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Abstract

In recent years, scientists have established the new field of Gravitational Wave (GW)
astronomy through direct measurements of spacetime perturbations. These are caused
by GWs originating from accelerating astrophysical objects and have been observed in
ground-based interferometers, confirming predictions made by Albert Einstein more than
100 years ago. The Laser Interferometer Space Antenna (LISA) mission, led by the
European Space Agency (ESA) with a planned launch in the mid-2030s, will detect
such waves in the 0.1 mHz — 1Hz frequency band in space for the first time. It will
measure their induced distance changes between free-falling Test Masses (TMs), which
are shielded inside three separate Spacecraft (SC), as optical pathlength fluctuations with
pm precision through heterodyne interferometry. Going to space offers many advantages
and overcomes typical limitations of ground-based detectors. It allows the possibility
of using longer interferometer arms, thus reducing the required displacement sensitivity,
while naturally avoiding noise sources present on Earth. It does, however, bring its own
technical challenges.

This thesis addresses one of these challenges: the influence of measurement noise originating
from the lasers’ power instabilities, a problem known as Relative Intensity Noise (RIN).
While it is also present in ground-based detectors, the mission architecture, with its
complex heterodyne interferometry, provides a unique problem. RIN inevitably reduces
the ability to resolve GW signals. It is necessary to identify, characterize, understand,
model, and mitigate its effect to a level that allows the achievement of the desired scientific
objectives. Therefore, this research investigates RIN to phase coupling in the readout of
balanced and unbalanced heterodyne interferometers and its influence on space missions.
A significant result is the detailed understanding of RIN contributions from the heterodyne
frequency (“1f-RIN”) and its first harmonic (“2f-RIN”) to the interferometric phase readout,
including possible mitigation strategies using correlated subtractions. The study derives the
couplings theoretically and generally, studies common-mode rejection properties, performs
simulations and analyzes measurements from the technology demonstrator mission LISA
Pathfinder (LPF), before projecting the results onto LISA.

LPF was launched in 2015 to prove the feasibility of the TMs free-fall control and
interferometric readout due to the complexity of LISA. With its unique design and
performance, LPF was an unprecedented laboratory in space. It contained the first sub-pm
interferometer in space to measure the distance variations between two TMs. In analyzing
the whole mission performance with respect to the optical readout, this work finds that it
achieved a residual sensor noise of 32.0f%§fm/ VHz at frequencies above 200 mHz along its
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Abstract

main measurement axis. The residual angular Differential Wavefront Sensing (DWS) noise
was in the order of 100 prad/v/Hz (at similar frequencies). This work further reports on
the characterization of noise couplings and incorporates their contribution to the overall
LPF noise model, which is verified from low to high interferometric contrasts. As part of
this noise budget, the mission provided valuable data for testing the RIN model. Due to
its correlation properties, RIN impacts the readout of longitudinal and angular degrees of
freedom. In this thesis, the coupling of RIN in those readout channels is analyzed, and its
influence during the whole mission is modeled. From dedicated experiments it follows that
the contribution was not above 2.4 fm/v/Hz (assumed white, excluding radiation pressure
effects), for nominal mission operations and that the 2f-RIN components were dominating
the 1f-RIN terms. The RIN model constitutes an important contribution to the overall
understanding of a very stable and reliable readout system.

With the knowledge gained from LPF, this thesis shows to what level RIN needs to be
mitigated regarding the more complex LISA, setting requirements on the laser power
instabilities of 3 x 1078 Hz~ /2 between (3 to 60) MHz, such that it does not significantly
reduce the ability to detect GWs. Since RIN in LISA has a unique correlation imprint,
its impact on the essential frequency noise reduction algorithm called Time-Delay Inter-
ferometry (TDI) is important to understand. For this reason, the propagation of RIN
in the mission constellation is simulated for all laser locking topologies, together with
the transfer function through TDI. It shows that efficient balanced detection reduces
the coupling from a significant contribution of 8.7 pm/v/Hz (as white in-band noise) per
inter-SC interferometer to a much less problematic sub-1pm/ VHz level, and, that simple
models can be derived that describe a practically uncorrelated behavior, independent of
the locking scheme.

Keywords: Laser interferometry, Relative Intensity Noise, LISA Pathfinder, LISA
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A brief personal note

My first encounter with the subject of general relativity and GWs was during a fascinating
lecture by a former AEI scientist when I was still at school. He used the famous “ant on an
apple” analogy for geodesics in curved spacetime, which sparked my curiosity. Ever since,
metaphorical models have aided my understanding of nature’s complexity and helped build
this thesis. It is mind-boggling that we can now “listen” to our universe’s gravitational
“sound” or measure distances equivalent to measuring the distance to the nearest star
to an accuracy smaller than a human hair [2]. We are building and controlling physics
laboratories in our solar system at incredible locations (see picture with correct scaling
on the first page of part I). And, we are using (as an analogy slightly more modest) toy
models in the form of simple yellow foam cubes to understand experiments related to free
falling gold-platinum TMs during such missions. The dimensions covered from galactic
objects to femtometer measurements in space are astonishing.

While nature’s phenomena on the smallest scales are well described by the theories of
quantum physics, the large-scale effects and structures of our universe are governed by
gravitation, which is described in Albert Einstein’s theory of general relativity. However,
in 1916, when he predicted that perturbations in the metric of spacetime can be caused
by waves propagating with the speed of light through the universe, it was hard to imagine
that they would ever be measured because of their very weak interaction with matter [3,
4].

At that time, it was impossible to predict the development of laser technology and the
invention of optical interferometers, which has now progressed for over 70 years. These
new experimental tools changed what was thinkable and inspired research regarding GW
detection — a field originally established by resonant-mass detectors [5]. My mind is
intrigued that a virus’s weight must (and can) be measured over long timescales as a

metaphor to explain what is needed to detect GWs in space.

The simple idea that light itself, with its constant speed (in vacuum), provides the
perfect ruler to measure distance variations by comparing travel time differences between
photons bouncing off reference mirrors was instrumental to the first direct detection of
GWs from a binary black hole system by the Laser Interferometer Gravitational-Wave
Observatory (LIGO) interferometers in 2015 [6]. This achievement confirmed decades of
research and was later awarded with the Nobel Prize in 2017 for Rainer Weiss, Barry Barish
and Kip Thorne. As all of this happened during our “own” LPF mission in preparation
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A brief personal note

for LISA, me and my colleagues directly experienced the excitement and progression in
the field.

The ongoing observations of GWs have opened a new “window to the universe”. They
inform us about the most energetic events in space, impacting the very structure of
spacetime, encoded in their signatures. Figuratively speaking, scientists, engineers and
data analysts have developed this new, unique ability, or sense, to “listen” to the universe
— right at a time when I was just joining the field as a fascinated witness. These new
developments drastically deepen our understanding of cosmology and astrophysics, which
previously relied on electromagnetic, neutrino, or cosmic ray observations.

This thesis is only one of many small contributions by a worldwide scientific community
that, in the end, will make the now adopted! LISA mission possible. Here, the introductory
sections give an overview to motivate the research for space-based GW detectors and the
subject of this thesis, which the reader, like myself, hopefully finds helpful.

'LISA has been approved by ESA’s Science Programme Committee on 25.01.2024, see
https://www.esa.int/Science_Exploration/Space_Science/Capturing_the_ripples_of _
spacetime_LISA_gets_go—-ahead
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Chapter 1
Overview

This thesis consists of six parts.

Part I contains the introduction and describes the scientific scope regarding GWs, their
detection in space, and the influence of measurement noises. Here, the problem of RIN is
introduced. It also gives an overview of the LPF and LISA missions, as needed for the
main parts. It is partially based on publications [P1-P4] as indicated in the sections.

Part IT describes the RIN to phase coupling theoretically and derives relations that estimate
the resulting noise levels. It also covers the common-mode rejection properties and shows
simulations of these predictions. This part stems from the article [P1]: “Relative-Intensity-
Noise Coupling in Heterodyne Interferometers”, by Wissel et al.

Part III presents a detailed analysis of the RIN contribution to the overall performance
of the LPF mission. It characterizes the essential interferometric measurement system
aboard the SC and highlights specific experiments. This part is based on the articles
[P2]: “Sensor Noise in LISA Pathfinder: In-Flight Performance of the Optical Test Mass
Readout”, and [P3]: “Sensor noise in LISA Pathfinder: An extensive in-flight review of the
angular and longitudinal interferometric measurement system”, by the LPF collaboration
(with the author of this thesis being the first corresponding author).

Part IV transfers the research from parts II and III to the LISA mission architecture. It
analyzes the possible RIN contributions theoretically and summarizes simulation results
for the whole constellation. The RIN induced phase error is also propagated through the
important TDI algorithm for various laser locking configurations. This part is from the
article [P4]: “Influence of Laser Relative-Intensity Noise on the Laser Interferometer Space
Antenna”, by Wissel et al.

In part V, a summary of the results and conclusions is given together with ideas for future
research.

The appendix in part VI gives more details on balanced detection and lists the experiments
and timespans used in the LPF sensitivity analysis.






Chapter 2
Regarding gravitation

2.1 Gravitational Waves

In his theory of general relativity, Albert Einstein describes the structure of spacetime
and its interaction with matter through the Einstein field equations. Here, contrary to
Newton’s immediate action at a distance, local changes in the gravitational field cannot
act instantaneously everywhere. Instead, they propagate in the form of GWs with the
speed of light and transport energy through the universe. Visually, GWs are often referred
to as “ripples in the fabric of spacetime” [7].

Famously, the three fundamental principles that Ein-
stein used were, (1) that locally, geodesics appear
straight (with the free fall of objects as their natural
state of motion), (2) that space tells matter how to
move, and (3) that matter tells space how to curve
[8]. Therefore, gravitation becomes a property of
the curvature of space, which influences the objects
following their geodesics within.

A key property of every accelerated system of masses
is the radiation of gravitational energy in the form
of waves throughout spacetime, with some analogy
to accelerated electromagnetic charges. If space is
curved by a mass resting at a certain point, it must
also change if the mass is accelerating away. However,

Figure 2.1 The effect of a linearly po-
larized GW on a ring of (spherical)
TMs with respect to a central TM
and orthogonal propagation. The

no gravitational dipole radiation exists since there distances are continuously stretched
are no negative masses. GWs are radiated from and squeezed (or vice-versa) while
the quadrupole moment of the mass distribution, the GW is passing through.

meaning that even a single spinning mass with any

given asymmetry produces GWs. Especially interesting are systems with two masses
orbiting each other because they emit GWs converted from their kinetic energy, see for
example the first indirectly observed GW through the discovery of a pulsar in a binary
system from Hulse and Taylor in 1974, leading to the publication from Weisberg and
Taylor in 1981 [9, 10]. This loss of energy constantly reduces their separation until a
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Figure 2.2 A simulation that shows the merger of two asymmetric black holes with 8 and 30 solar
masses each. This leads to higher harmonics in the GW signal. Image from [12].

final merger event occurs. They produce very characteristic waveforms from their late
inspiral, merger, and ring-down phases that can be compared against simulated waveforms
calculated from general relativity [11].

Generally, any change in gravitation manifests (or can be imagined) in the relative
acceleration of nearby TMs by a change in their separation, since their geodesics are no
longer parallel in the new curvature of space, as indicated in figure 2.1 for a GW passing
through a ring of such TMs. GWs have an alternating contraction and expansion effect
on this ring, so their separation changes periodically. They are transversal and have states
of linear and (by linear combination) circular polarization. The orthogonal linear states
are called “4” (plus) and “x” (cross), the latter due to the 45° rotation in its influence
relative to the “4” orientation. This behavior motivates the typical “L” shape of most
terrestrial interferometric detectors with two perpendicular measurement arms, in which
laser light travel time differences, induced by the passing GWs, are compared. This is
explained in more detail in section 2.3.

The effect of a violent astrophysical event that causes strong changes in the curvature of
space, as illustrated for an unequal mass binary black hole merger in figure 2.2, can be
described (far away from the source) as a small perturbation in a, at any other time, flat
local spacetime metric. Since the Nobel Prize winning first direct discovery of two merging
black holes by the LIGO detectors in 2015 [6] (a merger event with black holes of about 29
and 36 solar masses respectively, generating a 62 solar mass black hole, while emitting the
energy of 3 solar masses in form of GWs), these variations are routinely being detected
with terrestrial observatories, and the future LISA mission will detect them for the first
time in space.

When GWs arrive at the ground-based detectors, the strength (amplitude or dimensionless
strain h) of their induced metrical perturbations is typically very small and in the order
of h ~ AL/L ~ 1072! even though their peak gravitational luminosity can easily reach
10 W at the source [6]. AL is the absolute change in distance over the measurement length
L. For ground-based detectors with L ~ (3 to 4) km, this means that the gravitational
signals required to be resolvable correspond to length changes of about 10~ m, which
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is technologically very challenging [6, 13]. Nowadays, the detectors are approaching a
sensitivity of 10720 m/ VHz at a few hundred Hz. For roughly equivalent space-based
detectors with much larger arm-length L in the order of Gm, this only requires to be
sensitive for length changes AL in the order of pm.

Detectors

2.2 Gravitational Wave sources

As mentioned above, GWs, arriving at Earth far away from the source, have typically
very small amplitudes and thus their effects on spacetime are tiny. Therefore, only the
more violent astrophysical events associated with stellar-mass objects and above cause
perturbations strong enough to be observable. Currently, the vast majority of measured
signals belongs to binary black hole mergers with tens of solar masses [14]. These GWs
from merging black holes with varying mass ranges allow insights into their origin and the
general structure of galaxies and the universe. They provide a new measure of distance,
allow to test general relativity, and to investigate formation scenarios while yielding
statistics on populations [15].

However, black holes are not the only source of observable GWs. The first detection of a
~ 100s signal of a binary neutron star inspiral allowed a very successful electromagnetic
follow-up campaign, which verified that GWs are indeed traveling at the speed of light, by
observing a short gamma-ray burst less than 2s after the merger occurred with the Fermi
observatory. It was further possible to set restrictions on the neutron stars equation of
state and to confirm theories about the origin of heavy elements such as gold from the
merger [16].

In general, while the amplitude of the GW signal reveals the distance to the source, the
frequency and its time derivative are influenced by the collective mass of the system.
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Heavier objects are moving at slower velocities in larger systems, thus producing GWs at
lower frequencies and longer wavelengths. Due to the response of detectors depending on
their arm-length, technological constraints and the influence of noise on the sensitivity at
different frequencies, various detectors are needed to observe sources overa broad frequency
band, as highlighted in the following and shown in figure 2.3.

Fast spinning neutron stars or even supernovae are expected to produce GWs up to kHz
frequencies. More compact binary objects can be observed at the end of the inspiral
and merger phase in the band between approximately (10 to 2000) Hz by terrestrial
observatories [18]. These types of detectors use sophisticated Michelson interferometers to
detect mergers from binary black holes and binary neutron stars.

Massive black hole binaries in the range of about (10* to 107) solar masses generate GWs
that are crossing the mHz regime with wavelengths of thousands of kilometers (far before
merger due to their long orbital period), requiring space-based observatories such as LISA
with longer arm-lengths than possible on Earth. A large volume of compact galactic binary
systems in our own Milky Way will be visible via space interferometry years before merger
(and potentially later crossing into the terrestrial frequency band). These white dwarfs,
neutron stars and stellar-origin black holes constitute one of the main study objectives
of the LISA mission, with up to 25000 individually resolvable galactic binaries expected
[19]. Furthermore, the many research prospects with regards to LISA are stated as the
study of the formation and evolution of those compact binaries, the origin and history of
black holes across cosmic ages, the understanding of dense nuclear clusters with extreme
mass ratio inspirals (which produce very complicated waveforms [20]), investigations into
the astrophysics of stellar origin black holes, the estimation of the expansion rate of the
universe, and the understanding of the stochastic GW background.

At the very low nHz frequencies, pulsar timing arrays search for remnants from supermassive
black hole mergers. They try to identify slow variations in the arrival times from multiple
pulsar observations in different sky locations due to the influence of GWs with arrays of
radio-telescopes across the Earth. Pulsars are spinning neutron stars that are periodically
emitting radio pulses with very stable timings. Recently, in an article analyzing 15 years
of the NANOGrav pulsar timing array dataset, strong evidence for a stochastic GW
background originating from a population of supermassive black hole binaries has been
successfully identified [21].

2.3 Detecting Gravitational Waves with laser
interferometers

The fundamental principle of GW detection with laser interferometers is identical for all
currently operational ground-based and future space-based observatories. It is depicted in
figure 2.4 with its typical “L” shaped Michelson configuration as used in ground-based



2.3 Detecting Gravitational Waves with laser interferometers

Reference Figure 2.4 Typical simplified Michelson config-
Mirror uration of a GW observatory. The laser light
is split at a Beamsplitter (BS) and propagates

through different arm-lengths due to the effect

of a GW passing through the detector. The
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Laser Beamsplitter < Photodiode (PD) records the interference pat-
tern of the two beams after recombining them
[I at the BS. The detected power is modulated
Rel\flle.rence by the (weak) GW interaction. Many different
Irror

noises make this measurement in reality very
challenging [22].

Photodiode v

facilities. The detector has two arms which allow to measure light travel time differences
(from a coherent laser source) in one arm compared to the other. The time dependent
strain of a GW passing through the detector creates a change in space perpendicular to
the propagation axis. A linearly (“+”) polarized wave orthogonal to the two detector arms
leads to an elongation in one arm while compressing the other arm.

The light beams between the BS and reference mirror points (e.g. TMs) collect more or
less phase, depending on the arm they are propagating in. The interference pattern on the
PD changes due to the time dependent strain of the GW that is passing through the arms,
thus translating the GW wave directly into a detectable change in power. An important
advantage of laser light is the magnification of the travel time difference by the frequency
of the beams, which is typically in the order of THz, making it easier to measure the
resulting phase changes. For this type of equal arm-length configuration, any fluctuations
in the laser beam itself such as frequency noise is highly correlated between the two arms
and subtracts to a large degree upon interference, while the GW signals are differential
(except for a precise 45° propagation or “x”-polarized wave with respect to the arms) and
remain visible.

Not only is this measurement principle very similar for ground and space-based observatories
(except for very unequal arm-lengths in space), but also the fundamental challenges that
restrict their sensitivities are comparable. Both types need to isolate their reference TMs
from stray forces that could mimic real GW signals, and they need to minimize any noises
in the required high-precision displacement readouts that track the separation of the TMs.
However, the precise implementations and technical complications differ. The distinctions
between space and ground-based detectors are mainly due to their environments, and their
arm-lengths.

A typical observatory on Earth is using homodyne detection in an highly upgraded and
stabilized Michelson interferometer. Homodyne detection implies that the laser light in the
two interferometer arms is at the same frequency upon interference, creating a constant
signal on the PDs, that only changes when, for example, a GW passes through. The
arm-lengths are in the order of a few km.
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For space-based interferometers other modes of operation are required. The differential
time measurement in a Michelson-like configuration is precisely timed by the coherent light
itself, which is a practical feature of ground-based detectors. This design is not possible
for space-based interferometers with arm lengths of millions of km due to beam divergence
and the resulting loss of optical power at the distant SC. It requires a transponder scheme
with another laser beam being actively transmitted back, mimicking the reference mirror
reflection. Then, correlating independent measurements needs highly stable time references
due to the timing precision required to compare photon arrival times in the different arms.
Furthermore, space-based interferometers are not in a rigid configuration and subject to
Doppler shifts due to their orbital dynamics, that lead naturally to a time-varying PD
signal, which also contains the GW signals encoded as phase shifts. This measurement
principle, the so called heterodyne interferometry, is presented in detail in chapter 6.

Coincident characteristic detections at multiple interferometers, only delayed due to their
separation by the GW travel time (which is equal to the speed of light), give high confidence
in measuring a true signal. Considering only terrestrial observatories, sky-localization
by triangulation is already improving constantly due to an evolving network of detectors
(LIGO at Livingston and Hanford in the US, Virgo near Pisa in Italy, KAGRA in Japan,
the planned LIGO-India, and GEO600 near Hannover in Germany). With more and more
ground-based detectors becoming available, the prospect of a worldwide detector network
with multi-messenger follow-up observations in the electromagnetic spectrum has already
become reality [23, 24]. The catalog of confirmed mergers is growing steadily, as can be
seen by the 94 observations published to date [14], covering the “O1” — “O3” measurement
campaigns. Currently, the observational period “O4” of the terrestrial LIGO, VIRGO and
KAGRA observatories is running until the end of the year. This already very prolific state
of affairs will only improve with the commissioning of LISA.

In general, laser interferometers have been well-established as the key technology to
measure GWs. The next generation of terrestrial detectors will address technical noise
sources, for example, by lowering thermal noise couplings at the mirror coatings and
suspensions and by including frequency-dependent squeezing to reduce quantum noise, as
has been recently demonstrated [25]. One prime example is the Einstein Telescope (ET),
currently being designed as an underground facility with longer arm-lengths of 10km in a
triangular configuration, incorporating many advanced technologies [26].

The main focus of this thesis is on space interferometry, and the prospects of space-based
GW observatories are detailed in the next chapter.
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Chapter 3

Going to space: Toward the Laser
Interferometer Space Antenna

Ground-based detectors are limited at the high frequencies (hundreds of Hz) by quantum
effects such as shot-noise, while at lower frequencies (around a few Hz) their sensitivity
is dominated by seismic fluctuations, the influence of the local gravity field due to the
environment, thermal noise, and quantum radiation pressure noise.

However, especially at low frequencies from 10~* Hz up to 1 Hz a large number of interesting
GW sources are expected (see figure 2.3), whose detections would allow to investigate
the evolution from the early universe to the formation processes of stars. To improve
sensitivity at these frequencies, the limiting environmental effects are “easily” resolved by
constructing a very large and quiet GW observatory in space. This provides the possibility
to use arms with millions of km which improves the sensitivity for very long wavelengths.
Due to the much longer arms, the interferometric displacement sensitivity required for a
comparable GW strain sensitivity of ground based detectors is relaxed by about a factor
of a million [24].

Many merger events visible in ground-based detectors will be seen much earlier from space
during their inspiral phase until enough kinetic energy has been radiated away and the
orbital frequency reaches a few hundred Hertz. Different observations with space-based
and ground-based detectors, electromagnetic telescopes, and neutrino detections will foster
research through combined multi-messenger astronomy.

While ground-based detectors are largely restricted by noise in their sensitivity and measure
currently up to a few events per week, space-based detectors will likely be dominated
by a large number of resolvable signals, requiring new data analysis methods such as
simultaneous global fits of the whole data set, see [27].

This completely new type of detector is planned to launch in the next decade and has
a long conceptual history. An introduction to LISA and its precursor mission LPF is
presented in the following sections. They also highlight system details relevant for the
subsequent parts of this thesis.

11
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Earth 2.5millionkm

1AU (150 million km)

Figure 3.1 The LISA constellation shown here in an Earth-trailing heliocentric orbit with its
three sensitive arms (left). The three SC follow a cartwheel formation and orbit around the sun
within a year (right). Image modified and not to scale, courtesy of the LISA consortium.

3.1 LISA

Please note that this section has been published in [P]] in collaboration with the co-
authors.

LISA is an ESA led future space mission to be launched in the mid 2030s, that will detect
GWs in the range from 0.1 mHz — 1 Hz, aiming at the observational gap between pulsar
timing arrays, which are targeting very low frequencies, and the ground-based detectors
sensitive toward higher frequencies [19, 28].

As depicted in figure 3.1, the mission consists of a constellation of three identical SC, each
of which follows a heliocentric orbit at similar distance to the Sun as the Earth, such that
the whole constellation forms an almost equilateral triangle either leading or trailing our
planet with an angular separation of (19 to 23)° [24].

Each SC hosts two free-falling TMs, which are shielded inside the SCs from external
disturbances and act as geodesic reference points for the GW detection. Laser beams are
exchanged between the SCs across the 2.5 Gm arms of the constellation (called “links”),
tracking the distance variations between the TMs.

Due to orbital dynamics, the frequencies of the inter-SC lasers will be subject to Doppler
shifts in the MHz band, such that the interferometers will detect heterodyne frequencies
with a bandwidth of about (5 to 25) MHz. Distance fluctuations between the SC and the
TMs housed within them will be encoded as phase fluctuations in these MHz beatnotes,
which the LISA PMs will be able to resolve with u-cycle precision, corresponding to a
design sensitivity of ~ pm/ VvHz in the measurement band.

This ultra precise measurement will enable LISA to simultaneously detect and characterize
tens of thousands of gravitational-wave sources, potentially answering many open questions
in astrophysics, cosmology and fundamental physics, see part I, and [19].

12
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SC3 Figure 3.2 Simplified overview of
the LISA triangular constellation
with the naming conventions as
used here. Delays are denoted D;;;
Moving Optical Sub-Assembly
(MOSA);;; Optical Bench (OB);;;
lasers are called LA;;. Reprint
from [P4, 29, 30].
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In figure 3.2, a schematic of the constellation with the commonly used nomenclature is
shown. The main measurement is the “virtual” TM-to-TM measurement along one LISA
arm. For technical reasons (e.g., beam divergence over millions of kilometers leading
to very weak beam powers, straylight effects and optical design), no direct TM-to-TM
measurements are possible. Therefore, we use the “split-interferometry” setup, in which
three optical measurements are combined to reconstruct the desired quantity: the local
TM-to-local SC measurement, the local SC-to-distant SC measurement, and the distant
SC-to-distant TM measurement.

All components need to be stable within the measurement band during the mission, which
implies that the optics need to be constructed on an ultra-stable OB and tested to not
only withstand the forces acting during launch, but also for the long duration of about
ten years in space and resist any spurious radiation propagating through the SC.

The Amplitude Spectral Density (ASD) requirement for the total single TM-to-TM link
metrology noise is

pm 2mHz *
S}F%glom. 1+< 2 ) (3.1)

Here the square root factor allows for a relaxation towards lower frequencies, where
acceleration noise becomes dominant and testing is difficult [19].

The lasers have an output power of 2W at 1064 nm [19], and are stabilized on a cavity. A
total of six lasers are powering 18 interferometers, and enable the TM-to-TM measurement
by linear combinations. Per SC, there are two MOSAs among other units, each attached
to a laser source (named “LA;;”), see figure 3.3. They host three interferometers:

o one inter-SC interferometer (ISI) containing the GW signals,

13
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Figure 3.3 Schematic of one from adjacent
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distant SC and interferes it [ Telescope
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pended degrees of freedom.

Reprint from [P4, 30].
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o one TM-to-SC interferometer (TMI), used to monitor the reference points in this
split interferometry setup with respect to the local SC, and

o one reference interferometer (RFI), used for laser locking and reduction of common
noise.

Between the two SC of one LISA arm, there are two symmetric laser links. Due to
divergence of the Gaussian output beam, the laser power reduces drastically over the
2.5 Gm propagation distance to a few hundreds pW at the receiving SC; it is then interfered
with a local mW beam. The laser beams will carry additional modulation sidebands used
for clock synchronization, ranging information and data transfer, which further reduce the
available power in the main carrier-to-carrier beat signal to about 81 % [19, 31].

The two adjacent MOSAs exchange their laser light via fiber backlinks as indicated in
figure 3.3. To reduce backscatter, the powers guided into the fibers are also relatively small
(in the order of mW to nW). Thus, the out-coupled beams are interfered with beams a few
orders of magnitude stronger, such that the beam power ratio in any interferometer is far
from unity. Note that, even though the two local interferometers between each MOSA on
a single SC mix the same two laser beams (i.e., measure the same absolute beat frequency),
they have their power ratios inverted due to the fiber transfer. This is relevant for the
local scaling of the RIN to phase couplings, as will be considered later in part IV.

In every interferometer, two beams interfere at a recombination BS. Subsequent PDs
measure their impinging time-varying power. The two output ports of each of these BS
are used to apply balanced detection to the (naturally m-shifted) signals, which allows us
to subtract both ports to reduce noises (like certain RIN components as described later),
while maintaining the signal information (see also parts II and VI).

The phase measurement is performed by dedicated Digital Phase-Locked Loops (DPLLs)
[32, 33], as depicted in figure 3.4. The loops are able to track the time-varying beatnote
over many MHz and measure the phase with p-cycle precision. It resembles a typical
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I/Q-demodulation scheme, but is all performed digitally and uses a control loop on the @
quadrature as an error signal for an Numerically Controlled Oscillator (NCO) to track the
variable incoming signal frequency for the mixing process.

Due to its complexity, a precursor mission, LPF, had to demonstrate the feasibility of
many parts of the system, especially the sufficient free-fall of the TMs [P5, P6], including
the local interferometry inside each SC, which was performing beyond expectations with
approximately 30 fm/+/Hz sensitivity at frequencies where the interferometry was limiting
[P2, P3]. LPF is described in the next section.

Further, the inter-SC interferometry has been partially demonstrated with the GRACE-FO
mission. It had similar characteristics in terms of laser noise, Doppler shifts and envisaged
light powers, but with “only” one laser link of about 200 km, reaching 1 nm/ VHz sensitivity
above 100 mHz [34].

However, LISA presents a number of unique technical challenges. Similar to GRACE-
FO, the raw readout of the inter-satellite interferometers of LISA will be dominated
by laser frequency noise, which does not immediately cancel (as it would in a perfect
Michelson interferometer), due to the time-varying and unequal arms of the constellation.
Contrary to GRACE-FO, LISA will make use of the post processing technique Time-Delay
Interferometry (TDI), in which multiple interferometric readouts are combined with the
appropriate delays to suppress the dominant noise sources, such as laser frequency noise
[35]. TDI and further techniques, together with strict requirements that are placed on the
subsystems and lasers, will ensure that LISA reaches its sensitivity goal.

Different noises propagate through TDI with various transfer functions [36], depending on
their characteristics, such that evaluating the final performance of LISA requires detailed
studies for all performance relevant noise sources. A thorough analysis of the RIN coupling
in LISA is given in part IV.
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At the time of submitting this dissertation, LISA has been successfully adopted by ESA
and is now moving into the industrialization phases, which constitutes a major milestone
for the mission.

3.2 LISA Pathfinder

Please note that this section is using some content from [P2, P3] that was written in
collaboration with the co-authors.

ESA’s LPF mission (launched from Kourou, French Guiana, on December 3, 2015, on
a VEGA rocket, and ended after an extension on July 18, 2017, by telecommand from
ESOC, Darmstadt) was designed to prove that the technology needed for LISA is feasible.
In particular it proved that the TMs could be placed in free fall with sufficiently low
residual acceleration noise [P5, P6].

The mission consisted of a single SC, as shown in figure 3.5. It was operated in a very quiet
and stable Lissajous orbit around the Earth-Sun Lagrange point L1, about 1.5 million km
from the Earth and at a nearly constant separation and orientation with respect to the
Sun. This led to a very stable thermal and mechanical environment, better than what is
possible to achieve on Earth.

It contained two free falling TMs, each inside an electrode housing located in a small
vacuum chamber. The position and orientation of both TMs along several degrees of
freedom was continuously monitored by the OMS, the high precision interferometric
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readout system. The sensitivity analysis of this subsystem is subject of this thesis in
part III, with particular focus on RIN.

In science operations, the SC operated in a “drag-free” state where one TM (TM1 in
figure 3.5) was allowed to freely follow its inertial path and the SC was forced to follow
accordingly. The second “suspended” TM was forced to follow the inertial TM by elec-
trostatic actuation. The SC used the signals from the OMS to sense its own movement
relative to the inertial mass, and used these signals as one set of inputs to the DFACS.
This system controlled 15 degrees of freedom of the relative position and attitude of the
SC and TMs through firing micro-Newton thrusters attached to the SC and acting on the
TMs through electrostatic forces (shown for TM2 in figure 3.5).

LPF’s target was to achieve a differential acceleration noise between its two TMs within a
factor of 10 of the LISA requirement. As figure 3.6 shows, the mission exceeded its goal
and demonstrated even better performance than the level of free fall required for LISA.

The OMS comprised 4 interferometers (their entirety called Optical Bench Interferometer
(OBI)), which were needed in order to achieve the high precision readout: the so-called
Reference-, Frequency-, X1-, and X12-interferometers, see figure 3.7. They allowed to
directly measure six degrees of freedom, namely

o the variations in separation of the two TMs, 12,

e the variation in separation of the first TM to the OB, z1,

e the corresponding pitch ¢19 = ¢2 — ¢1 via DWS,

o and yaw angle 112 = 72 — 11 (which are differential tilts between the TMs),
e as well as ¢, and

o 11 (which are relative tilts of TM1 to the OB).
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Figure 3.7 A rendering of the OBI highlighting the four interferometers (X12, X1, Ref. and
Freq.). The reference beam is blue, the measurement beam red, and combined beams purple.
Also shown are the TMs and their associated coordinate frames. This image is a reprint from
[P3], provided by the LPF collaboration.

Linear combinations of these measurements (performed with Quadrant Photodiodes
(QPDs)) provided the position and orientation of the second TM with respect to the
OB, z2, ¢2 and 72. The “raw” measurements in radian were scaled to TM motion, and
to TM angles using DWS calibration factors from electrical to optical phase of order
5000 rade). /radopt., which were determined on ground (see later in this section).

In the Reference interferometer, both beams were routed entirely within the OB, without
reflection at the TMs. The beams’ optical pathlengths were equal by design so that
the Reference interferometer sensed common mode noise sources that all interferometers
were subject to, such as differential phase changes originating from the optical fibers or
modulators. The Reference interferometer signal (zr) was therefore subtracted from all
other longitudinal interferometer readout signals to obtain clean measurements.

In the Frequency interferometer both beams were again routed entirely within the OB,
however the optical pathlengths were intentionally unequal by (38.2 £0.1) cm [37], which
enhanced the coupling of laser frequency noise. The phase readout signal of this interfer-
ometer had the Reference signal subtracted and was then used in a digital control loop to
stabilize the laser frequency (see [38]).

In the X1-interferometer, the measurement beam (indicated in red in figure 3.7) reflected
from TM1 before recombining with its reference beam (blue beam in figure 3.7) to give 7.
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On-board processing formed

= chf)\s(a)(:cl —n), (3.2)

the displacement between the free falling TM1 and the OB. A is the wavelength of the
laser. The parameter o &~ 4.5° corrects for the angle of incidence on the TMs and the
factor 2 in front of 27 is due to the double path change when a TM moves. Without the

scaling factors, we call the quantities “raw” measurements; namely 0}*V, (and see below)

013". This interferometer readout was dominated by SC motion, since the OB was rigidly

connected to the SC. Similarly, the angular DWS signals 7j*" and ¢}*" were processed
from pairs of top-bottom and left-right quadrant phase differences. The calibration for

DWS is given at the end of this section.

In the X12-interferometer, the measurement beam reflected from both TMs before being
recombined with its reference beam. The on-board computer calculated

012 = — A )(55'12 — ZR), (3.3)

47 cos(a

to get a signal that sensed differential displacement between both TMs (strongly suppressing
any SC motion) and was therefore the main scientific readout signal in LPF. Similarly
formed (as in X1) were differential in-plane and out-of-plane angular readouts ¢}%" and

ni5" from pairs of quadrant combinations.

The OMS measured the TM to TM displacement (012) with a requirement of

m 3mHz !
Sons(f) <9 jﬂ 1+ <f> , (3.4)

over a frequency range of (1 to 30) mHz. This is a relaxation of the sensitivity which
will be required for the LISA Test Mass Interferometer (TMI) by approximately one
order of magnitude (not to be confused with the total LISA single link requirement in
equation (3.1)). The LPF OMS is directly comparable with the TMI, since there a similar
low-noise, multi degree of freedom readout is key to reaching the desired sensitivity.

The requirement for the measurement noise of ¢12, M2, ¢1 and 7; was 20nrad/ VHz x
NSF(f), with the identical NSF(f) = /1 + (3mHz/ f)%, which is the noise shape function
adapted to the expected cross-over between force noise induced TM motion and inter-
ferometric sensing noise. The required measurement band was also (1 to 30) mHz, [39,
40].

The OMS further comprised not only the OBI, but also the Reference Laser Unit (RLU),
the Laser Modulation Unit (LMU), the Laser Control Unit (LCU), the PM, and the Data
Management Unit (DMU) [42-44]. A schematic of the system is shown in figure 3.8.
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Figure 3.8 A functional *
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The OBI consisted of a 20 x 21.2 x 4.5cm OB made of Zerodur (a glass ceramic) onto
which the optical components were hydroxide-catalysis bonded [45]. The OBI was located
between the two vacuum chambers housing the TMs, and it was rigidly connected to the
SC. Onto the OB, all BSs, mirrors and PDs of the laser interferometers were bonded. The
laser light in the OBI was produced in the reference laser unit from a Nd:YAG non-planar
ring oscillator that provided about 35 mW of single-mode light at A = 1064 nm. This light
was fiber coupled into the laser modulator unit, where the beam was split by a 50/50
BS and each beam was then frequency shifted by an acousto-optic modulator by about
80 MHz, such that a relative frequency shift of f; — fo = fhet = 1 kHz was generated to
enable heterodyne interferometry.

From the laser modulator unit, the light was then delivered via optical fibers to the OBI
(indicated by the two green fiber connectors in figure 3.7). On the OB, the beam paths were
split into 4 different interferometers and finally detected by 8 QPDs. About 2.4mW was
reflected off TM1, and 1.2 mW off TM2. The signals were processed by two hot-redundant
PM units, which performed Single-Bin Discrete Fourier Transforms (SBDFTs) [P3, 43] and
passed data at a sampling frequency of 100 Hz to the DMU. Within the PM, the digitized
photocurrents or voltages, U;, were further processed by a Field Programmable Gate
Array (FPGA) that performed the SBDFT. For each segment of Nppr = 500 samples (10
ms and thus 10 cycles at 1kHz), it computed the three quantities

1 Nppr—1

c= U. 3.5

Yb NppT ; ’ (3:5)
9 Nrpr—1

YRe = N ; U; cos(whett;) (3.6)
9 Nrpr—1

Yim = 7 ; U; sin(whett;) (3.7)
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and auxiliary diagnostic quantities (the actual processing was using unsigned integer
arithmetic) [46]. From these, the longitudinal and angular signals were formed by linear
combinations and the resulting phases computed via arctan (yim /yre), followed by a phase-
tracking algorithm to remove phase wraps of 2w. The scaling from raw phase to TM
motion was then applied as described above. An exact processing overview is given in
[41].

The factors determined on-ground for calibrating the raw DWS sensing to TM angles
were

g1 = (—0.202 £ 0.004) x 10~° rad /rad, (3:8)
g2 = (0.209 %+ 0.004) x 10~%rad/rad, (3.9)
g3 = (—0.175 £ 0.006) x 1073 rad/rad, (3.10)
g1 = (—0.189 £ 0.003) x 1073 rad/rad, (3.11)
g5 = (0.188 4 0.007) x 10~%rad/rad, (3.12)
g6 = (—0.193 £ 0.004) x 1073 rad/rad, (3.13)

with the uncertainties originating from the measurements with approximately 2 % errors,
recalculated for the in-flight coefficients. These were applied in the following way:

¢1 = 1™, (3.14)
m = gam™, (3.15)
P2 = g3 + g4y, (3.16)
n2=gsm + gems - (3.17)

The measurements were downsampled to 10 Hz and sent to the on-board computer for use
in the SC and TM control, and telemetered as science output data down to Earth.

Moreover, the power of each beam was sensed by a dedicated power PD. Their signals
were used in an analogue control loop for fast laser amplitude stabilization.
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Chapter 4
Introducing RIN

4.1 Laser noise contributions

While lasers are generally very good at producing coherent light at a central carrier
frequency, they exhibit different kinds of noises, namely phase (or frequency) and intensity
noise, both from technical imperfections and quantum interactions. Since those reduce
the signal-to-noise ratio in interferometric phase measurements, they are ideally mitigated
with sophisticated methods to a level required for GW detection. There are, however,
firm limitations in the possible suppression due to the Heisenberg principle, which states
that the phase and amplitude quadrature of a coherent state of laser light cannot be
measured with arbitrary accuracy. The introduction of squeezing technology has improved
sensitivity for ground-based detectors below the standard quantum limit by redistributing
the uncertainty from one quadrature (quantum shot-noise) to another (quantum radiation
pressure noise) [47]. This method is, however, not possible for space-based detectors
due to their significant optical losses. LISA is operating with classical light. Locally
(without considering frequency noise), it is limited by shot-noise at its Inter-Spacecraft
Interferometer (ISI) arising from the statistical distribution of photons arriving at the
detector (whose resulting phase noise scales inversely with the arriving beam power of a
few hundred pW).

On the one hand, phase or frequency noise directly causes uncertainty in the phase readout.
It is inherently present due to imperfect sinusoidal carriers of single-mode las<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>