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Abstract

Extreme mass-ratio inspirals (EMRIs) are systems with a compact object orbiting a much more
massive body. They show up frequently in the literature of gravitational wave (GW) astronomy
due to many theorists predicting that the future Laser Interferometer Space Antenna (LISA) will
be able to hear stellar-mass compact objects falling into the supermassive black holes (SMBHs)
at the centers of most large galaxies. This scenario is of interest both as a new probe of galactic
nuclei and as a precision test of general relativity. This work focuses on the effects of an external
perturbation on an EMRI system in the galactic center due to a third body. This perturbation will
affect the orbit most significantly when the inner body crosses a resonance with the outer body,
which results in a subsequent phase shift of the waveform that builds up over time. Resonances will
cause measurable changes in the GW received by LISA. This thesis presents a general method for
calculating the effects of a resonance on the orbits of the inner body. This is done by demonstrating
that the orbital changes are related to the GWs emitted by the two bodies at the frequency
corresponding to the resonance. This allows presented here allow for the reduction of a three-
body system into a two-body system, with the third body being replaced by a gravitational wave
perturbation, allowing us to sidestep using intense GR calculations. These methods will generate
a more realistic waveform model, and provide a more accurate comparison for future detected
signals. This work will be used in future investigations of third-body effects on EMRIs and their
potential impact on GWs detected by LISA.

1 Introduction

1.1 History of GW Astronomy

Gravitational waves (GWs) are ripples in the fabric of spacetime caused by the acceleration of massive
objects. Predicted by Albert Einstein’s theory of general relativity in 1915, their detection by the
Laser Interferometer Gravitational-Wave Observatory (LIGO) a century later [22] has opened up an
entirely new field of astronomy. In addition to electromagnetic, neutrino, and cosmic ray sources, GWs
act as another messenger that gives astronomers an entirely new way of observing the universe.

Many detectors have been proposed and constructed to detect all the different kinds of GWs
propagating throughout the universe. Much like electromagnetic waves, gravitational waves exist on a
spectrum with several different regions divided by frequency that require different detectors to observe.
The first set of detectors to actually detect waves were ground-based like LIGO. These detectors work
as interferometers — recording how much the lengths of the lasers in their arms shrink or expand
as a gravitational wave passes through them. Ground-based detectors are perfect for hearing events
between 30 Hz and a few kHz, known in the community as the “kiloHertz (kHz) range”, such as
merging stellar-mass compact objects like neutron stars or black holes [22].

In the two decades leading up to the first detection of waves by ground-based detectors, pulsar-
timing arrays were making steady progress towards solidifying evidence for detection of merging super-
massive black holes (SMBHSs) following the collisions of galaxies [2]. Pulsar timing arrays are similar
to ground-based interferometers, but their arms extend thousands of light years — they detect the
slowing/speeding up of a pulsar’s spin as it appears on Earth due to interference from gravitational
waves. These types of detectors are perfect for hearing in the nanoHertz (nHz) range, which is what
gives the North American Nanohertz Observatory for Gravitational Waves (NANOGrav) its name [2].

Many proposals for future GW detectors have been floated from sources across the world. However,
one project that GW astronomers are undoubtedly excited about is the Laser Interferometer Space
Antenna (LISA) [7]. It will consist of three satellites orbiting one million kilometers away from each
other while trailing Earth’s orbit. Each of the three satellites will send a set of two lasers out to
the other satellites in the constellation, providing an interferometer arm length between its ground-
based/pulsar-timing counterparts that is perfectly attuned to hear in the milliHertz (mHz) range of
gravitational waves. Many important types of events will be detectable using LISA. Intermediate-mass
black holes (IMBHs) — the proposed middle evolutionary stage between stellar-mass and supermassive
black holes as they merge to become bigger — will be detectable for the first time from their collisions
with other objects. Merging white dwarves will give us tons of information about the chemical seeding
and composition of galaxies — giving us the keys to figure out where the elements that make us came
from [7]. However, the event that has undoubtedly generated the most excitement is the extreme
mass-ratio inspiral scenario (EMRI).
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