warning time of up to 1 minute. Future studies can
repeat the work done in this paper for the remaining 5 frequencies; 29 Hz, 32 Hz, 38 Hz, 56 Hz,
and 1024 Hz. Additionally, further work can be done to increase the warning time that the early
warning method provides. This can be done by reducing latency at various stages of the proccess
including signal processing such as matched filtering. Other work can be done to increase the
accuracy of the early warning method. While the goal of early warning is to make fast detections,
these detections also need to be correct, as other astronomers rely on these signals to carry out
follow up observations. Between the other frequencies, increased speed, and increased accuracy
early warning still has plenty of room to improve.
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