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Abstract (English)

Search for a stochastic gravitational-wave background using a global interfer-
ometer network.

Observing the (stochastic) gravitational-wave background ((S)GWB) with Earth-
based interferometric detectors will provide insights into astrophysical and/or cos-
mological processes in the early Universe. To confidently claim a detection in the
future, a profound knowledge of the data quality and potential contamination by
(environmental) noise sources is of utmost importance. In this work a comprehensive
study is presented on a wide variety of potential data quality issues that may arise
in the search for an isotropic GWB, both with current as well as next generation
Earth-based gravitational-wave (GW) interferometric detectors.

To ensure reliable analysis results, non-stationary features as well as spectral artefacts
have to be addressed first. The problematic spectral artefacts during the third
observing run (O3) by the Laser Interferometer Gravitational-wave Observatory
(LIGO) and Virgo were identified and removed from the analyses by applying notches.
Furthermore, improvements to the followed procedures for the fourth observing run
(O4) are presented.
Secondly, one needs to understand the effect of noise sources which are correlated
between the observing detectors. When not properly accounted for, these noise
sources could bias, or in the worst case even prevent, future detections of a GWB in
the Hz to kHz frequency band. Observations of Earth-scale correlations in magnetic
field fluctuations are described between 1Hz and 1kHz. By using measurements of
the coupling strength of magnetic fields to GW detectors, the effect of correlated
magnetic noise on GW searches is predicted. Searches for an isotropic GWB could
become contaminated by correlated magnetic noise when the detectors reach their
design sensitivity in the second half of the 2020 decade. Future projects such as the
Einstein Telescope (ET) and Cosmic Explorer (CE), which are now in their design
phase, should seriously consider the threat of (correlated) magnetic noise. If not
addressed, environmental magnetic noise will dominate the detectors’ sensitivity
below ∼15Hz. The equilateral triangular configuration of three nested GW detectors
of the ET brings certain advantages such as the sky independent null channel, which
is insensitive to GW signals from any direction. This would prove useful for the
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estimation of the detector noise, as the ET will have many overlapping signals at
any given time. Within this context, this work includes a description how to take
the effect of non-identical and correlated noise sources into account in the null
channel framework. However, the triangular detector configuration comes at a cost.
The (nearly) co-located placement of different detectors results in additional noise
sources coupling coherently to multiple detectors. This could have a detrimental
impact on the ET’s capabilities in observing a GWB. The possibility of correlated
seismic and Newtonian noise is investigated and shown to be problematic. More
specifically, correlated Newtonian noise from seismic body waves has the potential
to overwhelm a GWB signal up to ∼40Hz by many orders of magnitude. Expected
levels of noise subtraction will be inadequate to properly deal with this correlated
noise source for GWB searches.
Finally, this work presents the construction of a false alarm probability to differentiate
between a correlated noise signal and a GWB signal relying on GW-geodesy. This
framework will be useful to validate and build confidence in future detections of a
Hz-kHz GWB.

In addition to the pursuit of a more profound understanding of the Universe through
the observation of GWs, this work also pays attention to the mental well-being of the
scientists pursuing this scientific endeavour. The results of the first survey focusing
on large, international collaborations in the field of GW and high energy astrophysics
are discussed.

Keywords: stochastic gravitational wave background, correlated noise, gravitational
waves, interferometric detector, magnetic noise, seismic noise, Newtonian noise
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Samenvatting (Nederlands)

Onderzoek naar een stochastische achtergrond van gravitatiegolven, gebruik-
makende van een wereldwijd interferometer netwerk.

De observatie van een (stochastische) achtergrond van zwaartekrachtgolven ((S)AZG)
met interferometrische detectoren op Aarde zal ons inzicht geven in astrofysische
en kosmologische processen in het jonge Universum. Een diepgaande kennis van
de datakwaliteit en potentiële ruisbronnen is vereist om vertrouwen te hebben
in toekomstige observaties. Dit werk presenteert een uitgebreide studie van een
grote verscheidenheid aan problemen met datakwaliteit voor de analyse van een
isotrope AZG met zowel de huidige als ook de volgende generatie interferometrische
zwaartekrachtgolf (ZG) detectoren op Aarde.

Om betrouwbare resultaten te garanderen, moeten eerst niet-stationaire data en
spectrale artefacten aangepakt worden. De problematische spectrale artefacten
tijdens de derde observatie periode (O3) van de ‘Laser Interferometer Gravitational-
wave Observatory’ (LIGO) en Virgo werden geïdentificeerd en verwijderd uit de
analyse. Verder werden verbeteringen aan de te volgen procedures voor de vierde
observatie periode (O4) gepresenteerd.
Nadien moet het effect van gecorreleerde ruis op de detectoren begrepen worden.
Indien dit niet goed in rekening wordt gebracht, kunnen deze ruisbronnen een
afwijking introduceren in toekomstige analyses, of in het slechtste geval zelfs een
detectie van een AZG in de Hz tot kHz frequentieband verhinderen. Correlaties in
magnetische veld-fluctuaties over afstanden van duizenden kilometers worden in
dit werk beschreven tussen 1Hz en 1kHz. Door gebruik te maken van metingen
van de koppelingssterkte van magnetische velden naar de ZG detectoren worden
er voorspellingen gemaakt van het effect van gecorreleerde magnetische ruis op
de zoektocht naar ZG signalen. De analyse voor een isotrope AZG kan aangetast
worden wanneer de detectoren hun geplande sensitiviteit bereiken in de tweede
helft van het 2020 decennium. Volgende generatie detectoren zoals de ‘Einstein
Telescope’ (ET) en ‘Cosmic Explorer’ (CE), die momenteel in hun ontwerpfase zijn,
moeten de dreiging van (gecorreleerde) magnetische ruis ernstig nemen. Indien
dit niet aangepakt wordt, dan zal environmentele magnetische ruis de sensitiviteit
van de detectoren domineren onder ∼15Hz. De gelijkzijdige driehoeksconfiguratie
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van de ET, bestaande uit drie in elkaar passende detectoren, heeft enkele voordelen
zoals een nul kanaal dat ongevoelig is voor ZGen vanuit eender welke richting. Dit
kan gebruikt worden om ET’s detector ruis af te schatten aangezien dit niet triviaal
zal zijn door de vele overlappende signalen op elk gegeven moment. Dit werk
introduceert een beschrijving om niet-identieke en gecorreleerde ruis in rekening
te brengen in de context van het nul kanaal. De driehoeksconfiguratie komt echter
ook met een nadeel. De gecolokaliseerde plaatsing van de detectoren zorgt dat
ruis op een coherente wijze kan koppelen aan de verschillende detectoren. Dit
kan een schadelijke impact hebben op ETs vermogen om een AZG te observeren.
De mogelijkheid van gecoreleerde seismische en Newtoniaanse ruis is bestudeerd
en problematisch bevonden. In het bijzonder Newtoniaanse ruis van seismische
ruimtegolven heeft het potentieel om een AZG signaal tot ∼40Hz met verschillende
grootteordes te bedelven. De verwachtte niveaus van ruisonderdrukking zijn on-
toereikend om effectief af te rekenen met het effect van gecorreleerde ruis op de
analyse voor een AZG.
Tenslotte, presenteert dit werk de constructie van een valse alarm waarschijnlijkheid
om te differentiëren tussen een signaal van gecorreleerde ruis en een AZG signaal,
gebaseerd op ZG geodesie. Deze methode zal nuttig zijn om toekomstige detecties
van een Hz-kHz AZG te valideren.

Naast het streven naar een dieper begrip van het Universum door observatie van
ZGen, besteedt dit werk ook aandacht aan het mentale welzijn van de weten-
schappers. De resultaten van de eerste vragenlijst gericht op grote, internationale
samenwerkingen in het vakgebied van ZGen en hoge energie astrofysica worden
besproken.

Kernbegrippen: stochastische achtergrond van zwaartekrachtgolven, gecoreleerde ruis,
zwaartekrachtgolven, interferometrische detector, magnetische ruis, seismische ruis,
Newtoniaanse ruis
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Résumé (Français)

Recherche d’un fond stochastique d’ondes gravitationnelles à l’aide d’un réseau
d’interféromètres mondial.

L’observation du fond (stochastique) d’ondes gravitationnelles (F(S)OG) avec des
détecteurs interférométriques terrestres fournira des informations sur les proces-
sus astrophysiques et/ou cosmologiques de l’Univers primordial. Il est essentiel
d’acquérir une connaissance approfondie de la qualité des données et de la présence
de bruits environnementaux pour pouvoir aborder les futures détections avec confi-
ance. Dans ce travail, une étude complète est présentée sur une grande variété de
problèmes potentiels de qualité des données pour la recherche d’un FOG isotrope,
spécifiquement pour des détecteurs interférométriques terrestres.

Pour garantir des résultats d’analyse fiables, les caractéristiques non-stationnaires
ainsi que les artefacts spectraux doivent être traités. Pendant la troisième période
d’observation (O3) du ‘Laser Interferometer Gravitational-wave Observatory’ (LIGO)
et de Virgo, des artefacts spectraux problématiques ont été détectés. Ils ont été iden-
tifiés et éliminés des analyses. De plus, des améliorations apportées aux procédures
pour la quatrième campagne d’observation (O4) sont présentées.
Dans un second temps, il est nécessaire de comprendre l’effet des sources de bruit
corrélé entre les détecteurs. Lorsqu’elles ne sont pas correctement prises en compte,
ces sources de bruit peuvent biaiser ou même empêcher les détections futures d’un
FOG dans la bande de fréquences de 1Hz à 1 kHz. Les observations de corrélations
de fluctuations du champ magnétique sont comprises. En utilisant des mesures
de couplage des champs magnétiques aux détecteurs, l’effet du bruit magnétique
corrélé sur les analyses d’ondes gravitationnelles (OG) est prédit. Les analyses
d’un FOG isotrope pourraient être contaminées par un bruit magnétique corrélé
lorsque les détecteurs atteindront leur sensibilité finale dans la seconde moitié de la
décennie 2020. Les projets tels que ‘Einstein Telescope’ (ET) et ‘Cosmic Explorer’
(CE), qui sont maintenant dans leur phase de conception, devraient sérieusement
tenir compte de la menace du bruit magnétique (corrélé). S’il n’est pas traité, le
bruit magnétique environnemental dominera la sensibilité des détecteurs en dessous
de ∼15Hz. La configuration triangulaire équilatérale de trois détecteurs imbriqués
d’ET apporte certains avantages tels que le canal nul. Ce canal est insensible aux
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signaux d’OG de n’importe quelle direction. En effet, ceci serait utile pour estimer
le bruit du détecteur, car ET recevra de nombreux signaux se chevauchant. Cette
étude comporte une description pour tenir compte de l’effet des sources de bruit non
identiques et corrélées dans le contexte du canal nul. Cependant, la configuration
triangulaire du détecteur a aussi des désavantages. Le placement colocalisé de
différents détecteurs permet à des sources de bruit supplémentaires de se coupler
de manière cohérente à plusieurs détecteurs. Cela pourrait avoir un impact négatif
sur les capacités d’ET à observer un FOG. La possibilité de bruit sismique et de bruit
Newtonien corrélés est étudiée et démontrée comme étant problématique. Plus
précisément, le bruit Newtonien corrélé des ondes sismiques de volume a le potentiel
de submerger un signal FOG jusqu’à ∼40Hz. Les niveaux de soustraction de bruit
attendus seront inadéquats pour traiter correctement cette source de bruit corrélée
pour les recherches d’un FOG.
Enfin, ce travail présente la construction d’une probabilité de fausse alarme pour
différencier un signal de bruit corrélé d’un signal FOG reposant sur la géodésie d’OG.
Ce cadre sera utile pour valider et renforcer la confiance dans les futures détections
d’un FOG entre 1 Hz et 1 kHz.

En plus de la poursuite d’une compréhension plus profonde de l’Univers à travers
l’observation des OG, ce travail comporte également une étude portant sur le bien-
être mental des chercheurs. Les résultats de la première enquête sur les grandes
collaborations internationales dans le domaine de l’astrophysique des OG et des
hautes énergies sont abordés.

Mots clés: fond stochastique d’ondes gravitationnelles, bruit corrélé, ondes gravita-
tionnelles, détecteur interférométrique, bruit magnétique, bruit sismique, bruit New-
tonien
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GWB: Gravitational wave background, sometimes also referred to as stochas-
tic GWB
GW: Gravitational wave
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MPTA: MeerTime Pulsar Timing Array
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NN: Newtonian noise
NP: Noise projection
NSBH: Neutron star - black hole (coalescence event)
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ORF: Overlap reduction function
OTI: Outside-to-inside (magnetic coupling function)
PHQ-9: Patient Health Questionaire 9 item (question set probing depressive
symptoms)
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Introduction

After centuries of carefully performed experiments and groundbreaking theories
validating and constructively building upon each other, physicists obtained a compre-
hensive understanding of the Universe. With quantum physics, the Standard Model
of elementary particles and general relativity, we are able to describe phenomena
from the smallest to the largest scales. So, does this mean there are no exciting
discoveries left? The profound knowledge of the Universe pertains to only a tiny
fraction of the entire Universe, i.e. barely 5%. This is all the matter we know
around us, the planets, the stars, ... However, the Universe also contains about
25% of matter we cannot see, called dark matter, and an unknown form of energy
driving the acceleration of the Universe, called dark energy. Even our knowledge
of the 5% of the Universe is not perfect. Until today physicist have been unable to
reconcile general relativity with quantum mechanics and the Standard Model. With
the succession of more precise instruments testing these theories on the largest and
smallest scales, we hope to find cracks in the current theories, which will provide us
hints for a more fundamental, unified, theory.

In this dissertation I will use gravitational waves (GWs) as a probe of the Universe.
More specifically, I searched for a (stochastic) gravitational wave background (GWB).
What could be considered as one of the holy grails, is a GWB from fractions of
seconds (on the order of 10−36 to 10−32 seconds) after the Big Bang. It would not
only help us reveal the birth of the Universe, but also allow us to probe earlier
in time then ever before. The oldest signal we have observed until today is the
cosmic microwave background (CMB) coming from an era of 380.000 years after
the Big Bang. The CMB originates from the time when light (photons) and matter
decoupled, yielding us the oldest snapshot from the Universe accessible with light.
Even though the CMB contributes only about 0,005% to the total energy density of
the Universe, it revolutionized our knowledge of the early Universe. Penzias and
Wilson were awarded a Nobel Prize for their discovery of the CMB.

Apart from a cosmological GWB which could give us profound insights in the early
Universe, also a GWB from astrophysical origin is expected. This astrophysical GWB
is composed of the incoherent superposition of numerous GW sources e.g. the merger
of compact stellar objects such as black holes. Currently different experiments are
probing the GWB at levels of 0,0000001% (i.e. 10−9) of the density of the Universe.
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That is, one part in one billion. However, do not be fooled. Even though the GWB
carries a tiny fraction of the energy of the Universe it could give us critical insights
to better understand our Universe, just as was the case for the CMB. Whereas the
cosmological GWB will shed light on the birth of the Universe, the astrophysical
GWB will elucidate stellar evolution. Maybe even more interesting, it could clarify
whether a large population of (primordial) black holes contributes (in part) to the
25% of dark matter in the Universe. Furthermore, general relatively can be tested
on an entirely different scale than ever before, allowing us to look for those cracks
in the theory, hinting towards new physics.

After the first direct observation of gravitational waves in 2015, the field of GW
physics has rapidly gained an impressive list of achievements including the recent
announcement of strong evidence for a GWB in the nHz frequency band. Despite
these spectacular accomplishments, the field of GW physics could be considered
in its ‘infancy’. Think of Galileo Galilei looking at stars in the 17th century with
the first telescopes and the plethora of discoveries and observations made in the
last centuries. Exciting times are ahead of us while exploring the universe through
gravitational waves.

In Part I of this thesis I will introduce the different concepts which will be needed
to understand the work I have performed. In Part II, I will describe the work
I have performed during my PhD while searching for a GWB in the Hz to kHz
frequency band. Chapter 6 describes the data quality validations I have performed
and which were a critical part of the search for a GWB with data from the third
observing run by LIGO and Virgo. In Chapters 7 and 8, the observation of correlated
magnetic field fluctuations over Earth-scale distances are discussed as well as their
impact on Earth-based GW detectors. This includes the work I performed indicating
that next generation of Earth-based detectors such as the Einstein Telescope and
Cosmic Explorer should have drastically lower coupling of magnetic fields to their
instruments compared to present-day instruments. Otherwise these next generation
detectors will not achieve their low frequency design sensitivity. In Chapter 9
we observe correlations in observed seismic velocities over distances of several
hundreds of meters. In this chapter, I show how these correlations could have
detrimental effects on the Einstein Telescope’s capabilities for observing a GWB.
Previously this source of correlated noise was not considered, but it is relevant for the
Einstein Telescope given its equilateral triangular configuration of three co-located
GW detectors. Chapter 10 focuses on a method enabling us to make statistical
statements whether a future observation is likely to be of GW or correlated noise
origin. Finally, Chapter 11 describes how the null channel will not only be a powerful
tool for the estimation of the detector noise of a triangular configuration of GW
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detectors, but also how the null channel can provide insights in correlations in noise
sources between the detectors. All key conclusions from my work are summarized
in Chapter 12. Moreover, I also provide my personal insights on possible future
research.

Make sure to stick around till the end as in the appendix the researchers become
the researched. I describe a mental well-being survey I conducted in the field of GW
astronomy and discuss the results of the first edition which took place in 2021.

I hope you have as much fun reading as I did researching these different topics.
Enjoy!
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Part I





This thesis focuses on the search for an isotropic gravitational-wave background and
the data quality for these searches with Earth-based interferometric detectors. The
first part of this thesis introduces the different concepts to understand the work, i.e.:
What are gravitational waves? How can one try to measure them directly? How does
an interferometric gravitational-wave detector work? What is a gravitational-wave
background? What are the most important noise sources that can bias or impede
the search for a gravitational-wave background?

These questions will be answered in the next five chapters, to build the framework
for my work as described in Part II and understand how it fits into the scientific
landscape.

Chapter 1

In this first chapter we start by introducing Albert Einstein’s theory of general
relativity and how gravitational waves are predicted by this theory. We discuss the
propagation of gravitational waves, their generation and how they interact with test
masses.

Chapter 2

A short introduction is given of the different detector types one can use to directly
observe gravitational waves. Afterwards a more detailed description of Earth-based
interferometric gravitational-wave detectors is given, since they form the focus of
this work.

This chapter contains content which is based on a review paper written in collaboration
with N. van Remortel and K. Turbang published in [356].

Chapter 3

This chapter discusses the possible gravitational-wave sources across the frequency
spectrum, both for individually resolvable signals as for the gravitational-wave
background. We end the chapter with a short history of attempts to measure these
gravitational waves and discuss the first direct observation of gravitational waves in
2015 by the LIGO and Virgo collaborations.

Chapter 4

We introduce the gravitational-wave background, a weak background of gravitational
waves made up out of the superposition of a large number of individual sources. The
(an)isotropy of the gravitational-wave background is discussed as well as analysis
methods currently used and under development for Earth-based interferometric
detectors.
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Chapter 5

In this chapter we discuss the main categories of noise sources that can affect
the search for a gravitational-wave background. The discussion in this chapter is
relatively limited and focuses on the general concepts. More detailed discussions
and discriptions will be given in Part II of this thesis since the study of these noise
sources forms a substantial part of my work.

The content of this chapter is partially based on Sec. 5.1 of a review paper written in
collaboration with N. van Remortel and K. Turbang [356].
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General relativity and
gravitational waves

1

„Gravitational waves will bring us exquisitely
accurate maps of black holes - maps of their
spacetime. Those maps will make it crystal clear
whether or not what we’re dealing with are black
holes as described by general relativity.

— Kip Thorne

In this chapter we will briefly describe how Albert Einstein’s theory of general
relativity (GR) [154–157] can describe gravitational waves (GW). We start by
introducing gravity as spacetime curvature (Sec. 1.1). Afterwards we will discuss
the so-called linearized theory of GR (Sec. 1.2). In Sec. 1.3-1.6 will discuss the
propagation and creation of GWs in the linearized theory of Einstein’s GR.

The mathematical component of this chapter is inspired on the derivations explained
in the works by M. Maggiore [254] and S. Carroll [112]. The interested reader
can turn to these works for a more detailed discussion of the topics which will be
summarized in this chapter.

1.1 Gravity as spacetime curvature

The principal idea of Einstein’s GR is that gravity is a part of the spacetime itself,
in contrast to other forces which can be represented by fields on this spacetime
[112]. Within GR, gravity can be understood as an effect from the curvature of
spacetime. At its basis, a spacetime is defined by its metric gµν , which is a symetric
two dimensional tensor (i.e. a matrix). The metric of flat spacetime (often also
known as Minkowski space) is traditionally referred to by its own notation ηµν .
We will use the convention ηµν = diag(−1, +1, +1, +1). Furthermore we use the
convention where Greek indices such as µ, ν,... run over 0,...,3. The zeroth index is
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the time index and to refer to the spatial indices only, i.e. 1,2,3 Latin indices such as
i,j,... are used.

The Riemann (curvature) tensor is given by

Rρ
σµν = ∂µΓρ

νσ − ∂νΓρ
µσ + Γρ

µλΓλ
νσ − Γρ

νλΓλ
µσ, (1.1)

where Γρ
µν , also known as the ‘Christoffel symbol’, is related to the spacetime metric

as follows,
Γρ

µν = 1
2gρσ(∂µgνσ + ∂νgσµ − ∂σgµν). (1.2)

The Riemann tensor gives us information on the curvature of the spacetime and
only vanishes in the case of a flat spacetime. From the Riemann tensor one can also
construct the Ricci tensor (Rµν) by making a contraction as follows

Rµν = Rλ
µλν . (1.3)

The trace of the Ricci tensor is the Ricci (curvature) scalar,

R = Rµ
µ = gµνRµν . (1.4)

Now that we can describe curvature, we still have to define the energy-momentum
tensor T µν . This tensor can be conceived as describing the flux of four-momentum pµ

across a surface of constant xν . The T 00 component can be understood as the energy
density, since it represents the energy flux (p0) moving along the time (x0) direction.
Similarly, the momentum density is given by the terms T 0i = T i0. The remaining
(spatial) T ij components describe the forces between neighboring infinitesimal
elements and are often referred to as the ‘stress’. The diagonal and off-diagonal
components represent respectively the pressure and shear terms.

With all these definitions and nomenclature at hand we are ready to understand the
Einstein equations. These equations are one of the central outcomes of Einstein’s
GR and they describe how the spacetime metric responds to energy and momentum
and vice-versa. The Einstein equations are given by,

Rµν − 1
2gµνR = 8πTµνG, (1.5)

where G is Newton’s gravitational constant. Note, here we have implicitly assumed
the speed of light to be c = 1. The Einstein equations describe how the curvature
of spacetime changes in the presence of energy and momentum. Note that large
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amounts of mass and or energy are needed to make a noticeable impact on the
spacetime curvature due to the smallness of G, i.e. G ≈ 6.67 · 10−11m3 kg−1 s−2

1.2 Linearized theory

The most straightforward approach to understand how GWs appear in GR is the
so-called ‘linearized theory’, where the Einstein equations are expanded around the
metric of flat spacetime. To this extent we can write

gµν = ηµν + hµν , (1.6)

where we require hµν to be small, i.e. |hµν | ≪ 1. Here we imply that we can choose
a reference frame such that this holds on a large enough region of space. However
by choosing a reference frame we break the invariance of GR under all coordinate
transformations xµ → x′µ(x), where x′µ is a smooth function of xµ, i.e. invertable,
differentiable and with a differentiable inverse. This symmetry is referred to as GRs
‘gauge symmetry’. Even though this symmetry is broken by choosing a reference
frame in which Eq. 1.6 is valid, a residual gauge symmetry remains

xµ → x′µ(x) = xµ + ξµ(x), (1.7)

with the derivatives |∂µξν | being small at the same order as |hµν |. The change of the
spacetime metric under a general coordinate transformation xµ → x′µ(x) is given by

gµν(x) → g′
µν(x′) = ∂xρ

∂x′µ
∂xσ

∂x′ν gρσ(x). (1.8)

Therefore the metric perturbation under the remaining gauge symmetry as intro-
duced in Eq. 1.7, becomes

hµν(x) → h′
µν(x′) = hµν(x) − (∂µξν + ∂νξµ). (1.9)

By merit of requiring |∂µξν | being small at the same order as |hµν |, |hµν | ≪ 1 is
preserved and the transformations defined by Eq. 1.7 are symmetries of linearized
GR. Linearized GR is furthermore invariant under Lorentz transformations as well as
under constant translations. Neither will be discussed here in more detail and we
refer the interested reader to [254].

1.2 Linearized theory 11



By combining Eq. 1.6 together with Eq. 1.1 and Eq. 1.2, one can show that up to
first order in hµν the Riemann tensor becomes

Rµνρσ = 1
2(∂ν∂ρhµσ + ∂µ∂σhνρ − ∂µ∂ρhνσ − ∂ν∂σhµρ). (1.10)

To write the linearized version of the Einstein equations we will introduce h, the
trace of the small metric perturbation hµν , as well as the trace-reversed metric
perturbation h̄µν . By using the convention to raise and lower indices in linearized
theory by the flat metric ηµν the trace and h̄µν are respectively given by

h = ηµνhµν (1.11)

and
h̄µν = hµν − 1

2ηµνh. (1.12)

Given that h̄ = −h, the inverted equation yields

hµν = h̄µν − 1
2ηµν h̄. (1.13)

By substituting Eq. 1.13 in Eq. 1.10 and subsequently computing the Ricci tensor
and Ricci scalar the linearized Einstein equations are found:

□h̄µν + ηµν∂ρ∂σh̄ρσ − ∂ρ∂ν h̄µρ − ∂ρ∂µh̄νρ = −16πG

c4 Tµν (1.14)

Here we have introduced the d’Alembertian which is given by the d’Alembertian
of flat space in linearized GR: □ = ηµν∂µ∂ν . Given the definition of the partial
derivative ∂µ = ∂

∂xµ = (1/c · ∂t, ∂i), this also reduces to □ = −(1/c2)∂2
t + ∇2.

Furthermore, we can use the remaining gauge freedom to choose

∂ν h̄µν = 0. (1.15)

This gauge is often also known as the Lorentz gauge. For a derivation why this gauge
satisfies Eq. 1.7 we refer the interested reader to [254]. In this gauge the linearized
Einstein equations simplify to a simple wave equation

□h̄µν = −16πG

c4 Tµν . (1.16)

Note that the conservation of energy-momentum (∂νTµν = 0) is implied by consis-
tency among Eq. 1.15 and Eq. 1.16.
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1.3 Gravitational waves in the transverse-traceless
gauge

To study how gravitational waves propagate we are interested in the Einstein
equations outside the source, i.e. where Tµν = 0,

□h̄µν = 0. (1.17)

With the definition of the d’Alembertian (see previous section) this implies GW travel
at the speed of light in GR.

The Lorentz gauge introduced in Eq. 1.15 does not fix the gauge freedom entirely.
More specifically four degrees of freedom are left and an additional coordinate
transformation xµ → xµ + ξµ is allowed if

□ξµ = 0. (1.18)

ξ0 can be chosen such that the trace of h̄=0=h. This in turn implies hµν = h̄µν .
The remaining three degrees of freedom can be chosen to have vanishing terms
h0i(x) = 0. This is called the transverse-traceless gauge often also abbreviated by
TT. This implies the µ = 0 Lorentz condition (Eq. 1.15) yields

∂0h00 + ∂ih0i = 0

⇓ h0i = 0

∂0h00 = 0.

(1.19)

Since we are interested in the GW, which is the time varying part of the metric,
Eq. 1.19 implies h00 = 0. The remaining condition from the Lorentz gauge reads
∂jhij = 0.

The solution to the Einstein equations become

hT T
ij (t, z) =


h+ h× 0
h× −h+ 0
0 0 0


ij

cos[w(t − z/c)], (1.20)

where we have assumed the plane wave traveling along the z-axis. h+ and h× are
the amplitudes of respectively the ‘plus’ and ‘cross’ polarisation.
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1.4 Observer frame and geodesic equation

In general relativity a specific gauge choice can be interpreted as being linked to a
specific observer and their own reference frame. The frame linked to the TT gauge is
called the TT frame. The frame naturally linked to the detector is called the detector
proper frame [254]. To understand what it means to choose a certain frame we will
introduce the geodesic equation as well as the geodesic deviation equation. For a
derivation and more detailed discussion we refer to interested reader to [112, 254].
The geodesic equation is given by,

d2xµ

dτ2 + Γµ
νρ(x)dxν

dτ

dxρ

dτ
= 0, (1.21)

where τ is the proper time. The geodesic equation describes how test masses move
in a curved spacetime described by the metric gµν .

To understand the deviation of the geodesic one can parametrize two nearby
geodesics by respectively xµ(τ) and xµ(τ) + ξµ(τ). If one chooses |ξµ| to be much
smaller than the typical variations of the gravitational field, one can show the
geodesic deviation equation is given by [112],

D2ξµ

Dτ2 = −Rµ
νρσξρ dxν

dτ

dxσ

dτ
. (1.22)

Here Dξµ/Dτ is the covariant derivative defined as

Dξµ

Dτ
≡ dξµ

dτ
+ Γµ

νρξν dxρ

dτ
. (1.23)

The geodesic deviation equation illustrate how nearby time-like geodesics are af-
fected by curved spacetime as determined by the Riemann tensor.

1.5 Interaction of gravitational waves with test masses

1.5.1 Transverse-traceless frame

Even though the proper detector frame is the most natural frame to study the effect
of a passing GW on a test mass, it is interesting to see its effect in the TT frame. In
this work we restrict ourselves to a qualitative description and for more detailed
derivation we refer the reader to [254].
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Particles which are at rest in the TT frame before the arrival of a GW remain at rest
afterwards as well (to linear order in h). This is true since the coordinates of the
TT frame adapt themselves to the passing GW such that the positions of the test
masses remain identical. This seems to suggest that there is no effect at all on a test
mass due to the passing GW in the TT frame. However the physical effect is not
described by the coordinate distance/time but rather by the proper distance/time. If
we consider a GW traveling along the z-axis and two test masses given by (t,x1,0,0)
and (t,x2,0,0), with x2 − x1 = L, the proper distance is given by

s ≃ L

[
1 + 1

2h+ cos(ωt)
]

. (1.24)

Please note that here we have only kept terms up to linear order in h+. The effect of
the passing GW is an effect on the distance given by

∆L = 1
2h+ cos(ωt)L. (1.25)

This equation yields several insights into how we can try to observe GWs by observing
their effect on test masses. First we notice that to measure the effect from the GW,
h+ cos(ωt), we should try to measure the induced length difference ∆L. Second,
since ∆L is proportional to the length scale L of e.g. the detector, this will play an
important role in increasing the detectors sensitivity. Possible detector designs and
how they try to observe ∆L/L, also known as the GW strain, will be discussed in
Chapter 2.

1.5.2 Proper detector frame

When describing the proper distance in the proper detector frame one should
distinguish between a space-based and an Earth-based detector. Consider a test
mass on board of a drag-free satellite, the test mass is free falling in the gravitational
field of both the Earth as well as the GW. An Earth-based detector on the other hand
experiences an acceleration due to Earth’s gravity. This leads to multiple effects
such as Newtonian gravity and Coriolis forces, with which the GWs need to compete
[254]. However one can choose a regime in which these additional terms are small
and an Earth-based detector can be considered to have free falling test masses. A
first condition is that the GWs have larger frequencies compared to the frequencies
of the other effects. Given the natural frequencies of Newtonian noises on the
Earth, this implies that the frequencies of the GWs have to be above several Hz. At
lower frequencies other effects will be dominant. A suspensions system is needed to
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mitigate the acceleration introduced by Earth’s gravity and therefore the test mass
can only be considered to be freely falling in the remaining degrees of freedom, not
restricted by the suspensions. With these assumptions for Earth-based detectors one
can write the geodesic deviation equation as follows [254]

ξ̈i = 1
2 ḧT T

ij ξj . (1.26)

Here we have used a dot to indicate a time derivative, i.e. ḟ(t) = ∂tf = c∂0f , where
the last equality holds based on the definition of ∂µ introduced in Sec. 1.2. Eq. 1.26
shows that the effect from a GW in the proper detector frame on a freely falling
pointlike test mass with mass m is a Newtonian force given by

Fi = m

2 ḧT T
ij ξj (1.27)

In Eq. 1.26 and Eq. 1.27 the GW contribution from the TT gauge appears, even
though we are in the proper detector frame. This is since the Riemann tensor is
invariant and therefore can be computed in any frame, thus also the TT frame.

In the derivations leading to Eq. 1.26 the Christoffel symbols are calculated to linear
order in ξµ. To satisfy this condition it implies the characteristic length-scale of
the detector L is much smaller than the length-scale of the GWs, i.e. the reduced
wavelength λ̄. This condition is met for bar detectors and to first approximation for
Earth-based interferometric detectors. For space based interferometric detectors and
spacecraft Doppler tracking the condition is not met and additional terms have to be
taken into account. The different detector types will be introduced in more detail in
Chapter 2.

To understand the effect of a passing GW on spacetime, we consider a ring of test
masses and take the origin of the coordinate system in the center of the ring. This
implies the distance from the origin is described by ξi. We assume the ring of test
masses to lie within the x-y plane and the GW to travel along the ẑ-direction. This
choice is supported by the fact that the effect described in Eq. 1.26 depends on
the GW in the TT frame. Therefore the physical effect of a GW traveling along the
ẑ-direction is fully in its transverse plane, i.e. the x-y plane. By using the definition
of hT T (Eq. 1.20) one can show the effect from the GW on the ring of test masses is
as shown in Fig. 1.1.
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Fig. 1.1.: The effect of a gravitational wave traveling along the ẑ-direction on a ring of test
masses in the x-y plane.

1.6 Generation of gravitational waves in linearized
general relativity

If we want to consider the generation of GWs in linearized GR, this implies we
assume the spacetime to be sufficiently flat. In realistic sources of GWs this is
not the case, however some insights can be gained from linearized GR which also
hold in a more complete theory taking into account the effects of the curvature of
the spacetime. Furthermore we will assume the velocity v of the source is small
enough with respect to the speed of light c such that an expansion in terms of v/c is
possible.

To perform the calculation of the generation of GW in linearized GR one needs to
start from the linearized version of the Einstein equations, as given in Eq. 1.16. In
Sec. 1.3 we looked at the propagation of GWs by putting the energy momentum
tensor Tµν to zero since we were interested in the solution outside the source.
However to study the production of GWs one is interested in exactly the case where
Tµν is non-zero. In this work we will only summarize some of the most important
insights and refer the interested reader to [254] for a derivation and more detailed
description of the calculations. By working in the TT gauge one looks for hT T

ij when
solving Eq. 1.16. It is found that the lowest multipole contributing to hT T

ij are
time derivatives of the mass quadruple, where both the monopole and dipole terms
vanish. In linearized theory the monopole and dipole, respectively depend on the
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energy density moment M and the momentum density moment P i. The energy and
momentum density moments are respectively given by

M = 1
c2

∫
d3x T 00(t, x̂),

P i = 1
c

∫
d3x T 0i(t, x̂).

(1.28)

However static sources do not produce GWs and hT T
ij depends on the time derivatives

of these quantities. In linearized theory both M and P are conserved and therefore
no monopole or dipole contributions are present. Even though this is no longer true
more generally, the monopole and dipole terms still vanish. For the derivation and
discussion of this we refer the interested reader to [112, 254].

The quadrupole moment is defined as

Qij =
∫

d3xρ(t, x̂)
(

xixj − 1
3r2δij

)
, (1.29)

where ρ(t, x̂) is the mass density and r = |x̂|. The radiated power or GW luminosity
is given by

Lquadrupole = G

5c5 ⟨
...
Q ij

...
Q ij⟩. (1.30)

We want to point out that the quadrupole moment has to be evaluated at the so called
‘retarded time’. This is the time when the gravitational waves were emitted at the
source. Eq. 1.30 and the definition of the quadropole moment in Eq. 1.29 teach us
that the GW luminosity is only non-zero for time-varying, asymmetric mass densities.
In next section we will give several examples of sources that produce gravitational
waves and divide them in four categories based on their signal characteristics.
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Gravitational-wave detectors 2
„The most exciting science requires the most

complex instruments.

— Barry Barish

There are several detection methods one can utilize to directly measure gravitational
waves. In Sec. 2.1 we provide a short overview of the different methodologies. My
PhD focuses on ground based gravitational-wave interferometric detectors, which
will be discussed in more detail in Sec. 2.2.

2.1 Overview of different detection methods

A first method to observe GWs is to use resonant objects, as it was first conceived
by Weber [362]. A massive object will be set into resonance upon the passage of
a gravitational wave with a frequency equal to the natural frequency of the object.
Human-made resonant mass detectors are typically sensitive to GWs in the kHz
frequency band [306]. Planetary objects however, such as the Earth or the Moon are
sensitive to GWs with frequencies between ∼ mHz-Hz [131, 193] (see Sec. 2.1.1).

Alternatively one can rely on electromagnetic radiation traveling between free falling
test masses to study the distortion of spacetime caused by GWs. Namely, the beam
of electromagnetic radiation can be used to study how the distance between the test
masses changes when a GW passes by. Thus far, this has been the most successful
method for GW detection, leading to the first direct detection of GWs in 2015 (see
Chap. 3, Sec. 3.3). Earth- and space-based interferometric gravitational-wave
detectors, pulsar timing arrays (PTAs) as well as spacecraft Doppler tracking belong
to this category. In Sec. 2.1.2 PTAs are discussed, whereas in Sec. 2.1.3 we will
discuss present day and future interferometric gravitational-wave detectors, which
are often also referred to as ‘laser interferometers’. We will not discuss spacecraft
Doppler tracking, but refer the interested reader to [69, 304]. In Sec. 2.1.4 we will
discuss the basic working principle of atom interferometers and highlight some of
the current as well as proposed atom interferometers designed to search for GWs.
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Finally, we would like to mention another technique which can be used to search
for gravitational-wave backgrounds from cosmological origin1, as these leave a
polarization imprint on already measured quantities such as the Cosmic Microwave
Background (CMB) [149, 285] measurements, as well as primordial deuterium
abundance from Big Bang nucleosynthesis (BBN) [226]. Therefore one can use
these experiments to place upper limits on a gravitational-wave background of
cosmological origin.

2.1.1 Planetary bodies as resonant gravitational-wave detectors

In this section we will discuss how planetary bodies can be used as resonant objects
to search for GWs, where we will use both the Earth and the Moon as examples.

GWs are expected to interact with elastic bodies and thus also with the Earth.
Therefore, GWs can excite Earth’s free oscillations, called normal modes. Using a
network of gravimeters and seismometers, it is possible to monitor Earth’s normal
modes and excitations thereof by the passage of a GW [131]. By comparing these
excitation’s of the normal modes to the precise prediction for the Earth’s response to
the passage of a GW and the correlation across various gravimeters and seismometers,
one can search for GWs.

More recently, the idea to use the Moon as a GW experiment was put forward [193].
At the core of this idea lies the same principle as the one used for the Earth’s normal
modes measurements described above. The Lunar Gravitational-Wave Antenna
experiment entails the deployment of seismometers on the Moon to measure its
normal modes and measure or constrain GWs. This experiment would be sensitive
to the normal modes of the Moon within the 1mHz to 1Hz frequency band excited
by GWs. An advantage compared to using the Earth as a GW observatory is the
lower seismic activity of the Moon. Indeed, the absence of oceans and lower tidal
activity increases the ability of seismometers on the Moon to detect GWs. The main
seismic noise sources include Moonquakes and meteoroid impacts. The latter has
been shown to be below the targeted sensitivity of the experiment [193], while
the annual rate of seismic energy release has been shown to be up to 8 orders of
magnitude smaller than on Earth [223].

1The different types of gravitational-wave backgrounds and their origin will be discussed in more
detail in Chapter 3.
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2.1.2 Pulsar timing and astrometry

Pulsars are highly magnetized, rapidly spinning neutron stars. Since their magnetic
poles are misaligned with respect to the rotational poles, electromagnetic radiation,
which is emitted at the magnetic poles, shows up as a pulse on Earth, assuming that
the Earth is in the sweeping circle of the pulse. Due to their very stable conditions
these pulsars (we will focus on millisecond pulsars) have very predictable arrival
times for the pulses, often known with µs or even better precision [141, 248].
Therefore they can be used as clocks.

If a GW passes it will disturb spacetime and therefore introduce a disturbance in
the time of arrival. The measurement depends both on a term describing the effect
of the GW at the pulsar as well as at Earth, respectively referred to as the pulsar
term and the Earth term. However, to reduce the effect of other non-GW processes
introducing uncertainties, one typically wants to use a larger set of pulsars and
look for a correlation in the disturbance of the time of arrival [248]. Furthermore
GWs couple in a specific way to these pulsars. For an isotropic, all sky GW signal,
i.e. an isotropic gravitational-wave background, this results in a unique spatial
correlation between different pulsars if they are all affected by the same GW. This
spatial correlation was derived by Hellings & Downs [198]. The ‘Hellings & Downs
curve’ is given by,

C(γ) = 3
2

(1 − cos γ

2 ln 1 − cos γ

2 − 1
6

1 − cos γ

2 + 1
3

)
, (2.1)

where γ is the angular sky separation between any two pulsars. This specific spatial
correlation between different pulsars is an important validation for the detection
of GWs with PTA to bolster against different noise sources. Recent work looks into
the variance in this correlation [53]. The Hellings & Downs curve is shown in black
dashed on Fig. 3.2 in Chapter 3, where we discuss the latest PTA results. Several
PTAs recently found strong evidence for a nHz GW signal.

Pulsars do not only have so called white noise but also red noise [248]. Since the
latter mimics a GW signal one has to measure longer to average out the incoherent
red noise of different pulsars to claim a detection. This also implies that observing a
common red noise spectrum is not considered to be a ‘smoking gun’ evidence for
detection, but one has to observe the Hellings & Downs spatial correlation.

To get a more accurate measurement of this Hellings & Downs curve one wants to
have a large number of pulsars in each angular resolution bin. Namely, the pulsars
each observe a different effect of the GWs and the phase of the pulsar term depends
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on the distance to the pulsars which is known with limited accuracy. This limited
accuracy will introduce incoherent noise with which the coherent signal from the
effect of the GW on the Earth term has to compete. If one has multiple pulsars in a
given angular resolution bin, one can average out the incoherent noise of the pulsar
term as to reveal the coherent Earth term which follows the Hellings & Downs curve
in the presence of a GW signal [248].

Other difficulties in PTA measurements are the fits of the timing models, which
depend on pulsar parameters such as the rotationial period and its variation with
time (the spindown) [248]. They are estimated from the pulsar signal since there is
no independent method to determine them with sufficient precision. This implies
that the model could already contain (and subtract) some GW contribution

Finally, over recent years the telescopes used for observation have broadened their
frequency range. This drastically increases the signal-to-noise ratio (SNR) since it
scales with the frequency band in which the pulsar is observed [248] and therefore
reduces the time needed for detection. However, in PTA analyses the time of arrival
is typically determined for the pulse averaged over the observed frequencies. Since
the pulse shape of the pulsar depends on the frequency in which it is observed, the
shape of the averaged pulse changes depending on which frequency range is used.
In turn this introduces uncertainties in the time of arrival of this averaged pulse.
Therefore different alternative schemes are investigated to reduce this uncertainty
[248].

The frequencies to which PTAs are sensitive depend on the available data. Each
pulsar is typically observed once every 1-2 week(s) [248] and therefore typically
long data sets are used. The lowest frequencies that can be probed, are inversely
proportional to the observing time. Given the latter is on the order of 10 years, PTA
can probe down to ∼1nHz-10nHz. These are also the GW frequencies to which PTAs
are most sensitive, however they can be sensitive to GWs with frequencies as large
as ∼ 1µHz.

PTAs are mainly used to search for long duration GW signals, i.e. ‘continuous
GWs’ or a gravitational-wave background signal2. However, this requires, extremely
long data-sets (O(10years)) to get sufficient sensitivity. Additionally, these data
sets typically contain many gaps in observing time. However PTA can observe GW
bursts3, i.e. signals which are short lived with respect to their observation time of
O(10years), e.g. a month long signal would be considered a burst for a PTA detection
[105, 248]. In case these burst signals are significantly shorter compared to the

2Both types of GW signals will be introduced in Chapter 3
3This GW signal type will be introduced in Chapter 3.
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timescale of the red noise processes in the pulsars, one just needs several pulsars to
differentiate between the red noise processes and a GW signal.

There are multiple PTA collaborations active, namely the North American Nanohertz
Observatory of Gravitational Waves (NANOGrav) [260], the European Pulsar Timing
Array (EPTA) [238], the Parkes Pulsar Timing Array (PPTA) [205], the Indian Pulsar
Timing Array (InPTA) [284], the MeerTime Pulsar Timing Array (MPTA) [333] and
Chinese Pulsar Timing Array (CPTA) [236]. More recently NANOGrav, EPTA, PPTA
and InPTA also joined forces in the overarching International Pulsar Timing Array
(IPTA) consortium [206]. MPTA and CPTA are IPTA observers.

Despite all the challenges mentioned earlier, the different PTAs announced in June
2023 to have found strong evidence for a nHz gravitational-wave background [45,
65, 293, 367]. Their observations will be discussed in Chapter 3, Sec. 3.3.

Astrometry follows a similar principle as PTA [96, 289], where you rely on the precise
astrometric measurement of a moderate number of stars. Note, these objects will not
serve as clocks, but with very accurate measurement of their astrometric parameters
one could observe changes induced by passing GWs. This field is considerably less
developed compared to the PTA community, since there is a very large availability of
highly precise pulsar timing measurements. However, as mentioned earlier, due to
the observation cadence, PTAs are mainly sensitive to GWs with frequencies around
10nHz. By using high precision measurements of other stars, i.e. GW astrometry,
one can select the sources such that the network is mainly sensitive to GWs between
10nHz and 1µHz. Therefore astrometry could be opening the window onto the
Universe in a different frequency band. We want to mention that also other methods
such as the use of asteroids [165] or a space-based interferometric detector for
the 2050 decade [321] have been proposed to observe in the µHz frequency band.
However, neither of these proposals will be discussed further.

2.1.3 Interferometric detectors

In this section we will discuss some of the basic concepts of GW interferometric
detectors [303] and how they can be used for observing GWs. My PhD focusses on
searches for a gravitational-wave background (see Chapters 3 and 4) and its data
quality (see Chapter 5) with Earth-based interferometric detectors. Therefore in
Sec. 2.2 we will give a more detailed description of the practical implementation of
Earth-based interferometric GW detectors.
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The response of an interferometer to GWs can be expressed as a ‘strain’ measured
in the two arms of an interferometer: h = ∆L(t)

L , where L is the arm length of the
interferometer and ∆L is the change in length due to the passage of a GW. The
strain signal s(t) introduced in a laser intereferometric detector by GWs considering
multiple polarization modes hA(t), is given by [151, 366]

s(t) =
∑
A

dijeij
AhA(t), (2.2)

where we have used the long-wavelength approximation, i.e. when the wavelength
of the GWs is large compared to the detector’s geometry. Furthermore we assumed
a sum over i,j and eij

A is the symmetric polarization tensor of mode A. The detector
response dij is given by [297, 366]

d̂ = 1
2(ê1 ⊗ ê1 − ê2 ⊗ ê2), with components

dij = 1
2(e1

i e1
j − e2

i e2
j ),

(2.3)

where ê1 and ê2 are the unit vectors along the interferometer’s arms and ⊗ represent
a tensorial product. For interferometer I we can define

F A
I (n̂) = dI,ijeij

A(n̂), (2.4)

where we have explicitly introduced the dependence on the location of the GW
source, with n̂ a vector pointing towards the source. F A

I is called the antenna
pattern function for detector I, with respect to GWs with polarisation A.

Earth-based interferometric gravitational-wave detectors have an arm length of
several kilometers and are sensitive to GWs from a few Hz to a few kHz. To increase
their sensitivity to passing GWs, they use a Fabry-Pérot cavity to increase the effective
path length of the laser light [303], which will be discussed in more detail in Sec.
2.2.1.

Currently there are five operational Earth-based interferometric gravitational-wave
detectors: Advanced LIGO4 Hanford, Advanced LIGO Livingstonn [3], Advanced
Virgo [37], KAGRA5 [71] and GEO600 [250]. The first direct detection of GWs, made
by Advanced LIGO in 2015, will be discussed in Chap. 3, Sec. 3.3. Both KAGRA and
GEO600 did not reach the required sensitivity to observe the GW events observed by
the LIGO and Virgo instruments during the most recent third observing run (O3)6

4Laser Interferometer Gravitational-Wave Observatory.
5Kamioka Gravitational-Wave Detector
6O3 started April 1st 2019 and ended March 27th 2020, where the month of October was used for

further commissioning the detectors.
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by the LIGO, Virgo and KAGRA (LVK) collaborations. KAGRA should reach a similar
level of sensitivity over the coming years with the planned upgrades [52, 71, 271],
whereas GEO600 will not. GEO600 focuses on researching technical challenges as
well as taking data over long observation periods while other observatories (e.g.
Advanced LIGO and Advanced Virgo) are being upgraded [58]. Advanced LIGO
and Advanced Virgo undergo further upgrades to improve their sensitivity to the
so-called A+ and AdV+ sensitivities for respectively LIGO and Virgo. These are
planned to by reached during the fifth observing run (O5). Advanced LIGO and
Advanced Virgo are often referred to as second generation (2G) detectors, since they
have a significantly improved sensitivity compared to (initial) LIGO and (initial)
Virgo. KAGRA is sometimes referred to as a 2.5G detector due to the implementation
of some fundamentally new technologies, which will be more discussed in Sec.
2.2.1.

To extend the Earth-based LVK network, there are plans to have a third LIGO detector
in India, which could become operational later this decade [74, 312]. At the same
time, there are also plans to build interferometers that will be ten times more
sensitive in their measured strain than LIGO and Virgo. Two such examples are
the Einstein Telescope (ET) [56, 161, 201, 255, 288] and Cosmic Explorer (CE)
[299], planned to become operational sometime in the next decade. ET and CE
are referred to as third generation (3G) interferometric GW detectors, due to their
drastic increase in sensitivity.

To reach larger distances between test masses in order to explore lower frequency
ranges, one can build interferometers in space. Until today, there are no operational
space-based laser interferometers. Nevertheless, the Laser Interferometer Space
Antenna (LISA) is planned to launch somewhere in the 2030s [57, 138]. As of May
2022, the LISA mission design passed through Phase A, allowing to proceed for
final design, opening up the path towards adoption of the mission by 2024. With
its 2.5 million km long arms, LISA will be able to measure GWs in the 0.1mHz-1Hz
frequency band. The proposed TianQin [251, 262] interferometer planned to start
operating around 2035, will be sensitive to GWs in the same frequency region as
LISA. Also in the 2030s, the launch of another space-based interferometer called
B-DECIGO is planned, later followed by DECIGO [222]. B-DECIGO and DECIGO
will be observing GWs in the frequency band from 0.1Hz to 10Hz, bridging the gap
between the LISA and Earth-based detectors’ frequency bands.

Since my PhD focuses on Earth-based interformetric GW detectors, their working
principles will be discussed in more detail in Sec. 2.2. Since there will be some
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synergies between LISA and ET, namely the ‘null channel’ (see Chapter 11), we will
also briefly highlight the working principle of LISA below.

The Laser Interferometer Space Antenna

LISA is the European proposal for a a space-based GW interferometric detector
sensitive to GWs in the 0.1mHz-1Hz frequency band. LISA consists of a triangular
configuration with 2.5 million km long arms, trailing Earth at a distance of about
50 million km [57]. Just as with any other type of interferometric detector it tries
to measure the induced difference in arm length due to the passage of a GW, by
measuring the phase difference.

GW detectors are sensitive to GWs coming from every direction. This implies you do
not need to point the detector to the direction of a source to observe it. However,
this implies one is not able to determine the sky-position, without combining the
data of multiple detectors allowing for triangulation. However, LISA will trail the
Earth in orbit and therefore have a different relative position with respect to a source.
For sources which are in LISA’s sensitive band for about a week or longer, the sky
position from the source can be determined based on the different response to the
signal due to LISA’s changed location.

LISA will consist of three satellites which form the corner stations, each equipped
with two lasers and free-falling test masses. Of the 2W of emitted laser power, only
∼100pW arrives at the test mass on the other side of the arm. Therefore every
satellite emits laser light in the arm, which is phase locked onto the weak incoming
beam. The phase of this laser is compared with a reference laser present on the
satellite. Laser frequency noise dominates possible measurements and would allow
for a strain measurement of 10−13 in the relevant frequency region, whereas the goal
is to reach a sensitivity of 10−20 or better. In the case of equal arm interferometers
(e.g. Earth-based detectors), the frequency noise in both arms will be the same
and therefore drastically reduced when the light is combined at the dark fringe7.
This allows the Earth-based detectors to reach the desired accuracy on the phase
measurement. Note that LISA directly measures the phase for each beam and does
not rely on interference as is the case with Earth-based detectors.

However, in the case of space-based interferometric detectors, which have a non-
negligible light travel time (e.g. ∼ 8s for LISA), the different arms will have
non-equal lengths. These difference in arm-length are caused by deviations from the

7Dark fringe is used to refer to the result of destructive interference, i.e. when the waves are out of
phase.
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ideal orbit and imperfect clock measurement [351, 359]. Therefore one needs to
rely on a different method to ensure sufficient reduction of the noise on the phase
measurement. As an example, LISA would only be able to observe a strain of about
10−16 with its difference in arm-length of about 1%-10% [57]. The arm-length
difference namely translates in different time of arrival of the frequency noise in the
different arms. The proposed method to achieve the desired sensitivity is time-delay
interferometry (TDI) [351].

In the context of TDI, LISA is considered as six one-way arm measurements between
the test masses rather than three Michelson interferometers. In post-processing it
is possible to combine the data products in such a way that the frequency noise
gets suppressed and the desired strain sensitivity of 10−20 is achieved in the mHz
frequency range. If we denote the first two one-way arm measurements as y1(t) and
y2(t) and the laser frequency fluctations as C(t) the following holds [351],

y1(t) =C(t − 2L1) − C(t) + h1(t) + n1(t),

y2(t) =C(t − 2L2) − C(t) + h2(t) + n2(t),
(2.5)

where hi and ni are respectively the GW signal and noise signal entering in the
measurement of the one-way arm i8. If one subtracts the two one-way arm measure-
ments from each other and combines them with time-shifted data, one can observe
that in the following combination the laser frequency noise cancels,

X = [y1(t) − y2(t − 2L1)] − [y2(t) + y1(t − 2L2)] . (2.6)

This synthesized interfometer via TDI has an equal delay in each arm, i.e. 2L1 + 2L2

[351].

Finally we want to point out that data from a triangular configuration such as LISA
can be combined into two perpendicular equal arm interferometers and a third
channel which is insensitive to GWs referred to as the null channel, null stream or
Sagnac channel. The concept of a null channel will be further discussed in Chapter
11.

2.1.4 Atom interferometers

Atom interferometers could be considered to fall in the category of ‘interferometric
detectors’ as they also use electromagnetic radiation traveling between free-falling
test masses to study the effect of GWs on spacetime. However, the working principle

8Note that we have assumed the speed of light to be c = 1.
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is very different compared to ‘traditional’ interferometry used for e.g. LIGO or LISA.
In this section we will start by explaining how atom interferometers work and how
they are sensitive to GWs. We will end by introducing several Earth- and space-based
atom interferometers, both present and future.

The basic working principle of an atom interferometer

According to quantum mechanics atoms are also waves, which implies one can use
them for interferometry similar to light. A (cloud of) cold atom(s) is launched on a
ballistic trajectory after which it is split, deflected and finally recombined by atomic
optics [109, 115, 144]. By letting the atom/atomic wave interact with an ‘atomic
beamsplitter’ the atomic wave gets split and follows two different paths. Afterwards
one can reflect the atomic wave using an ‘atomic mirror’ to recombine the waves
with a second beamsplitter. This will result in an interference pattern similar to a
traditional interferometer. Based on the observed distribution of the interference
one can use an atom interferometer to measure the phase difference induced by
the different paths. This makes atom interferometers good inertial sensors and they
have a wide field of applications such as the measurement of fundamental constants
[99, 172, 282, 307] or navigation [84].

The type of atomic optics we will discuss relies on the use of pulsed lasers. By tuning
the pulse time one can create an atomic wave beamsplitter or mirror as illustrated in
Fig. 1 and Fig. 2 of [108]. For more details we refer the interested reader to [108,
109].

How atom interferometers can measure gravitational waves

To measure GWs with atom interferometers one needs at least two atom interferom-
eters, placed in a common laser beam, stored in a reflecting cavity as shown in Fig.
2.1 [109, 115, 144]. The phase difference of the two counter propagating beams
leaves an imprint on the atomic interferometers. The phase difference between the
two atom interferometers will contain a GW component, which one can observe
assuming other contributions are properly dealt with. An important competing
noise term contributing to this phase difference is gravity gradient or Newtonian
noise, which will be further discussed in Chapters 5 and 9. The combination of two
atom interferometers, which together are able to measure GWs is called an atom
gradiometer.
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Fig. 2.1.: Gravity gradiometer schematic diagram. Two atom interferometers placed at Xi

and Xj are separated by a distance L and coherently manipulated by a common
laser retro-reflected by a mirror placed at position LT . Figure taken from [108].

Whereas it is technically possible to measure gravitational waves with a single atom
gradiometer, a so-called ‘hybrid’ design with atom interferometers in an L-shaped
configuration offers multiple advantages. The atom interferometers in the different
arms do not only benefit from laser frequency noise suppression, but the L-shape
configuration also allows the atom gradiometer to be sensitive to GWs from different
directions and improve sky localisation.

Current and proposed Earth- and space-based atom interferometers

A range of Earth- [108, 109] as well as space-based [144, 178, 207] atom inter-
ferometers have been proposed. They aim to observe GWs in the 0.1Hz to 10Hz
band, respectively 1mHz to 10Hz, effectively filling in the gap between LISA and
Earth-based interferometric detectors. The current generation of Earth-based atom
gradiometers will consist of a limited number of atom interferometers with a sep-
aration on the order of hundred meter. The Matter-wave laser Interferometric
Gravitation Antenna (MIGA) [109] will for instance have three atom interferom-
eters with a total baseline distance of 200m. Whereas MIGA uses a horizontal
baseline, several vertical O(100m) long baselines are under construction, such as
Matter-wave Atomic Gradiometer Interferometric Sensor (MAGIS-100) [33], Atom
Interferometer Observatory and Network (AION) [78] and Zhaoshan Long-baseline
Atom Interferometer Gravitation Antenna (ZAIGA) [369]. These experiments are
planned to be followed-up with kilometer long successors in the next decades. An
example of such a future multi-kilometer detector, using a horizontal baseline, is the
European Laboratory for Gravitation and Atom-interferometric Research (ELGAR)
[108]. ELGAR is planned to have 80 atom gradiometers, each with a baseline of
16.3km and a separation of 200m between the different gradiometers, leading to a
total length of 32.1km [108]. One of the motivators to build such a large amount of
nested atom gradiometers is to average out the effect of Newtonian noise, which
otherwise will limit the sensitivity of each individual detector [115]. However, the
gain in sensitivity could be more limited if the Newtonian noise is correlated between
the gradiometers, as we will further discuss in Chapter 9
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2.2 Earth-based interferometric detectors

In Sec. 2.2.1 we will discuss in more detail the layout and characteristics of Advanced
Virgo [37, 344]. At the end we will highlight some differences concerning Advanced
LIGO and KAGRA. Furthermore, in Sec. 2.2.2 we will briefly discuss how the
next generation of detectors aim to improve the sensitivity by about one order of
magnitude.

2.2.1 Second generation detectors

Fig. 2.2 shows a simplified optical layout of Advanced Virgo, where the arm length
between input mirror (IM) and end mirror (EM) is 3km. In what follows we will
give a simplified explanation of this already simplified model. For more details the
interested reader can turn to the references in the respective paragraphs or more
generally to [37, 344].

Whereas in this chapter we will explicitly use the names ‘Advanced LIGO’ and
‘Advanced Virgo’, in the next chapters we will use ‘LIGO’ and ‘Virgo’ to refer to the
Advanced detectors. In case we want to refer to the initial detectors we will do this
by refering to ‘Initial LIGO/Virgo’.

Fig. 2.2.: Basic optical layout of Advanced Virgo. Figure taken from [37]. The acronyms
are defined in text as well as in the list of acronyms at the start of this thesis.
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Michelson interferometer

The basic concept of Earth-based interformetric detectors, such as Advanced Virgo
depicted in Fig. 2.2, is a Michelson interferometer. A standard Michelson interferom-
eter consists of a laser, beamsplitter (BS), two EMs and a photodetector, here called
B1. In this simplified set-up the power at B1 is [176],

P = P0 cos2 (2π∆L/λ) . (2.7)

P0 is the input power, λ the laser wavelength and ∆L the differential arm-length
between the two arms. In the case of a passing GW, the differential arm-length is
related to the strength of the GW, see Eq. 1.25.

Current detectors are tuned such that the detection photodiode B1 operates near
‘dark fringe’. The dark fringe is where the beams interfere destructively and the
power equals zero. However, if the detector would be operating at exactly the dark
fringe, the induced response of GWs on the observed power difference would scale
as h2. Namely, not only the power, but also the derivative of the power with respect
to the observed phase is zero. Advanced Virgo operates with a differential offset of
about 10−9 − 10−11m [344].

The set-up of the Michelson interferometer also naturally helps reducing laser
frequency noise. Earlier we explained how overcoming laser frequency noise is a
big hurdle for LISA. However, in case of Earth-based interferometeric detectors the
time delay of light traveling through the two arms of the Michelson interferometer
is, to first order, equal to zero. In this scenario the frequency noise in both arms will
cancel when recombined, leading to a drastic frequency noise reduction at the dark
fringe.

Fabry-Pérot cavity

A first additional complexity in the design of a more realistic interferometric GW
detector is the Fabry-Pérot cavity. A Fabry-Pérot cavity is an optical cavity delimited
by two (highly) reflective surfaces [254], i.e. the IM and EM in case of the Advanced
Virgo design. One needs to tune the cavity to be resonant for the laser frequency
to enable constructive interference inside the Fabry-Pérot cavity, leading to a larger
circulating power in the cavity. Therefore the mirrors of the Fabry-Pérot cavity are
curved with a radius of curvature approximately equal to half the arm-length [344].
The larger circulating power in the cavity will in turn yield a larger transmitted
energy at the IM to recombine with the light from the second Fabry-Pérot cavity,

2.2 Earth-based interferometric detectors 31



effectively increasing our sensitivity to GWs. Intuitively one can understand the gain
of a Fabry-Pérot cavity as an effective increase in the arm-length of a Michelson
interferometer, since the laser light does many round-trips in the highly reflective
Fabry-Pérot cavity before being transmitted and recombined at the BS. The induced
phase-change by a GW in a Michelson interferometer with Fabry-Pérot cavity is
the same as in a standard Michelson interferometer with arm-length 2

π FL [254].
F = π

√
r1r2

1−r1r2
is called the finesse of the cavity, where r1 and r2 are the reflectivities of

the two mirrors of the Fabry-Pérot cavity, in the case of Fig. 2.2 respectively the IM
and EM. Advanced Virgo has a finesse of about 443 [176].

When the storage time of the laser light in the Fabry-Pérot cavity becomes comparable
to the GW period, i.e. the long-wavelength approximation no longer holds, the
sensitivity to those GWs decreases. Namely, in such a scenario the sign of the GW
signal changes while the laser light is still making its round-trip, leading to a lower
averaged sensitivity over the entire round-trip. This decreased sensitivity becomes
significant for frequencies above the pole frequency fp = c

4FL [254]. With a finesse
of 443 and an arm-length of 3km, this implies the pole frequency for Advanced
Virgo is about 56Hz. At higher frequencies the response decreases linearly with the
frequency of the GWs, up to GW frequencies of about ∼ 15kHz for Virgo, after which
the response decreases even more [254].

Pound-Drever-Hall locking scheme

The detector’s cavities have to be controlled with very high precision, also often
referred to as ‘being locked’. In this conceptual explanation we will assume the laser
frequency is assumed to be very stable and known with excellent precision. This will
allow us to lock the cavity length to the laser frequency. Alternatively the Pound-
Drever-Hall scheme could be used to improve the laser frequency stability, given a
fixed cavity. For a more detailed explanation as well as mathematical calculation,
we refer the interested reader to [90].
A first naive system relies on the transmitted light from the Fabry-Pérot cavity. If
the arm length of the cavities changes such that the laser is no longer in perfect
resonance, the transmitted power will decrease. This information could be used to
correct the cavity length. However, there are two issues. First of all, this system
is also sensitive to intrinsic fluctuations in laser intensity. Secondly, based on the
change in intensity of the transmitted light, it is impossible to deduce the sign of
the change in the cavity length. Both issues are addressed in the Pound-Drever-Hall
locking scheme. To address the first issue, the reflected beam will be used rather
than the transmitted. In an idealized situation the reflected power will be zero
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if the laser is on resonance in the Fabry-Pérot cavity. This makes the error signal
independent of any intrinsic laser intensity fluctuations. To determine the sign
of the cavity length fluctuation, the laser light is modulated. In the case of GW
interferometric detectors this are radio frequency modulations. By demodulating
the reflecting beam, information is obtained on the sign of the variation of the arm
length with respect to the laser frequency. This information can than be used as an
error signal to control the cavity length [90].

Suspension system

A first objective of the suspension system is to ensure the test masses are free-falling
in the degree of freedom along the laser beam. However, in order to reach the
required sensitivity the effect of ambient seismic noise also has to be reduced by
many orders of magnitude. The basic concept of Advanced Virgo’s superattenuator
is a chain of five pendulums, the true design is shown in Fig. 2.3. A pendulum is a
mechanical filter above its resonant frequency f0. Every movement at the top of a
pendulum is damped by ∼ f2

0 /f2 at the bottom of the pendulum, for frequencies
larger than the resonant frequency. By chaining N pendulums one can achieve
a reduction by a factor of f2

0 ...f2
N

f2N . The resonant frequency of the pendulums of
Advanced Virgo’s superattenuator are around several Hz. The true design is more
complex, as shown in Fig. 2.3. The three-leg inverted pendulum, which has its
resonance frequency around 30mHz - 40mHz, is able to provide significant seismic
attenuation around the resonant frequency of the pendulum chain. The entire
superattenuator has a length of 8m to 9m. For more information we refer the
interested reader to [344].

Due to the 3km long arms of Advanced Virgo there is a small, but non-negligible
effect from the curvature of the Earth. This facilitates the coupling of vertical seismic
noise into a longitudinal noise sources along the laser beam. To this extent steel
spring blades are installed at each pendulum stage. This turns the superattenuator
in a multi-stage spring providing the required reduction of vertical noise sources
[81].

Design sensitivity and key noise sources

The core concept enabling Advanced LIGO and Advanced Virgo to search for and de-
tect GW signals is a Michelson interferometer with Fabry-Pérot cavity and suspended
test masses. Before briefly highlighting the dominant mechanisms to increase the
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Fig. 2.3.: The Virgo superattenuator: the mechanical filter chain adopted to attenuate seis-
mic vibration in the detection band, the three-leg inverted pendulum preisolator,
the top filter of the chain and the mirror are well visible. Figure and caption taken
from [344].

sensitivity of interferometric detectors, we will introduce Advanced Virgo’s design
sensitivity curve and break down the dominant noise contributions to enable a more
intuitive understanding of the added value of certain systems and design choices.

Advanced Virgo’s design sensitivity curve [37] is shown in Fig 2.4. This sensitivity
curve is given by the detectors amplitude spectral density (ASD), which is the
square root of the power spectral density (PSD) given by the auto-correlation of
the detector’s strain. The sensitivity curve shown in Fig. 2.4 [37] includes some
additional work with respect to Advanced Virgo’s technical design report [344]
leading to a difference between the dashed budget of noise sources and the originally
formulated solid black curve.
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Fig. 2.4.: Principal noise contributions for Advanced Virgo with an input power of 125W.
The black curve represents the design sensitivity curve proposed in Advanced
Virgo’s technical design report [344], whereas the dashed curve presents the sum
of all the design sensitivity noise sources present in more recent work [37]. Figure
taken from [37]. For more info on the principle noise sources, see in text or [37,
344].

At high frequencies seismic noise is sufficiently damped by the superattenuator, but
closer to the pendulums resonant frequencies at several Hz, seismic noise becomes
the dominant noise source. Whereas this happens below the lowest frequency
represented in Fig. 2.4, one can see this for Advanced LIGO in Fig. 2 of [3].
Magnetic noise and gravity gradients will be discussed in more detail in Chapters 5,
7, 8 and 9, since both are studied in this PhD dissertation. The contribution shown
here is the noise contribution of the respective ambient, environmental noise sources
and not infrastructural, e.g. equipment generating magnetic noise.

Two types of quantum noise contribute significantly to the noise budget. Both
find their origin in the fact that laser light is a beam consisting of discrete quanta,
i.e. photons. The count of discrete and independent events is governed by the
Poisson process, implying that the number of photons at a given time and location
is fluctuating. At low frequencies the dominant quantum noise process is radiation
pressure, where on impact momentum is transferred from the photons to the test
mass. The amount of photons hitting the mirror fluctuates according to the Poisson
process and these fluctuations introduce an intrinsic uncertainty. The noise in a
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Michelson interferometer from radiation pressure is proportional to the square root
of the laser power and inversely proportional to the mirror mass [254]. At high
frequencies quantum noise is dominated by shot noise. Shot noise is caused by the
fluctuating number of photons hitting the photodetector, inducing fluctuations in the
current being readout by the photodetector. Shot noise in a Michelson interferometer
is inversely proportional to the square root of the laser power [254]. To decrease
both noise sources simultaneously Advanced Virgo increases the laser power, while
also increasing the mass of the mirror to keep the level of radiation pressure under
control [37, 344].

Another important noise source is the suspension thermal noise. Thermal excitation
of the suspensions induces vibrational noise, introducing fluctuations of the mirror
position. To decrease the contribution of suspension thermal noise Advanced Virgo
uses monolithic suspensions and fused silica fibers, compared to steel suspensions in
initial Virgo [36, 254, 345].

The dominant noise source in the mid-frequency (∼ 50Hz-250Hz) is mirror-coating
Brownian noise. This noise originates from the Brownian motion experienced by the
atoms in the coating due to thermal excitation [114, 254]. New test masses with
better coatings are part of the A+/AdV+ upgrades and are planned to be installed
before O5 [173].

Observed sensitivity

Whereas Fig. 2.4 represented the predicted and idealized sensitivity, Fig. 2.5 presents
observed sensitivities during O2 and O3. As a comparison the expected sensitivity
for the O3 observing scenario is also displayed. This is a clear example of how the
complexity of the instruments leads to a more ‘messy’ sensitivity than the predicted
sensitivities. These include non-stationary transient effects (see also Sec. 5.1) and
spectral artefacts (see also Sec. 5.2). Many of these spectral artefacts are visible in
Fig. 2.5.

Understanding and mitigating these noise sources is a large data quality effort,
to which I also participated during my PhD. Chapter 5 contains a more detailed
discussion on the noise sources which could effect the search of a gravitational-wave
background (see Chapters 3 and 4). In Part II my contributions to data quality
investigations will be discussed.

It is interesting to point out that the noise contributions at low frequencies, below
∼ 11Hz, are currently not properly understood.
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Fig. 2.5.: Virgo’s sensitivity curves during O2 and O3 are shown in comparison to the Virgo
O3 observing scenario (60-85Mpc) [20]. Figure taken from [88].

Recycling cavities

To help achieve the high laser power, Advanced Virgo has two recycling cavities
for which two additional pieces of optics are added to the design, as illustrated
in Fig. 2.2: a power recycling mirror (PRM) and a signal recycling mirror (SRM).
The signal recycling cavity for Advanced Virgo was only installed between O3 and
O49. Both recycling cavities are about 12m long and are marginally stable, i.e. not
only the fundamental mode, but also higher order modes can resonate at the same
time. This makes the cavities extremely sensitive to optical aberrations and thermal
effects [37, 185]. The choice for marginally stable cavities was mainly dictated by
infrastructural and budgetary limitations. The marginally stable cavities have proven
to make acquiring stable lock of the interferometer much more difficult in approach
of O4.

The primary goal of the two recycling cavities is to increase the amplitude of the
circulating laser power, but the length of the signal recycling cavity can also be used
to tune the frequency dependent sensitivity [37, 185].

9O4 started May 24th 2023 [245] at which time both LIGO detectors and KAGRA joined the observing
run. KAGRA only joined for one month, after which they again went into commissioning, to rejoin
later with increased sensitivity. Due to sensitivity and commissioning issues at Virgo, Virgo will at
the earliest join by the end of 2023.
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Mode cleaner

Virgo has both an input and output mode cleaner, respectively abbreviated as IMC
and OMC (Fig. 2.2). The mode cleaners are tuned such that the fundamental mode
is resonant whereas higher order modes are not, leading to a transmitted beam
with increased quality [3, 177]. The IMC provides both frequency stabilisation and
spatial filtering for the input laser beam [3, 37]. In case of the latter the beam jitter
is reduced. The OMC filters higher order modes as well as sidebands. By filtering
out these beam components which do not contain information on the GW signal, the
fraction of laser power containing information on GWs at the detection photodiode
increases. The decrease of total power reduces the shot noise [3, 177]. We want
to point out this is not in contradiction with the earlier statement that increasing
the laser power decreases the shot-noise. The latter, namely assumes the entire
signal received at the detection photodiode is sensitive to GWs. In such a scenario is
the signal to noise ratio of the received signal with respect to shot-noise inversely
propertional with the square root of the power. The absolute value of the shot-noise
is however proportional with the square root of the power. This implies that if power,
not containing any information on GWs, is deposited on the photodiode additional
shot-noise is introduced. This additional noise can be reduced by reducing the power
of the signals not sensitive to GWs on the detection photodiode, which is achieved
by the OMC.
The sidebands mentioned earlier are radio-frequency sidebands used as error signals
for controlling the different degrees of freedom of the interferometer, i.e. the
Pound-Drever-Hall locking scheme as previously explained [161].

Thermal compensation and mirror coatings

As mentioned earlier, Advanced Virgo operates at high laser power to decrease the
shot noise. More precisely Advanced Virgo is planned to have 700kW of circulating
power in the Fabry-Pérot cavities [37, 344]. In such an extremely high power regime
thermal effects become very important, such as the unequal deformation of the
mirrors. To ensure the stability of the interferometer the radius of curvature of the
optics should remain the same and one has to compensate the large deformation of
the mirror in the central region where the laser beamspot is located. To this extent
Advanced Virgo has ring heaters and compensation plates (CPs) [37, 344]. The
pick-off-plate (POP) can also serve as a thermal compensation actuator, however its
main purpose is to pick off a beam for controlling the interferometer [344].
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Furthermore, coating design is important to ensure highly reflective coatings with
low thermal noise properties. This also applies to the mirror substrate. Additionally,
high levels of isotropy are required to prevent locally larger (or smaller) effects due
to artefacts. An example of the latter are point absorbers, reported for Advanced
LIGO in [103]. Also Virgo is affected by point absorbers [120].

Stray light and baffles

Advanced Virgo operates in a high vacuum (∼ 10−6 mbar) to reduce the amount
of stray light. However, remaining air molecules have a probability of deflecting
a small fraction of the high intensity laser light. This light can afterwards scatter
on surfaces which are not seismically isolated (e.g. the interior of the beam tube)
and enter in the interferometer output, leading to increased levels of noise. To this
extent baffles with high absorption are installed in critical locations to reduce the
amount of scattered light [60, 253, 344]. Also at the level of the mirror stray light
has to be small, requiring highly polished and flat mirror substrates and coatings.

Squeezing

The laser light has an amplitude and phase uncertainty, which are at the origin of the
quantum noise (i.e. radiation pressure and shot-noise). One can create ‘squeezed
light’ by decreasing one of the uncertainties. However, by merit of the Heisenberg
principle the other uncertainty will increase. To this extend one could inject squeezed
light in an interferometric GW detector with reduced phase uncertainty to decrease
the level of shot-noise at high frequencies, but this will come at the cost of an
increased level of radiation pressure noise at low frequencies [150, 261]. This
approach is called frequency independent squeezing and was used successfully
in Advanced Virgo and Advanced LIGO during O3 [150]. For O4 they both have
implemented frequency dependent squeezing, where the squeezing angle is made
frequency dependent such that the phase noise can be reduced at high frequencies
and the amplitude uncertainty at low frequencies.

The main laser is not squeezed, but a squeezed ground state is injected at the dark
fringe output port. The squeezed ground state enters the system and is supper-
imposed with the laser light from the interferometer and replaces the unsqueezed
ground state fluctuations. In this way, the quantum noise sources can be further
reduced, increasing the detectors sensitivity to GWs [150, 261].
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h(t) reconstruction and calibration

The final output from the interferometer, after reconstruction and calibration is often
referred to as h(t) (read as ‘h-of-t’), since this contains the (possible) GW signal. The
first and most important step of this reconstruction is to remove the imprint of the
detector controls on the measured output signal. To be able to understand how the
control of the mirrors and test masses in the set-up influences the measured output,
one has to calibrate their response. First of all, the response of the mirror actuators
to the applied control signals has to be calibrated. Secondly, the relation between
the output of the photodiode measuring h(t) and the input power of the signal on
the photodiode should be understood [38]. For more details on Virgo’s calibration
methods we refer the interested reader to [38]. These effects are mainly important
below 300Hz. In a second stage some noise sources are subtracted, based on witness
signals from the many auxiliary monitoring channels. One example of a noise source
subtracted from Virgo data during O3 is the effect of the power mains at 50Hz. After
the reconstruction and noise subtraction of h(t), the data can be used by analysis
pipelines. However the noise subtraction is very limited and a large effort is needed
to further understand the data quality and, if needed, implement additional data
cleaning methods.

Advanced LIGO and KAGRA

Earlier in this section we discussed the basic principles of the Advanced Virgo de-
tector, now we will highlight the key fundamental differences for Advanced LIGO
and KAGRA. Whereas Advanced Virgo (and KAGRA) have 3km long arm lengths,
LIGO has an arm length of 4km. This leads to an increased sensitivity with a factor
4/3. Furthermore, Advanced LIGO uses a different suspension design. Virgo has
a more performant passive seismic isolation with their superattenuator, whereas
Advanced LIGO has additional active isolation to reach the desired level of seismic
noise reduction [3]. Finally, a third crucial difference are the stable recycling cavities
for Advanced LIGO [3, 68], instead of the marginally stable recycling cavities for
Advanced Virgo. This facilitates the operation of the interferometer. As mentioned
earlier, Virgo has struggled to lock the interferometer due to the marginally stable
cavities in the commissioning period before O4.
The key conceptual differences in the KAGRA design, are the underground facility
and a cyrogenic operating temperature [71]. Since these are fundamental techno-
logical changes, KAGRA is sometimes also called a 2.5G detector. During O3GK,
KAGRA’s first, month-long observing period at the end of O3, KAGRA operated at
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room temperature due to difficulties operating the mirrors at cryogenic temperatures
[123]. At the start of O4 KAGRA operated at room temperature, whereas they plan
to have cryogenic temperatures after further commissioning later during O4.

2.2.2 Third generation detectors

Advanced Virgo, Advanced LIGO and KAGRA are still undergoing incremental up-
grades to reach their design sensitivities later this decade [245]. At that time the sites
will reach their ‘infrastructural limits’. Any further improvement in sensitivity would
have a decreased gain in sensitivity with respect to the technical (and budgetary)
efforts needed to achieve such improvements. Therefore, plans are discussed to con-
struct a next generation of gravitational-wave detectors with new infrastructure such
as longer arm lengths, as well as being located in seismically quiet regions. These
next generation detectors aim to have an overall improvement of strain sensitivity by
one order of magnitude, and in some frequency regions even more. As mentioned
earlier, there are two such efforts, the Einstein Telescope and Cosmic Explorer. These
efforts are respectively European and US focused. The approach of CE is to scale
up Advanced LIGO’s latest technologies to a 20km and 40km L-shaped detector. In
a second stage an additional gain in sensitivity might be achieved by using new
technologies, especially to reduce quantum and thermal noise [189, 299]. ET on the
other hand is planned to be a set of three 10km long interfererometers, nested in an
equilateral triangular configuration [161], as illustrated in Fig. 2.6. Furthermore,
the ET design plans to implement many technological advancements from the start
in the detector. In 2021 the ET collaboration was created, which brings more than
1000 scientists in the field together and aims to finalize the detector design, prepare
site selection and get the required funding to construct the ET.

As the work as part of this dissertation mainly took place in the European context
there is a strong focus on the Einstein Telescope, of which we will discuss some key
features in the next paragraphs.

As discussed in Sec. 2.2.1 and Fig. 2.4, some of the fundamental noise sources that
have to be overcome to achieve a gain in sensitivity by an order of magnitude are:
seismic noise (1Hz-10Hz), coating thermal (Brownian) noise (50Hz-250Hz) and
quantum noise (radiation pressure: 10Hz-50Hz and shot noise >200Hz). Whereas
gravity gradient noise does not form a problem for Advanced Virgo, Advanced LIGO
and KAGRA, it will be one of the dominant noise sources (1Hz-10Hz) for the ET.

Since the methods to decrease these noise sources are often conflicting, in particular
the trade off between radiation pressure noise and shot noise, a xylophone design is
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proposed for the ET [124, 200], as shown in Fig. 2.6. This design consists of two
different interferometers, one optimized for low frequencies (LF), the other for high
frequencies (HF), of which the data is combined to achieve a broadband sensitivity
to GWs in the range from few Hz to few kHz. To reduce seismic and gravity gradient
noise the ET, will be constructed underground at a depth of ∼200m-300m. The
low-frequency detector will operate at low power and cryogenic temperatures to
decrease the contributions from the radiation pressure as well as the coating thermal
noise. The high-frequency detector will operate at a high power to decrease the shot
noise.

Fig. 2.6.: Conceptual configuration of the Einstein Telescope consisting of a Xylophone set-
up and 3 Michelson interferometers with an opening angle of π/3 in a triangular
configuration. Figure taken from [101].

Over the last decades several different sensitivity curves were used for the ET of
which we plot the most relevant in Fig. 2.7. The most recent reference sensitivity
curve was presented in [100]. There they refer to the xylophone sensitivity by
‘HFLF-cryo’ and they also consider the sensitivity of the ET without a cryogenic LF
detector, referred to as ‘HF-only’. We will follow their notation in view of a consistent
use of notations in the scientific literature. An older and by now outdated xylophone
sensitivity curve is referred to as ‘ET-D’ [200, 201]. The HFLF-cryo sensitivity is an
updated version of the ET-D sensitivity curve, which is reflected in the similarity
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of the two sensitivity curves in Fig. 2.7. Finally we also introduce the sensitivity
curve of the ‘ET-B’ design, which does not use a xylophone design [200–202]. Even
though this sensitivity curve is obsolete we introduce the sensitivity curve here
since some studies we will discuss later make a comparison between ET-B and ET-D.
Above 10Hz, the difference between the ET-B and HF-only design sensitivities is
about a factor two or less. Therefore we can conclude that the statements on the
effect of correlated noise with respect to ET-B we will make in Chapter 8 are also
applicable to the HF-only design for frequencies above 10Hz. For lower frequencies
the difference between the two designs becomes significant and even more than one
order of magnitude below ∼ 3Hz.

Achieving the low frequency sensitivity target of the HFLF-cryo design might prove
difficult due to several challenges. First of all, as mentioned earlier, Virgo and LIGO
are dominated by unknown noise sources at low frequencies, below ∼ 11Hz. These
noise sources are not captured in any of the fundamental noise contributions in the
design sensitivity curves and have not yet been properly understood. Furthermore,
the effect of gravity gradient noise on the detector will have to be reduced to achieve
the sensitivity targets. However, also (environmental) magnetic noise could form an
issue to achieve the low frequency sensitivity goals. Both gravity gradient noise and
environmental magnetic noise will be further discussed in Chapter 5 as well as in
Part II.

Fig. 2.7.: Sensitivity curves of the Einstein Telescope, according to the ‘HFLF-cryo’, ‘HF-only’,
‘ET-D’ and ‘ET-B’ designs. The latest HFLF-cryo, respectively HF-only designs can
be compared with the outdated ET-D and ET-B designs. We also show LIGO’s A+
design sensitivity as comparison. Figure created with data taken from [159, 160,
310]. The HFLF-cryo and HF-only sensitivities were first presented in [100], the
ET-B sensitivity was first introduced in [202], whereas the ET-D sensitivity was
first described in [200].
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The baseline configuration of the ET consists of 3 (6 in the Xylophone set-up)
Michelson interferometers with an opening angle of π/3 in a triangular configuration
as illustrated in Fig. 2.6. This configuration was originally chosen for its benefits
concerning sky-localisation and sensitivity to beyond-GR’s polarisation of GWs.
However in a recent study [100] a detailed investigation is performed to compare a
triangular configuration with 2 L-shaped detectors within Europe and a separation on
the scale of ∼ 1000km. They also consider different arm lengths of 10km (baseline),
15km and 20km [100]. Studies on correlated noise for the ET, performed in context
of this PhD, are one of the inputs in this comparison of configuration designs. For
more details see Chapters 8, 9 and 11.

One of the candidate sites to host the ET is near the former Sos Enattos mine in
Sardinia, Italy [56]. A second candidate site is the Euro-Rhein-Maas region on the
borders of the Netherlands, Belgium and Germany [56]. Recently there is also a
third possible candidate site in Saxony, East Germany [342]. Since it would be very
prestigious to host such a large and high-technological research facility in our region,
there is an additional interest from Belgian (and Dutch) universities in the ET and
the possibility to host the detector in our region. In this context, during my PhD I
performed several analysis to investigate the impact of correlated noise on the ET of
which the results can be found in Chapters 8, 9 and 11.

Fig. 2.8.: Sensitivity curves of Cosmic Explorer, according to the 20km and 40km baseline
designs as well as the low frequency (LF) 40km and post-merger (PM) 20km
tuned detector. We also show LIGO’s A+ design sensitivity as comparison. Figure
created with data taken from [233]. The sensitivity curves were first presented in
[162, 335].
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As mentioned earlier CE is planned to have two L-shaped detectors with respective
arm-lengths of 20km and 40km. In contrast to ET, CE will not be built underground.
This will allow for less reduction of seismic and Newtonian noise, however a detector
at the Earth’s surface is in line with CE’s slightly less ambitious low frequency (<

10Hz) design sensitivity. As highlighted in the previous paragraphs, achieving these
low frequency sensitivity goals will be very challenging for the ET. Several different
tuned interferometers are considered for CE in [162, 335]. In Fig. 2.8 we show the
baseline design sensitivity for the 20km and 40km detectors. Furthermore we show
the 40km detector tuned for low frequencies as well as the 20km detector tuned for
observing the post-merger of binary neutron star coalescences. For more information
on these different designs we refer the interested reader to [162, 335]
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Gravitational-wave sources 3
„Over and over in the history of astronomy, a new

instrument finds things we never expected to see.

— Rainer Weiss

In Chapter 1 we have described how GWs are predicted by GR, how they propagate
through spacetime, how they interact with test masses, as well as how they can
be produced in GR. In this chapter we will discuss different sources of GWs and
start by dividing the sources in four overarching categories based on their signal
morphology in Sec. 3.1. In Sec. 3.2 some different key GW sources across the GW
frequency spectrum will be discussed. Afterwards we briefly discuss some of the
most important detections until July 2023 (Sec. 3.3). We will end this chapter with
a short summary of the latest upper limits on the gravitational-wave background
across the frequency spectrum (Sec. 3.4).

3.1 Different categories of gravitational-wave sources

An important characteristic by which signal types are often classified is the signal
duration, i.e. the signal being a transient event or of continuous nature. However,
this separation of signals is somewhat arbitrary since the duration of the signal can
depend on the sensitivity of the detector to GWs as well as the frequencies to which
the detector is sensitive. This implies that what might be a transient signal for a
certain detector, might be a continuous signal for another detector. Furthermore the
sources of gravitational waves which can be detected depend on the frequencies the
detector is sensitive to.

A first type of GW sources are ‘compact binary coalescence’ (CBC) events. Two stellar
bodies (e.g. neutron star, black hole) in a binary system orbiting around each other
have a non-zero quadruple moment due to their time dependent mass distribution.
Therefore this system will emit gravitational waves. Due to the emission of these
gravitational waves, the two stellar bodies will inspiral and eventually coalesce with
each other. The inspiral phase of the binary system is a long duration and almost
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Fig. 3.1.: Estimated gravitational-wave strain amplitude from GW150914 projected onto
the LIGO Hanford detector. The inset images show numerical relativity models of
the black hole horizons as the black holes coalesce. Figure and caption taken and
modified from [19], under the terms of the Creative Commons Attribution 3.0
License.

monochromatic signal. Such signals form another category of signals often called
‘continuous waves’ (CW) which we will discuss later in this section.
The final moments of the inspiral and the eventual coalescence of the two stellar
bodies yields a transient signal, with a time-frequency behaviour well predicted by
GR. This signal depends on the system parameters such as the masses and spins of
the stellar bodies. After the merger of the two stellar bodies to a single stellar body,
there will be a ‘ringdown’ and the emission of gravitational waves will end. This
process is illustrated in Fig. 3.1.

Given the excellent description of these events by GR, one can rely on matched-
filtering techniques to detect CBCs. With this technique one relies on the information
available on a possible candidate signal and the matched-filter is the best linear filter
one can use [357].

A second class of GW events are often referred to as ‘bursts’. These are transient
signals coming from violent processes such as core collapse supernova. In contrast
to the well predicated waveforms for CBC events, the GW waveform for bursts
are less understood due to uncertainties in the dynamics as well as initial stellar
conditions [303]. This implies analysis pipelines have to rely on methods to identify
excess power of gravitational-wave origin. These will be less optimal than matched-
filtered methods that can be used for CBC events. Note that Burst pipelines could
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also observe loud CBC events, but they intrinsically perform less well due to the
non-optimal analysis method.

A third category of GW signals was already introduced earlier and are the ‘continuous
waves’. This definition is typically used for long duration signals wich are (almost)
monochromatic. One possible example of GWs are, as mentioned earlier, the inspiral
phases of a CBC event. However, the emission of GWs from the CBC merger and
the inspiral occur at different frequencies and have to be observed with different
detectors. Another possible source is a rotating non-axisymmetric stellar body (e.g.
neutron star).

The fourth category is the gravitational-wave background (GWB), which consist of
an incoherent superposition of many weak sources. Historically the GWB has been
referred to as the stochastic GWB or SGWB, but more recently is often also referred
to as GWB. In this thesis we will choose the latter convention. There are a large
number of possible sources which could produce a GWB, both of astrophysical and
cosmological origin. One example is the superposition of individually unresolved
CBC events. The signal becomes Gaussian, by merit of the central limit theorem,
in case the number of sources is large enough. On the largest scales of the entire
Universe, one often can assume the signal to be isotropic, however on smaller
scales the signal might exhibit anisotropies linked to e.g. the center of the Milky
Way or the distribution of close-by galaxies. By definition the GWB consists of
individualy unresolvable sources either by the weakness of their signal and or their
large number. This implies that all loud and individually resolvable sources should
first be subtracted or removed from the analysis for a GWB. Therefore in most cases,
the GWB is much smaller than the detector noise and is operating in the so-called
small signal-to-noise ratio limit1. Therefore long integration times are needed to
enable a future detection as well as correlating data from two or more detectors.
This however implies that a signal that is considered to be a GWB in a certain
detector, might not be in another if for instance all the individual sources would
be resolved. This will for example be the case for the GWB from CBC events in
Earth-based detectors when comparing second generation detectors such as LIGO,
Virgo and KAGRA with third generation detectors such as the Einstein Telescope.
The different detectors were introduced and discussed in detail in Chapter 2. Some
GWB signals are expected to be stationary, e.g. the GWB from unresolved BNS
mergers, whereas other signals are expected to have an intermittent behaviour, e.g.
the GWB from unresolved BBH mergers.

1LISA and ET are predicted to have a loud but unresolvable GWB due to the larger number of sources.
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3.2 Overview of gravitational-wave sources probed by
different detection methods

In the following subsections we will discuss GW sources in the nHz (Sec. 3.2.1),
mHz (Sec. 3.2.2) and Hz-kHz (Sec. 3.2.3) regions. They can respectively be probed
by PTAs, space-based interferometric detectors and Earth-based interferometric
detectors, as discussed in Chapter 2. The GWB, and more specifically data quality
for the search for an isotropic GWB, is the main topic of this thesis. Therefore a
more extensive list of GWB sources will be given, compared to a limited number of
examples for the other sources. More details on analysis methods for searching for
an (isotropic) GWB with Earth-based interferometeric detectors will be discussed in
Chapter 4. Chapter 5 contains a general discussion on possible noise sources for the
search for an isotropic GWB, with Earth-based interferometric detectors.

3.2.1 nHz gravitational waves

The inspiral of supermassive black hole binaries (SMBHB), i.e. a pair of black holes
(BHs), each with a mass ≳ 107M⊙

2, will create continues waves which could be
individually detectable in the nHz frequency region [105, 141, 248].

Apart from this GW signal in the nHz frequency region, cosmic strings could create
burst of GWs [137, 141, 248]. Cosmic strings are topological defects which arise
during phases of symmetry breaking in the early Universe [224]. Several mechanisms
play a role in the production of GWs from cosmic strings for which we refer the
interested reader to [354]. Depending on the energy at the time of the phase
transition when the cosmic strings are created, they will yield GW signals in a
different frequency range. Therefore different energies of cosmic strings can be
probed with GWs in the nHz, mHz and Hz-kHz frequency regions. Cosmic strings
producing nHz GWs were created during symmetry breaking at temperatures of
∼ 10−1GeV-101GeV [111].

nHz GWB

The superposition of inspiraling SMBHB is predicted to produce a GWB from as-
trophysical origin. This signal is even expected to be the first nHz GW signal to
be observed [105]. Furthermore one could observe a GWB from the superposition

2M⊙ is the symbol to indicate 1 solar mass, i.e. ∼ 1.99 · 1030 kg
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of cosmic string bursts. Finally a relic GWB from inflationary periods fractions of
seconds after the Big Bang is another candidate signal [141, 248]. This GWB can in
some sense be regarded as the GW equivalent of the CMB [149, 285] in the electro-
magnetic spectrum. Namely the CMB is the oldest electromagnetic radiation which
can be observed and similarly the GWs from these inflationary periods would give
us some of the oldest GW signals. Gravitational waves from this relic background
could originate from initial tensor fluctuations or could be produced during the end
of the inflationary period [111, 118]. The standard inflationary model yields levels
of a GWB which are probably beyond reach of any of the detection methods in the
next decade(s) both in the nHz and higher frequency bands [111, 118]. However
alternative inflationary models could lead to amplified GW production, yielding a
possibly detectable GWB [111, 118].

3.2.2 mHz gravitational waves

The mHz frequency band is very rich and has many different sources of GW signals
[57, 303, 313]. A first category is the coalescence of massive black hole binaries
(MBHB), i.e. BHs with masses between 103M⊙ and 105M⊙. These signals will have
a transient signal nature with a duration of hours to months. The inspiral of binary
systems with smaller masses (few solar masses to few tens of solar masses) will
be observable in the mHz frequency band months to years before they coalesce
in the Hz-kHz frequency region [321, 322]. The inspiral of even lighter compact
galactic binaries, such as white dwarf binaries, also produces mHz GWs. Due to their
sheer number only a limited fraction of these signals is expected to be individually
resolvable. A fourth astrophysical GW signal comes from extreme mass ratio inspirals
(EMRIs), where a BH with a mass of few tens of solar masses first inspirals and
afterwards is engulfed by a massive BH.

Similarly to GWs in the nHz region, cosmic strings can produce mHz gravitational-
wave bursts, which corresponds to symmetry breaking at temperatures of ∼ 103GeV-
106GeV [111].

mHz GWB

The superposition of the inspiral phases of many BHs with masses of few tens of solar
mass can also produce a GWB, which will be mainly situated in the Hz-kHz frequency
band, but might also be observable in the mHz frequency band. Furthermore a
similar confusion background from compact galactic binaries is present in the mHz
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frequency region, consisting of a large fraction of individually unresolvable galactic
binary inspirals.

A GWB from cosmological origin could be produced by a first order phase transition
at the electroweak phase transition at ∼ TeV energies. During a first order phase
transition bubbles from the true vacuum state can nucleate in the meta-stable
vacuum. The interaction of these true vacuum bubbles with each other can produce
GWs through several mechanisms [111]. The incoherent supperposition of GW
signals from cosmic strings also forms a possible GWB source. As was the case for
the nHz region, a relic GWB from inflation produces a GWB, however the amplitude
predicted by standard inflationary theory is probably undetectable [111, 118].
Alternative inflationary theories could yield detectable GWB signals [111, 118].

3.2.3 Hz-kHz gravitational waves

A first source of Hz-kHz GWs are CBC events where neutron stars and/or BHs with
few to tens of solar masses merge i.e. binary black hole (BBH), binary neutron star
(BNS) and neutron star black hole (NSBH) mergers. A priori those BHs are expected
to be of astrophysical origin, however they could also be of priomoridal origin, i.e.
they would have formed from scalar fluctuations in the early Universe. Even though
these primordial BH could also have masses in the solar mass range, the observation
of a sub-solar mass BH is considered as the ‘smoking-gun’ evidence for primordial
BH, since they can not be formed from stellar collapse.

Apart from these CBC events there are several burst-type signals in the Hz-kHz fre-
quency region. A first possible source for bursts of GWs are core collapse supernova.
Furthermore, GW bursts could originate from violent events in magnetars, i.e. a
highly magnetized neutron star. Bursts from cosmic strings generating Hz-kHz GWs
originate from symmetry breaking at temperatures of ∼ 108GeV-1010GeV [111].

Spinning non-axisymmetric neutron stars produce continuous GWs at twice their
rotational frequency. There are several hundreds known neutron stars with rotational
frequencies which could yield observable GW signals in the Hz-kHz frequency range
[32, 303].

Hz-kHz GWB

The superposition of a large population of distant and weak individual sources can
create an astrophysical GWB. This applies for all the sources mentioned earlier,
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i.e. CBC events from BBH, BNS and NSBH, but also GW bursts from core collapse
supernova and CW from non-axisymmetric rotating neutron stars. The expected
strength of the latter two is predicted to be beyond reach with the current generation
of detectors. The GWB from rotating neutron stars could be observable with ET
and CE, however the GWB of core collapse supernova might even be beyond the
reach of ETs and CEs sensitivity targets [295]. The background of BBH and BNS
mergers is not only expected to be observable with Advanced LIGO, Advanced Virgo
and KAGRA, but it is expected to be the first GWB signal in the Hz-kHz frequency
region to be observed [30]. Based on the measured merger rate of these events, it is
predicted the signal would be observable after several years of data at the design
sensitivity of LIGO A+, AdV+ and KAGRA [30].

Apart from these different astrophysical GWBs, there are a variety of cosmological
sources that could create a GWB, such as cosmic strings [137, 354]. Upper limits on
several cosmic string models were placed using the latest LVK results [23]. GWs in
the Hz-kHz frequency region could originate from a first order phase transition at
energy scales 107GeV-1010GeV. As mentioned earlier, a GWB from ‘standard’ inflation
is expected to be below the design sensitivities of current and (near) future detectors.
However alternative inflationary models could yield amplified levels of GWs, also
in the Hz-kHz frequency region [111, 118]. Finally the superposition of coalesence
events of primordial BHs could also produce a GWB.

For a more detailed discussion the interested reader can have a look to several
review papers for a discussion of the different sources [118, 295] as well as some
implications for several of these sources based on the latest LVK results [301, 356].

The benefit of a ∼ Hz GW detector

One of the key goals of the ET is to push its low frequency sensitivity to a few Hz,
compared to ∼ 10Hz-20Hz, for current generation Earth-based interferometric GW
detectors. This comes with many technological (and budgetary) challenges such as
operating a cryogenic interferometer and providing sufficient subtraction of seismic
and Newtonian noise. However, achieving this low frequency sensitivity with the full
ET HFLF-cryo xylophone design as introduced in Chap. 2 opens up several additional
windows onto the GW Universe which might be hard to access with the HF-only
design.

The HFLF-cryo sensitivity enables to obtain an excellent sky-localisation for a con-
siderable larger number of BNS mergers compared to the HF-only sensitivity [100].
Furthermore, since the BNS mergers will enter the detectors sensitivity earlier, the
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detectors can accumulate signal over a longer period. Due to this accumulation of
SNR, an alert of the merging BNS system can be sent out with sufficient confidence
before the merger even takes place [100]. Both elements are crucial to be more
successful in observing optical counterparts of the BNS mergers. In addition, the
distance at which BNS mergers can be observed is roughly doubled when one opts
for the HFLF-cryo design compared to HF-only design [100]. Doing GW cosmology,
e.g. measuring H0 with HF-only becomes much more difficult since the uncertainty
of luminosity distance and angular localisation increase significantly compared to
the xylophone design [100]. For a more detailed discussion of these benefits as
well as many other, less drastic, improvements achieved by the full ET HFLF-cryo
xylophone design compared to HF-only, we refer the interested reader to [100].

Concerning the GWB, in [298] they show that the fraction of SNR below 30Hz drops
from more than 95% to about 40% when one opts for the ET-B design instead of the
ET-D design. As shown in Fig. 4.1 (see also [218]), the sensitivity for searches for
an isotropic GWB is about an order of magnitude greater for power-law like signals
in the 3Hz-10Hz frequency band if the ET(D) design is chosen over the ET-B design.
More broadly speaking ET-D outporforms ET-B for frequencies up to ∼ 40Hz.
Note, as explained in Chap. 2 the ET-B design is more sensitive in the lowest
frequency region compared to the HF-only design which is currently considered in
case no low frequency detectors would be pursued. This implies that the loss of
science case for the search for a GWB explained above will be even larger in case
HF-only is constructed compared to the full HFLF-cryo design, which has a very
similar sensitivity to ET-D. This is clearly illustrated in Fig. 4.1 in Chapter 4. Here the
broadband sensitivity curves for an isotropic GWB are plotted in case of a baseline
existing of two interferometers with both the same sensitivity, chosen to be either
HFLF-cryo, HF-only, ET-D or ET-B, assuming a co-located triangular configuration.
Whereas HFLF-cryo (and ET-D) is (are) the most sensitive to power-law GWB signals
at ∼ 7Hz, a set-up with only two HF-only (ET-B) detectors has its peak sensitivity
near 40Hz (50Hz). At 7Hz the sensitivity of HF-only to power-law signals with
negative slopes is ∼ 200× worse compared to HFLF-cryo. Similarly ET-B has a
sensitivity ∼ 20× worse compared to ET-D at 7Hz. For a GWB which has a frequency
independent dimensionless energy density of GWs ΩGW, which will be introduced in
Chapter 4, HFLF-cryo/ET-D is ‘only’ about one order of magnitude more sensitive
compared to HF-only/ET-B. Several cosmological GWBs are expected to have such a
frequency independent behaviour.

We would like to note that CE does not aim to push to be sensitive to GWs with
frequencies of ∼1Hz. However, their design sensitivity is planned to be similar to
HFLF-cryo around 5Hz to 10Hz. Moreover, CE will even be more sensitive by up to a
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factor of two, to GWs with frequencies between 9Hz and 100Hz. This is mainly due
to different design choices, such as the 40km arm length compared to the 10km for
the ET.

3.3 Detections of gravitational waves until July 2023

The first observation of evidence supporting the emission of GWs dates back to
the Hulse-Taylor binary pulsar or PSR B1913+16 [209, 341]. This pulsar was first
observed in 1974 and was found to be part of a binary system. As mentioned in
previous section, binary systems have a time varying quadruple moment, leading to
the emission of GWs. This emission of GWs in turn leads to a decay of the orbital
period and the binary bodies inspiral towards each other. The decrease of the orbital
period as observed in the Hulse-Taylor pulsar was found to be consistent with the
emission of GWs as predicted by Einstein’s theory of GR. Hulse and Taylor were
awarded a Nobel prize in 1993 for the discovery of this pulsar system.

At the same time Joseph Weber pioneered the attempt to directly observe GWs by
using a resonant bar detector [362]. He developed and build the first resonant bar
detector in the 1960s. Even though over the next decades various other resonant
bar detectors were constructed with significantly better sensitivity, they were unable
to claim any convincing detection of a GW. Their sensitivity would have enabled
them to see relatively loud events in our galaxy or close proximity. However, no such
events were detected.

To be sensitive to GW signals from beyond our galaxy in the Hz-kHz frequency band,
one has to rely on interferometric GW detectors [174]. The first GW interferometer
was build by R. Forward [174]. This concept was also brought forward in the
1960s, first by M. Gersenshtein and V. I. Pustovoit. Later on it was pushed forward
by R. Weiss and others in the end leading to the construction of the LIGO and
Virgo instruments. These instruments were run in intermittent phases of observing
mode and upgrading. In 2015 and 2017 the LIGO, respectively Virgo, instruments
finished a more substantial upgrade which started the ‘Advanced’ detector era with
the new and higher sensitivity detectors called Advanced LIGO and Advanced Virgo.
This led to the first direct observation of GWs in 2015 [19] by the LIGO and Virgo
collaborations. In 2017 R. Weiss, B. Barish and K. Thorne were awarded a Nobel prize
“for decisive contributions to the LIGO detector and the observation of gravitational
waves”. In 2017 Alain Brillet of ARTEMIS, Université Côte d’Azur, was awarded a
CNRS gold medal for his visionary contributions to Virgo. In the next section we
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will discuss in more detail the first detection as well as some other important direct
observations made afterwards.

3.3.1 First direct detections of gravitational waves

GW150914 - Binary black hole merger

On September 14, 2015 at 09:50:45 UTC the first direct detection of a GW was
made [19]. The two LIGO detectors simultaneously observed a transient GW with
a significance of over 5σ. The estimated signal from the binary merger was shown
earlier in Fig. 3.1 as an illustration of a typical CBC event. The signal was consistent
with the merger of two black holes with initial masses of 36+5

−4M⊙ and 29+4
−4M⊙ at a

distance of 410+160
−180 Mpc 3 (redshift4: z = 0.09+0.03

−0.04). The final black hole after the
merger has a mass of 62+4

−4M⊙ with 3.0+0.5
−0.5M⊙ radiated away in the form of GWs.

This event, named GW150914 is not only the first direct observation of GWs but
also implies that solar mass black holes and BBH systems exist.

GW170817 - Binary neutron star merger and the start of multi-messenger
astronomy

Another remarkable detection was the observation of GW170817, the first GW signal
coming from the merger of a BNS system [17]. The signal was observed by the
Advanced LIGO and Advanced Virgo detectors on August 17, 2017. An excellent sky
localisation was reached and the source was estimated to be within a sky region of
28 deg2 with 90% probability. This excellent sky localisation was partially due to the
addition of a third detector, Virgo, since this enabled a more precise triangulation
of the signal. The binary system was inferred to have a luminosity distance5 of
40+8

−14Mpc. The event was even more extraordinary since 1.7 seconds after the
coalescence of the BNS a γ-ray burst (GRB) GRB170817A was detected by the
Fermi Gamma-ray Burst Monitor as well as the Anti-Coincidence Shield for the
Spectrometer for the International Gamma-Ray Astrophysics Laboratory [15, 18].
This first joint detection of GWs and optical counterparts started the field of multi-
messenger astronomy and proves BNS mergers can be progenitors of GRBs. Multiple

3Parsec is a unit of distance with 1 pc ≈ 3 · 1016m
4Due to the expansion of the Universe signals are redshifted while traveling to us. Therefore redshift

can be used as a measure of the distance traveled by the signal.
5The luminosity distance is the distance one can infer based on the relationship between the absolute

magnitude and the apparent, observed magnitude of electromagnetic observation.
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observations were made of this event in varying optical and radio bandwidths in the
aftermath of the event [18].

Other observations until July 2023

Apart from these two high impact observations many other CBC events have been
observed by the LIGO and Virgo detectors, reported by the LIGO, Virgo and KAGRA
collaborations [13, 25, 27, 31, 343]. These observations include a wide variety of
BBH mergers as well as several BNS [12, 17] and NSBH mergers [28]. With several
tens of GW observations of CBC events one can start to look into the characteristics of
the population of these binary systems [31]. Since the start of O4 on May 24th 2023
several tens of significant CBC candidates have been publicly announced [246].

Even though there are several other types of signals that could be observed by
Earth-based GW detectors, such as bursts, CW and a GWB, at the moment Advanced
LIGO and Advanced Virgo are only able to observe CBC events. Despite the large
number of detections, the field of GW observations can be considered to still be in its
infancy and the future might hold many more interesting observations of different
GW sources.

Strong evidence for a nHz GWB signal

In 2020 multiple PTA observed a possible first hint of a GW signal. They observed
correlations in disturbances of the time of arrival of the pulsars [62, 70, 117, 183].
However, at the time there was no statistically significant evidence to claim the
process had the spatial correlation expected from a GW signal, as given by the
Hellings & Downs curve. Therefore no robust detection of a GW signal could be
claimed. In June 2023 the different PTA collaborations announced they found
(strong) evidence for a nHz GWB. Note, at the moment they do not claim to have
detected the nHz GWB, as for a first, ‘gold-plated’ detection a significance threshold of
5σ is typically used. At the moment the observed significance varies for the different
collaborations6, with a significance of 4.6σ (CPTA [367]), ∼ 3−4σ (NANOGrav [45]),
≳ 3σ (EPTA/EPTA+InpTA [65]) and ∼ 2σ (PPTA [293]). When fixing the spectral
behaviour to the one expected from a GWB from SMBHB, i.e. f−2/3 in characteristic
strain or f−13/3 in the pulsar timing residuals, the characteristic strain amplitude
A at the reference frequency fref = 1yr−1 is logA = −14.7+0.9

−1.9 (CPTA [367]),

6In the remainder of this section we will order the results in decreasing order of significance as
reported in the publications.
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Fig. 3.2.: The inter-pulsar correlations (Γ) as a function of the angular separation be-
tween pulsars pairs (ξab) for the 15yr NANOGrav data set, assuming maximum-
a-posteriori pulsar noise parameters and a spectral behaviour of f−13/3 in the
pulsar timing residuals. The black dashed line shows the cross-correlated power
predicted for Hellings & Downs correlations. For more information on the figure
and data we refer the interested reader to [45]. Figure taken from [45].

A = 2.4+0.7
−0.6 × 10−15 (NANOGrav [45]), A = 2.5 ± 0.7 × 10−15 (EPTA/EPTA+InpTA

[65]) and A = 2.04+0.25
−0.23 × 10−15 (PPTA [293]). In Fig. 3.2 we show the observed

spatial correlations between pulsars, as reported by the NANOGrav collaboration
[45]. Even though the inferred spectral index is consistent with the one expected
from a GWB from SMBHB, also other signals are compatible with the observed
signal. As an example, the signal observed by NANOGrav is also consistent with
e.g. cosmic inflation or first-order phase transitions [43]. Combining the already
available data from the different PTAs in the IPTA analysis and/or the addition of
more data in the future should lead to the claim of the detection of a nHz GWB with
≥ 5σ in the coming years. Over time this should also shed light on which is the most
likely source of the signal. However, regardless of the source(s), the observation of
the nHz GWB is another monumental achievement of GW astronomy and will help
us gain more fundamental insights in various astrophysical and/or cosmological
processes.

Apart from the main analysis in search for a nHz GW signal, the different PTA
collaborations have also looked further into a range of different topics such as the
astrophysical and cosmic implications of their signal, their data quality and the levels
of anisotropy in the signal. We will not discuss any of these more detailed works,
but refer the interested reader to the additional publications by the NANOGrav [43,
44, 46–49, 220], EPTA [63, 64, 66, 67, 330] and PPTA collaborations [292, 371].
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3.4 Upper limits on the gravitational-wave background

In this section we will highlight some of the most stringent upper limits on the GWB
across the different frequency bands. We will only focus on an isotropic GWB, since
it is the main focus of this dissertation. Some of the mentioned sources and the
upper limits discussed below, are represented in Fig. 3.3.

One can put upper limits on a relic GWB by requiring consistency with the imprint
that would be left on the CMB and BBN [226] observations. Using data from
the Planck experiment [39], the authors of [279] report 95% upper limits on the
dimensionless energy density of GWs ΩGW, which will be introduced in Chapter 4,:
h2Ω GW < 1.2 × 10−6 for frequencies f > 10−15 Hz. h2 parameterizes the value of
the Hubble-Lemaître constant H0, i.e. H0 = h × 100 km s−1 Mpc−1. If we choose
the value of h = 0, 679 as inferred from the Planck 2015 observations [42] the upper
limit reads Ω GW < 2.61 × 10−6.
The lack of an observation of an imprint of tensorial fluctuations in the CMB puts
upper limits of about 10−14 on Ω GW at 10−17Hz. This can be extrapolated to an
upper limit of about 10−15 on Ω GW above 10−17Hz for a GWB from standard inflation
[234].

nHz GWB

The strength of the observed process by PTAs at reference frequency of 1 yr−1 ≈
3.17 · 10−8Hz has an amplitude of about 2 · 10−15 in characteristic strain, when
fixing the power-law slope of the signal to the one expected from SMBHB [62, 70,
117, 183]. The exact inferred value differs slightly for the results of the different
PTAs. If we convert the characteristic strain7 to the energy density of the GWB
Ω GW, this corresponds to ∼ 5.5 · 10−9. For more information on the conversion from
characteristic strain to the energy density Ω GW, we refer the interested reader to
[304].

mHz GWB

There are not many historical experiments trying to measure a GWB in the mHZ band
and currently the best upper limits come from accurately measuring the Earth normal
modes. The authors of [131] use 10 years worth of seismometer and gravimeter
data monitoring Earth’s seismic activity to constrain the SGWB, resulting in the

7The characteristic strain hc is given by hc =
√

f · Sh, with Sh defined in Eq. 4.5 [304].
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following constraints: h2Ω GW < 0.035 − 0.15 for the 0.3mHz - 5mHz band. Both
LISA and the Lunar Gravitational-Wave Antenna will be able to drastically improve
these upper limits by many orders of magnitude, or claim detections.

Hz-kHz GWB

In the Hz-kHz regime, upper limits have been placed on an isotropic GWB by
searches using two bar detectors [72] as well as a bar detector and interferometric
gravitational-wave detector [6]. However the most recent and best upper limits
come from LIGO’s and Virgo’s third observing run, where they placed a 95% upper
limit of Ω GW < 5.8 · 10−9 for a flat GWB, i.e. frequency independent, in Ω GW

[30]. Previously upper limits were placed on a GWB with α = 3 by using data of
initial LIGO and initial Virgo (Ω GW,α=3 < 0.32 at 900Hz) [4] and the two co-located
Hanford detectors (Ω GW,α=3 < 7.7 10−4 at 900Hz) [2].

Fig. 3.3.: An overview of some of the GWB sources across the frequency spectrum. For
more detail on the used parameters and models for the different sources, see
[301]. Note that the upper limits denoted in this figure by Neff (orange dotted)
are the upper limits obtained by using information from BBN, as discussed in
the text. Also the constraints from LVK’s third observing run O3 are shown, as
well as the PPTA results from 2021 [183], i.e. the data set where an excess was
observed but without any evidence for the Hellings & Downs curve in the spatial
correlation. However, the amplitude of the excess observed in 2021 is consistent
with the more recent results as described earlier. Also the projected sensitivity for
LISA is shown. Figure taken from [301].
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The gravitational-wave
background

4
„The rule has been that when one opens a new

channel to the Universe, there is usually a
surprise in it. Why should the gravitational
channel be deprived of this?

— Rainer Weiss

In this chapter we will discuss the gravitational-wave background and the analysis
methods currently used by Earth-based interferometric detectors. Even though
many of the concepts could more broadly be used, we only focus on Earth-based
interferometric detectors. Furthermore, there is a strong focus on the search for an
isotropic GWB, since this is the key subject of this dissertation.

Observing a Hz to kHz GWB would be another major achievement for the field of GW
astrophysics, regardless of the origin of the background. In case of the astrophysical
GWB coming from unresolved CBC events it would yield us additional information on
the distant Universe inaccessible via direct observations with LVK. The most distant
CBC events observed during the first three observing runs from LIGO and Virgo are
located at a redshift z ≤ 1. However, the observation of the GWB coming from the
superposition of CBC events would give us valuable information on the population
of CBC events on cosmological distances. Here we want to note that despite these
distant CBC mergers z ≥ 1 being too weak to be observed individually with LVK,
CE and ET would be able to observe (almost) all CBC events in the observable
Universe.

The search for a GWB from cosmological origin might be less certain, but in case of a
detection it could revolutionize our knowledge of the processes in the early Universe.
Even in case of non-detection, this can be used to place stringent upper limits on
certain beyond Standard Model theories. These constraints are often complementary
to constraints coming from particle physics experiments at accelerators, since both
methods probe different regions of the parameter space.
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4.1 Statistical properties of the gravitational-wave
background

A GWB can be described in terms of the ‘moments’ of the metric perturbation [304].
In case the GWB is Gaussian, all statistical properties can be described in terms of the
quadratic moment. For non-Gaussian GWB signals this simplification does not hold.
We refer the interested reader for a more detailed discussion of the non-Gaussian
scenario to [304]. The expectation value of the second moment in case of a Gaussian,
stationary, unpolarized, spatially homogeneous and isotropic background is

⟨hA(f, n̂)h∗
A′(f ′, n̂′)⟩ = 1

16π
Sh(f)δ(f − f ′)δAA′δ2(n̂, n̂′), (4.1)

where Sh(f) is the one-sided strain PSD. The stationarity assumption leads to
δ(f − f ′), whereas δAA′ , with A the GW polarization, results from the assumption
the GWB is unpolarized. δ2(n̂, n̂′) comes from the spatial homogeneity and the
isotropy, where n̂ is the vector indicating the sky location. If we abandon the
assumption of spatial homogeneity and the isotropy, but require the anisotropies to
be uncorrelated between different directions we get

⟨hA(f, n̂)h∗
A′(f ′, n̂′)⟩ = 1

4P(f, n̂)δ(f − f ′)δAA′δ2(n̂, n̂′), (4.2)

where P(f, n̂) quantifies the GW power as a function of the sky location and fre-
quency. The isotropic power, Sh(f), is simply the result of integrating the angular
GW power, P(f, n̂), across the entire sky,

Sh(f) =
∫

sky
P(f, n̂)dn̂. (4.3)

4.2 Analysis methods

4.2.1 Cross-correlation analysis for a Gaussian, stationary and
isotropic gravitational-wave background

For an isotropic GWB we are interested in the dimensionless energy density ΩGW (f)
which is related to the energy density of GWs dρGW in a logarithmic frequency
interval d ln f ,

ΩGW(f) = 1
ρc

dρGW
d ln f

. (4.4)
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Here ρc = 3H2
0 c2/(8πG) is the critical energy density for a flat Universe. H0 is the

Hubble-Lemaître constant, c is the speed of light and G is Newton’s constant. From
hereon we will always use the 15-year Planck value of 67.9 km s−1 Mpc−1 for H0

[42], unless explicitly stated otherwise.

The energy density of the GWB ΩGW (f) and the strain PSD Sh(f) are related to
each other by the following equality,

Sh = 3H2
0

2π2
ΩGW (f)

f3 . (4.5)

To understand how Sh relates to the output from our detector, we note that the
strain signal, sI(f), observed by a GW interferometric detector I can be written as,

sI(f) = nI(f) + hI(f)

= nI(f) +
∑
A

F A
I (f)hA(f), (4.6)

with F A
I the antenna pattern function of detector I for a GW with polarization A,

as introduced in Eq. 2.4. nI(f), hI(f) represent the noise, respectively the GW
component in detector I. The correlation between two detectors can be written as,

⟨sIsJ⟩ = ⟨hIhJ⟩ + ⟨hInJ⟩ + ⟨hJnI⟩ + ⟨nInJ⟩

= ⟨hIhJ⟩ + ⟨nInJ⟩,
(4.7)

where we dropped the explicit frequency dependence. We have used ⟨hInJ⟩ =
⟨hJnI⟩ = 0 since the GW signal and infrastructural/environmental noise are un-
correlated. Generally one assumes ⟨nInJ⟩ = 0, i.e. the noise in each detector
is fully uncorrelated. Given the large separation between the current generation
of Earth-based GW detectors this seems a good assumption. To first order this is
true, however there are environmental and instrumental noise sources that can be
correlated over these long distances. In this chapter we will assume ⟨nInJ⟩ = 0 to
formulate the mathematical formalism. However, the deviation of this assumption
and the study of correlated noise sources is a key focus of this dissertation and
an introduction to possible correlated noise sources as well as how this affects the
formalism will be given in Chapter 5. A detailed discussion of the work performed
in the context of this thesis is reserved for Part II.

One can show that in the case of a Gaussian, stationary, unpolarized, spatially
homogeneous and isotropic background, ⟨hI(f)h∗

J(f ′)⟩ reduces to [304],

⟨hI(f)h∗
J(f ′)⟩ = 1

2δ(f − f ′)ΓIJ(f)Sh(f), (4.8)
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with ΓIJ the overlap reduction function. The overlap reduction function, given in
Eq. 4.9, is related to the antenna pattern function F A

I (f), as defined in Eq. 2.4 and
describes how the baseline, i.e. a pair of detectors, responds to an isotropic GW
signal.

ΓIJ(f) = 1
8π

∑
A

∫
sky

F A
I (f, n̂)F A

J (f, n̂)e2πif∆x·n̂/cdn̂ (4.9)

One can define the normalized overlap reduction function (ORF)1 γIJ(f) by requir-
ing that γIJ(0) = 1 for aligned and co-located detectors. This leads to the definition
of the normalized overlap reduction function,

γIJ(f) = 5
sin2 β

ΓIJ(f),

= 5
8π sin2 β

∑
A

∫
sky

F A
I (f, n̂)F A

J (f, n̂)e2πif∆x·n̂/cdn̂
(4.10)

where β is the opening angle between the two arms of an interforometric detector,
i.e. π/2 for LIGO, Virgo and KAGRA and π/3 for ET and LISA. This leads to a
pre-factor of respectively 5

8π and 5
6π . Intuitively one can understand the ORF as

follows: two co-located and co-aligned detectors have the same detector response
and therefore see every signal in the same way, their ORF is unity. However by
misaligning and/or separating the two detectors the signal they observe becomes
different and therefore their coherent response decreases. One could argue the
most optimal detector set-up is to have co-located detectors. However, having co-
located detectors drastically increases the amount of correlated noise which forms a
huge threat for performing the search for a GWB since this changes the observed
correlation given that ⟨nInJ⟩ ≠ 0. This was a large problem for the search between
the two co-located Hanford detectors during the fifth science run (S5) of initial LIGO
[2, 175]. In Chapters 5 and 9 we will discuss how for instance correlated seismic
noise might become important for the ET due to its co-located triangular design,
whereas this is not a problem for the widely separated LIGO, Virgo and KAGRA
detectors. Correlated magnetic noise can even be a problem for widely separated
detectors and will be discussed in Chapters 5, 7 and 8.

In practice a cross-correlation statistic can be constructed which is an unbiased
estimator of ΩGW (f):

ĈIJ(f) = 2
T

Re[s̃∗
I(f)s̃J(f)]

γIJ(f)S0(f) , (4.11)

1When using the abbreviation ORF, we refer to the normalized ORF, unless specifically stated
otherwise.
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where 2
T Re[s̃∗

I(f)s̃J(f)] = Re[CSDIJ ], the cross spectral density (CSD), with T the
time over which the Fourrier transform is calculated. The normalisation factor S0(f)
is given by S0(f) = 3H2

0 sin2 β
10π2f3 . In the small signal-to-noise ratio limit for the GWB,

the uncertainty on ĈIJ(f) is given by [55, 304],

σIJ(f) ≈
√

1
2T∆f

PI(f)PJ(f)
γ2

IJ(f)S2
0(f)

, (4.12)

where ∆f is the frequency resolution and PI(f) the PSD of detector I.

An optimal estimator for ΩGW(f) does not only rely on the cross-correlation but
also on the auto-correlation of detectors I and J [55, 304]. However they are not
known with sufficient precision for the current detectors, in which case ĈIJ(f) is
approximately an optimal estimator.

The signals one expects to observe are often predicted to follow a power-law be-
haviour, in the relevant frequency region,

ΩGW(f) = Ωref

(
f

fref

)α

, (4.13)

where ΩGW(f) is the spectral shape of the GWB and it is reported with respect to a
reference frequency fref . This reference frequency can be arbitrarily chosen. As we
saw earlier for PTA this is typically chosen to be 1 year−1, whereas for Earth-based
interferometric detectors it is typically chosen to be 25Hz, since this is around
their most sensitive frequency region for a GWB. In general the spectral shape of
ΩGW(f) can take other forms as well. For example, there are several cosmological
GWBs, such as first order phase transitions, which are predicted to have a broken
power-law behaviour [111, 327]. Some examples of GWBs which are expected to
behave as power-laws in the relevant frequency range are the GWB from unresolved
CBC events (α = 2/3) [16, 254, 295] and the GWB from core collapse supernovae
(α = 3) [168]. Multiple cosmological GWBs, e.g. cosmic strings [23], predict a flat
GWB ,i.e. α ≈ 0.
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Optimal filter and parameter estimation

Given a model of the spectral shape of the GWB one can combine the different
discrete frequency bins fk optimally as follow [30],

ĈIJ =
∑

k w(fk)ĈIJ(fk)σ−2
IJ (fk)∑

k w(fk)2σ−2
IJ (fk)

,

σ−2
IJ =

∑
k

w(fk)2σ−2
IJ (fk).

(4.14)

Here the optimal weights w(fk) are:

w(fk) = ΩGW(fk)
ΩGW(fref)

, (4.15)

Finally if one has more than two detectors in the observing network one can construct
multiple baselines, for which a weighted average yields a network cross-correlation
statistic,

Ĉ =
∑

IJ ĈIJσ−2
IJ∑

IJ σ−2
IJ

, σ−2 =
∑
IJ

σ−2
IJ . (4.16)

This weighted cross-correlation statistic of multiple baselines is the preferred al-
ternative for computing higher order correlations for the different detectors in the
network [55, 83, 256, 269, 304].

To perform parameter estimation (or place upper limits), one can use the following
likelihood

p(ĈIJ(fk)|Θ) ∝ exp

−1
2
∑
IJ

∑
k


(
ĈIJ(fk) − ΩGW(fk|Θ)

)2

σ2
IJ(fk)


 . (4.17)

In more complex scenario’s one could model multiple signals simultaneously [258]
or model a signal and e.g. correlated noise [267]. The latter will be further discussed
in Chapter 5.

Power-law integrated sensitivity curve

Earlier we mentioned that many signals are expected to follow a power-law be-
haviour (Eq. 4.13). Therefore the uncertainty on the cross-correlation statistic,
σIJ(f) (Eq. 4.12), is not the optimal metric to judge the sensitivity of a certain
detector to a GWB signal. The power-law integrated (PI) sensitivity curve [350],
ΩPI

IJ(f), does take the expected broadband character of the GWB into account. The
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PI-curve is constructed using σIJ(f) so that its tangent at any frequency represents
the sensitivity at which one could detect this tangent power-law ΩGW (f). One can
define the PI-curve for any signal-to-noise ratio.

As an illustration, Fig. 4.1 shows the PI-curve for the ET, equivalent to the sen-
sitivity curves in Fig. 2.7. We use a co-located, triangular configuration for the
three ET-interferometers and calculate the PI curve for one pair of interferometers.
Furthermore we assume 1yr of continuous observation or equivalent two years of
observation at 50% duty-cycle and use a SNR of 1. Fig. 4.1 shows HFLF-cryo/ET-D
could be sensitive to a GWB at the ΩGW(f) ∼ 10−12 range, with an SNR=1 after 1
year of observation. This seems to be consistent with earlier investigations stating a
GWB with strength ΩGW(f) = 2 · 10−12 would be detected with an SNR=5 after 1.3
years of observation time [324].
Apart from the different PI-curves, we also show the GWB expected from CBC events
in Fig. 4.1. This illustrates the possible detection of this signal by Advanced LIGO
and Advanced Virgo at their design A+, respectively AdV+ sensitivities. Note that
with the ET many of the individual BBH mergers contributing to the GWB for LIGO
and Virgo will be resolvable. This is also true for individual BNS mergers, however
they might be more difficult to disentangle due to their larger signal overlap.

For ET we can calculate the PI-curve as the location and orientation of one detector
is known with respect to another due to ET’s triangular configuration of detectors.
However, for CE we do not know the possible locations nor the detectors’ orienta-
tion. Therefore we are unable to calculate the ORF, which is needed to construct a
baseline’s sensitivity to a GWB. Future work could aim to probe different configura-
tions of two CE detectors as well as combinations between CE and ET to provide
statements on their capabilities to observe a GWB.

4.2.2 Analysis techniques for an isotropic gravitational-wave
background of intermittent nature

For a GWB of intermittent nature but still isotropically distributed on the sky, one
could imagine improving upon the cross-correlation statistic defined in Eq. 4.11. An
example of an intermittent GWB is the background from unresolved BBH events.
These signals have a typical duration of ∼1 sec, whereas the time between two
signals in the observable Universe is on average about 5-10 minutes based on the
merger rates from the direct BBH observations [9, 31]. During most of the time no
signal is present, therefore the sensitivity of the cross-correlation statistic (Eq. 4.11)
to such a signal is drastically reduced since it averages over both times with and
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Fig. 4.1.: Power-law integrated sensitivity curves of the Einstein Telescope, according to
the ‘HFLF-cryo’, ‘HF-only’, ‘ET-D’ and ‘ET-B’ designs. We assume a co-located,
triangular configuration for the ET-interferometers and construct the PI curve
for 1yr of observation time and SNR of 1 for one pair of ET-interferometers. For
comparison we also show the PI curve for LIGO Hanford and LIGO Livingston at
design A+ sensitivity.
The GWB expected from CBC mergers (BBH, BNS and NSBH combined) based on
the population observed during LVKs third observing run [31] is shown, where
the curves are obtained from the public dataset [242]. The 5% to 95% percentiles
are delimited by the teal band, whereas the median is indicated in dark teal.

without signal present in the data. To this extent two approaches have been proposed
to increase the sensitivity to such an intermittent signal and possibly enabling a
detection much earlier.

A first discussion on how to account for the intermittent nature of such a background
was discussed in [145], on which later [331, 339] and [235] build. We will briefly
highlight the philosophy of the two methods currently being investigated, but refer
the interested reader to the relevant literature for a more detailed discussion.

A first method is called ‘Stochastic Search for an Intermittent GWB’ (SSI) [235]. The
key concept is to have a likelihood such that it contains one part with signal present
and one part without signal and only noise. The ratio between both is governed by
the duty-cycle which is a measure for intermittence. A duty cycle of 1 equals to a
fully Gaussian background and the closer to zero the duty cycle is, the larger the
intermittent nature of the signal becomes. In this way the signal-likelihood is not
diluted by averaging over segments where no signal is present.

A second method tries to apply match-filtering techniques used to observe CBC
events. This method is computational very expensive and will be more strongly
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driven by sub-threshold, but individually resolvable BBH events. This search method
is called ‘The Bayesian Search’ (TBS) [331, 339].

The advantage of TBS is that by using more information on the type of signal, a
detection could be made sooner, however it comes at a computational cost. The
advantage of SSI is that it is a more agnostic approach and is also sensitive to other
intermittent backgrounds. However, both of them could achieve a detection of
the GWB from BBH significantly earlier compared to the standard cross-correlation
analysis explained in Sec. 4.2.1

Although both methods are very promising and have made great progress over the
last years, they still have to mature further before they can be used on real data.
As an example, for now the methods only have been tested on idealized Gaussian
detector noise. Also the effect of correlated noise as well as correlated glitches on
these methods will have to be understood.

4.2.3 Analysis techniques for an anisotropic gravitational-wave
background

In Eq. 4.2 we introduced P(f, n̂),which quantifies the GW power across the sky.
Searches looking for anisotropic GWBs assume this angular GW-power distribution
factorizes in a directional power P(n̂) and a direction independent spectral shape
H(f) [304], i.e.

P(f, n̂) = P(n̂)H(f). (4.18)

Similar to the isotropic analysis one often assumes a power-law spectral shape, i.e.
H(f) =

(
f

fref

)α
, where H(f) is normalized to equal 1 at f = fref .

The anisotropic cross-correlation statistic, i.e. the equivalent of Eq. 4.11 for isotropic
searches, is given by [304]

ĈIJ(t, f) = 2
T

s̃∗
I(t, f)s̃J(t, f) (4.19)

and its expectation value equals

⟨ĈIJ(t, f)⟩ = H(f)
∫

dn̂ γIJ(t, f, n̂)P(n̂). (4.20)
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Here ĈIJ(t, f) is evaluated at time segment t and frequency f and the anisotropic
ORF γIJ(t, f, n̂) is given by

γIJ(t, f, n̂) = 1
2
∑
A

F A
I (t, f, n̂)F A

J (t, f, n̂)e2πif∆x·n̂/c. (4.21)

Up to a factor of 1/(4π), γIJ(t, f, n̂) equals the integrand of ΓIJ(f), as introduced
in Eq. 4.9. Interesting to point out is that both ĈIJ(t, f) and γIJ(t, f, n̂) can have
non-zero real and imaginary parts, whereas for the isotropic search only the real
part contributes as seen in Eq. 4.11.

Even though an isotropic search is also sensitive to an anisotropic GWB, it is sub-
optimal for several reasons. First of all it does not enable to use the information
present in the angular power distribution P(n̂). This angular power distribution can
entail a large amount of information on the source, such as is the case with the CMB.
Secondly, an isotropic analysis is typically less sensitive to an anisotropic GWB. If
one considers a point source from direction n̂, the SNR ratio between an isotropic
and anisotropic analysis is [82]

(SNR)iso
(SNR)n̂

= [γiso, γn̂]√
[γiso, γiso][γn̂, γn̂]

, (4.22)

where we have used the shorthand notation γiso and γn̂ to refer respectively to the
isotropic ORF (Eq. 4.10) and anisotropic ORF (Eq. 4.21). We used the notation
[A, B] =

∑
i

∫
dfA∗

i Bi(f)H2(f)/(PI,iPJ,i), where I, J refers to the interferometer
and i is the index for summing over sidereal time2. The SNR between an isotropic and
anisotropic analysis for a point source can take values between -1 and 1 depending on
the sky-location [82]. This implies that the anisotropic analysis typically outperforms
an isotropic analysis, unless the source is located at a very specific location. This is
in line with your intuition that an anisotropic search should outperform an isotropic
search in the case of a localized source. Maybe less intuitive is that point sources at
certain sky positions will yield negative SNR when searched for with an isotropic
analysis.

There are several types of anisotropic searches which use different methods to search
for a GWB, based on the physical properties of the angular GW power distribution,
P(f, n̂). A first method decomposes P(f, n̂) into a basis of spherical harmonics. This
method, called spherical harmonic decomposition, targets extended GW sources
on the sky, which could for instance follow the luminous matter distribution of the
galaxy, such as the binary white dwarf GWB for LISA. To look for widely separated

2Time calculated from the motion of the Earth with respect to the distant stars, in contrast to solar
time where the time is calculate with respect to the sun.
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point sources on the sky, several analysis methods are being pursued. The broadband
radiometer search looks for point sources on the entire sky, but does this by looking
for an excess power in a wide frequency band. Narrowband radiometer searches
on the other hand look for excess correlated power in narrow frequency bins,
but only for specific sky localisations. This trade-off between the broadband and
narrowband radiometer searches in all-sky/all-frequency coverage is due to the large
computational cost to perform an all-sky-all-frequency search [184, 349]. However,
recently the computational limitations where overcome due to higher computational
efficiency and the folding of data [22]. The temporal symmetry of the directional
ORF allows folding to reduce the data-set to one sidereal day, leading to a reduction
factor equal to the number of observing days. The latter is of the order of O(100)
for the most recent observing run of LIGO and Virgo. As the name suggests, the
all-sky-all-frequency search looks for any point source on the entire sky in narrow
frequency bins.

Since anisotropic searches for a GWB are not the focus of this dissertation, we refer
the interested reader to the relevant literature for a more detailed discussion [8, 54,
82, 126, 270, 304, 347].
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Noise sources for
gravitational-wave
background searches and
methods to address them

5

„If you torture the data long enough, it will
confess to anything.

— Ronald H. Coase

In this chapter we will focus on noise sources that might affect the search for a
GWB with Earth-based interferometric detectors. Typically we can divide these noise
sources in three large categories. The first category consist of short duration, but high
amplitude noise transients which breaks the non-stationary character of the noise
spectrum. These features are often also called ‘glitches’ and will be discussed in Sec.
5.1. Afterwards, in Sec. 5.2, we will discuss narrowband spectral artefacts, often
called ‘noise lines’ and how they can affect the search for a GWB. Whereas glitches
are short duration and broadband in frequency, the noise lines are narrowband
in frequency but are present on a long duration of days to even months or years.
Finally, in Sec. 5.3, we will discuss how correlated (broadband) noise sources can
bias the search for a GWB.

This chapter will mainly focus on the introduction of the different noise sources and
how they can bias the search for a GWB. More information on a number of these
noise sources and the investigations performed as part of this thesis will be discussed
in Part II.

Furthermore, we want to point out that we assume in this chapter some initial data
quality vetoes are already applied to the data. These vetoes are produced by the
detector characterisation groups of the individual instruments and indicate times
which should be excluded from analysis due to known instrumental effects causing
transient and/or broadband noise in the detector. More discussion on this data
quality veto’s can be found in Sec. 4 of [5].
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5.1 Non-stationary noise features

As mentioned in Sec. 4.2.1, one assumes the detector noise is stationary in the
standard cross-correlation analysis. This assumption can break down for several
reasons. First of all, the background noise slowly varies over the course of hundreds
of seconds or more due to slowly varying sensitivity conditions. To this extent one
breaks down the data in smaller segments typically on the order of O(100s) which
ensures the slow variation of the detectors noise level is minimal.

Secondly, the data can contain short duration, high amplitude transient noise events,
called glitches. These loud transient events can affect stochastic analyses by introduc-
ing a bias in the PSD and CSD estimation as is illustrated in Fig 5.1. These glitches
can be particularly harmful for GWB searches looking for intermittent signals as
introduced in Sec. 4.2.2, since they might mimic the intermittent behaviour of the
signal. However also the standard search for an isotropic GWB will be affected by
these glitches as they introduce a bias in the PSD estimation.

For pairs of detectors with a large separation e.g. LIGO, Virgo and KAGRA, these
glitches are typically uncorrelated since they are of instrumental origin. However
a recent study shows that lightning strikes can introduce correlated glitches over
Earth-scale distances [214, 229]. This work will be discussed in more detail in
Chapter 7.

∆σ-cut

A first method to address glitches and more generally all forms of non-stationarity
in the data is to apply a cut removing all times where the standard deviation on
the coherent map, σIJ , introduced in Eq. 4.12, varies too much between adjacent
segments. This cut was introduced in [7] and is often refereed to as the ‘∆σ-cut’.
Conceptually this cut can be conceived as [7, 300]

|σi − σi+1| + |σi − σi−1|
2σi

> threshold , (5.1)

where the index i refers to segment index. However, in practice a slightly different
calculation is performed as discussed in [300]. This calculation entails the use of σi,
averaged over frequency bins for a given power-law signal, i.e. as in Eq. 4.14. To be
able to cover the entire frequency range, different power-law signals are considered
and the final ∆σ-cut is the union of all the different ∆σ-cuts. In their analysis of
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Fig. 5.1.: Example of gating. Top panel: time series of 5s of LIGO Livingston data with
and without gating applied, starting at April 16, 2019 22:47:21 UTC. Bottom
panel: the ASD for a 16s segment containing the data on the top panel, with and
without gating applied. We see that even though the glitch is short compared to
the duration of the segment, it leads to a large, broadband increase in the ASD.
Figure taken from [259].

5.1 Non-stationary noise features 75



O3 data [30], the LVK collaborations have chosen to limit this variation between
segments to maximally 20%.

With the current implementation segments with an drastically improved sensitivity
are aslo removed by the ∆σ-cut. This might be a sub-optimal decision of which the
impact in future work should be further understood. However, typically this only
concerns a (very) small fraction of the entire data-set as this mainly applies to data
segments right after recovering from a drop in sensitivity due to e.g. a glitch.

Gating

Due to the high rate of glitches during O3 in the LIGO detectors, more than 50% of
the data was lost after applying the ∆σ-cut. Therefore a method called gating [221,
259] was implemented. The procedure can be understood as zeroing out the times
of the glitch by using an inverse Tukey window [221]. A regular Tukey window
preserves the amplitude in the central part of the window, whereas it tapers of to
zero at the edges of the window. Its shape is governed by a parameter α taking
values between 0 and 1. If α = 0 (α = 1) the Tukey window becomes a rectangular
(Hann) window.
Gating applied to O3 data effectively removed glitches by zeroing out a small amount
of data ≲ 1%, while preventing a much larger fraction (≳30%) of data being rejected
by the ∆σ-cut [30]. The effect of gating on both the time and frequency domain
data is illustrated in Fig. 5.1

The effect of gating on the search for an isotropic GWB was investigated using mock
data [259]. No significant bias from gating for stochastic searches was observed.
However, for anisotropic searches some additional artefacts around noise lines were
introduced due to gating [29], see also Sec. 5.2. Furthermore, known GW events
were not removed and introduced spectral artefacts were found to be minimal
[259].

5.2 Narrowband spectral artefacts

When analyzing long stretches of data, as is done for the search for a GWB, spectral
lines or artefacts can have a significant impact on the search. These are (very) narrow
spectral features that often need to be studied with long duration time segments (≥
100s - 1000s) and over a long time period (≥ 1 day) to be able to observe them.
Although both the search for an isotropic as well as anisotropic GWB are affected by
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these spectral lines, the anisotropic narrowband radiometer search [29] as well as
the all-sky all-frequency search (Sec. 4.2.3) can be affected more since one looks in
detail at the frequency spectrum of a specific sky location/the entire sky. Therefore,
one needs to understand which features are from experimental/environmental origin
and which could be from a GW signal. In addition to individual narrow spectral
lines, spectral artefacts can also appear in a set of lines with equal spacing which is
called a comb of lines.

Individual spectral lines can have various origins of which we present the most
important categories below.

• Calibration lines: A set of lines that are purposely injected into the detector
to control and calibrate the detector [1, 35, 139].

• Mechanical resonances: Detector components have intrinsic resonances and
their spectral artefacts are therefore an intrinsic part of detector design and
cannot be completely removed [1, 35, 139].

• Instrumental lines: Another part of the lines originates from operating in-
struments (e.g. air conditioning, vacuum equipment, ...). Often they operate
at a certain frequency, inducing spectral lines matching that frequency. The
coupling mechanism (e.g. vibrational, magnetic, ...) depends on the type
of noise and equipment [1, 35, 139]. Combs most often fall under this last
category.

Whereas these narrowband noise sources are often not correlated among detectors,
this is not always the case. An example is a 1Hz comb caused by blinking LEDs which
are synchronised to the same time, i.e. Global positioning system (GPS) [135].

The frequencies of calibration lines and mechanical resonances are typically always
excluded from the analysis. Instrumental lines are often only removed from the
analysis if they show up significantly in the searches [29, 30]. These noise lines are
eliminated from the analysis by notching them [29, 30].

More concrete examples of lines and combs are discussed for the LIGO detectors in
[139] and for the Virgo detector in [1, 35]. The full list of lines for O3 for both LIGO
and Virgo can be found in [241]. The list of spectral lines that was identified for
the search for a GWB using data from LIGO’s and Virgo’s third observing run can be
found in [30, 243] for an isotropic GWB and in [29, 244] for an anisotropic GWB.
As explained in [29] the search for an anisotropic GWB includes some additional
frequency bins with respect to the isotropic search. More specifically, the anisotropic
analysis has wider notches around (already notched) loud lines e.g. calibration lines.
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These wider notches aim to remove small spectral artefacts which are caused by
gating [29]. In Chapter 6 the work done as part of this thesis to identify the spectral
artefacts and apply the notches will be described.

5.3 Correlated noise sources

Apart from narrow spectral features, there are also noise sources which can affect a
broader frequency range. The example best studied in the context of the search for
a GWB are the Schumann resonances [318, 319], which can couple magnetically to
the detectors and induce a correlated signal from terrestrial origin. The origin and
properties of Schumann resonances will be discussed in Sec. 5.3.1. To a lesser extent
the effect of correlations between individual lightning strikes has been investigated
[214, 229]. In Chapters 7 and 8 we will discuss the observed correlations in magnetic
field fluctuations and their impact on GWB searches.

In the context of this PhD also seismic and Newtonian noise were considered as
possible correlated environmental noise source for (almost) co-located detectors,
such as will be the case for the 3G detector ET. Seismic and Newtonian noise will be
discussed in Sec. 5.3.2, whereas Chapter 9 is dedicated to discussing the observed
correlations and their possible impact on interferometric GW detectors.

5.3.1 Schumann resonances

Schumann resonances are electromagnetic excitations in the cavity formed by the
Earth’s surface and the ionosphere, sourced by lightning discharges across the globe
[318, 319]. The dominant contribution originates from cloud-to-ground lightning
discharges [320]. The electromagnetic fields radiated by these discharges can,
at their lowest frequencies, travel multiple times around the Earth before they
degrade. The addition and cancellation of the waves create a resonant spectrum,
the Schumann resonances, of which the properties are linked to the normal modes
of the Earth-ionosphere cavity.

There are several key conditions on which the propagation of magnetic fields in
the extremely low frequency (ELF) band (3Hz - 3kHz) depend. First of all, the
attenuation increases with frequency and can be 1dB/1000km or less below 100Hz
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[181]. Secondly, further attenuation of the magnetic fields is observed for a day-
night1 as well as night-day transition, respectively 1dB and up to 3dB [358], due
to changes in the ionospheric height. Some other effects are discussed in Sec. II of
[214].

Both the spatial as well as the temporal variations in the Schumann resonances are
consistent with the distribution of lightning strikes [320]. These lightning strikes
occur mainly in three regions: South-East Asia, sub-Saharan Africa and the Americas.
In each region the peak in thunderstorm activity occurs around late afternoon, which
corresponds respectively to 10 UTC, 16 UTC and 22 UTC for the different regions.
Since the Schumann resonances mainly peak at 22 UTC (followed by 16 UTC), the
Americas seem to be the dominant region for the Schumann resonances [320].

The first four Schumann resonances have a resonance frequency of about 7.8Hz,
14Hz, 21Hz and 27Hz, where the fundamental mode has a magnetic strength of the
order of 0.5pT - 1pT. Both the frequencies at which the peak amplitude is observed
as well as the peak amplitude are subjected to a diurnal variation, respectively ±
0.5Hz and ±0.25pT - ±0.5pT [320]. Also seasonal variability has been observed
[320, 370]. Studies at the site of the underground KAGRA detector have shown that
local geographical factors can magnify the resonances [73].

In quiet locations the Schumann resonances are the dominant magnetic noise source
between 6Hz and 60Hz [320]. Furthermore the resonances are highly coherent,
even over distances on the order of O(1000km), which makes them relevant as a
potential correlated noise source for GW detectors on Earth.

As an example, Fig 5.2 shows the Schumann resonances as measured at multiple
measurement stations around the world. The first four Schumann resonances are
clearly visible.

5.3.2 Seismic waves and Newtonian noise

In this section we will discuss seismic and Newtonian noise on a conceptual level.
We refer the interest reader to the following references for an in depth discussion in
seismic noise [50, 309] and Newtonian noise [192].

1The propagating wave makes the transition from the side of the Earth facing the sun to the the side
not facing the sun.
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Fig. 5.2.: Median power spectral density of the North-South direction magnetometers
deployed in Poland (in the Bieszczady Mountains), Colorado (in the Hugo Wildlife
Area in Colorado, USA), Villa Cristina (near the Virgo detector) and Patagonia
(Argentinia), as well as the KAGRA, LIGO Hanford and LIGO Livingston X-arm
direction magnetometers, as described in [134]. These are computed using 128s
segments. In addition to the sharp instrumental line features in the Villa Cristina
magnetometer at 8 Hz and 24 Hz, the Schumann resonances are visible in all
of the magnetometers. The 20 Hz line at LIGO Livingston is likely due to power
lines which cross the site on the Y-arm. Figure taken from [134]. ©APS.

Seismic waves

There are two types of seismic waves which travel through a continuous medium,
i.e. P-waves and S-waves [50, 309]. P-waves create compression and expansion
along the travel direction of the seismic waves and travel faster than S-waves. S-
waves on the other hand consist of two different polarisations, transverse to the
traveling direction of the wave. The transverse horizontal and vertical S-wave
are referred to as respectively SH and SV. P- and S-waves are also called ‘body
waves’, in contrast to ‘surface waves’, which are the solutions to the equations of
motion in the case of a free surface. The two types of surface waves are Love-waves
(or L-waves) and Rayleigh-waves (or R-waves). Love-waves find their origin in
constructive interference of SH-waves and are only non-zero in the presences of a
depth-dependent seismic wave velocity. Rayleigh-waves on the other hand originate
from the interference between SV- and P-waves. A particle affected by a passing
Rayleigh-wave follows a retrograde elliptical path in the plane perpendicular to the
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surface and parallel to the propagation direction. Surface waves have a frequency
dependent, exponentially decreasing amplitude with depth [50, 302, 309]. However
the geometric dispersion of their energy only occurs in a 2D-circle compared to a
3D-sphere for body waves [309]. The effect of these different types of seismic waves
is illustrated in Fig. 5.3.

Fig. 5.3.: Illustration of P-, SV-, Rayleigh- and Love-waves. Figure taken from [353].
©Science Learning Hub – Pokapū Akoranga Pūtaiao, University of Waikato.

Newtonian noise

Density fluctuations in a medium lead to changes in the gravitational field which
exerts a force on a GW test-mass and therefore is a noise source for GW interfero-
metric detectors, as first introduced in Chapter 2. This type of noise is referred to
as Newtonian noise (NN) or gravity(-gradient) noise [192, 208, 314]. As indicated
earlier, NN is not yet a problem for current generation GW detectors, but will be the
dominant noise source in the low frequency region for future Earth-based detectors,
such as the ET. The direct nature of the force from NN is analogous to the effect of a
passing GW in the sense that both change the local gravitational field. Therefore
one cannot shield the GW detector from NN without also shielding from the effect
of a passing GW. Therefore the method under investigation to address NN is to
use witness sensors to make an accurate prediction of the NN such that it can be
subtracted from the output of the GW detector [127, 129, 147, 148, 192, 194] (See
also Sec. 5.4.3).

Here we will only discuss NN from density fluctuations induced by seismic waves
and not NN from atmospheric density fluctuations. We refer the interested reader
to the relevant literature on atmospheric NN in the context of GW detectors [56,
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136, 171, 192, 314]. A more detailed discussion on seismic NN in the context of GW
detectors can be found in [85–87, 192, 195, 208, 314].

P- and Rayleigh-waves introduce density fluctuations leading to NN, whereas S-waves
only induce density fluctuations when interacting with a discontinuous medium.
This could for instance happen in case of impact upon a cavern wall, or the passage
through a boundary between two different rock types. Love-waves do not induce
density fluctuations. The calculation of NN is complex due to its dependence on
many factors such as geological structures and the shape of the caverns/buildings
housing the detector. We will introduce the relation between NN and seismic noise in
case of some general assumptions, which will be used later in Chapter 9 to compute
the contribution of correlated NN. However, given the many assumptions one should
consider these results as an order of magnitude estimate rather than very accurate
calculations and the final results will depend on the exact geology and shape of the
caverns/buildings housing the detector.

Newtonian noise from Rayleigh-waves

Rayleigh-waves can produce NN due to rock compression and the displacement of the
cavern wall as well as the surface. The combined effect of these three contributions
introduces the following effect in GW strain at one test mass [56, 192],

Sh,Rayleigh(f) =
( 2π√

2
Gγρ0,Surface

)2 1
L2(2πf)4 R(h, f)Sξz (f). (5.2)

Here G is Newton’s gravitational constant, ρ0,Surface the mass density of the medium
at the surface and γ is a factor between 0.5 and 1 which describes the partial
cancellation of NN from surface displacement and soil compression. The factor

1
L2(2πf)4 converts the NN contribution from acceleration to strain for one test mass,
where L is the arm-length of the GW interferometric detector under consideration.
In [56] the equation equivalent to Eq. 5.2 is multiplied by an additional factor 4
under the assumption the four test masses experience incoherent NN contributions.
Sξz (f) is the PSD of the vertical displacement ξz at the surface and R(h, f) describes
the dependence with depth h and is given by [56, 192],

R(h, f) =

∣∣∣∣∣∣
−kR(f)(1 + ζ(f))e−kR(f)h + 2

3

(
2kR(f)e−qP (f)h + ζ(f)qS(f)e−qS(f)h

)
kR(f)(1 − ζ(f))

∣∣∣∣∣∣
2

.

(5.3)
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kR = 2πf/vR(f) is the Rayleigh wave number and ζ(f) is given by

ζ(f) =
√

qP (f)
qS(f) , (5.4)

with

qP (f) = 2πf

√
1

vR(f)2 − 1
v2

P (f)
and

qS(f) = 2πf

√
1

vR(f)2 − 1
v2

S(f)
.

(5.5)

vR(f), vP (f) and vS(f) are the frequency dependent seismic wave speeds for
Rayleigh-, P- and S-waves. Having an accurate dispersion model vR(f) for Rayleigh-
waves is important since it has an important impact on reduction of NN from
Rayleigh waves with increasing depth. A simplified prediction of NN from Rayleigh
waves is shown in Fig. 5.4. The top panel projects the effect of NN at the surface
whereas the bottom panel projects the effect of NN at different depths. This illus-
trates the significant effect of the choice of the depth on the NN from surface waves.
For a more detailed discussion we refer the interested reader to [75, 192].

Newtonian noise from body-waves

P-waves contribute to both cavern wall displacement as well as rock compression,
whereas S-waves only contribute to the cavern wall displacement. This relies on
the fact that in the frequency range relevant for Earth-based interferometric GW
detectors, i.e. 3Hz-20Hz, surface displacement from body waves can be neglected
since this is dominated by Rayleigh-waves. The combined NN from body-waves
effects is given by [56, 192],

SBody-wave(f) =
(4π

3 Gρ0,Underground

)2
(3p + 1) 1

L2(2πf)4 Sξx(f), (5.6)

where ρ0,Underground is the mass density of the underground medium close to the
cavern housing the underground detector and Sξx(f) is the PSD of the horizontal
displacement ξx. Fig. 5.4, also shows a simplified prediction of the contribution of
NN from body waves. For a more detailed discussion we refer the interested reader
to [75, 192].
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Fig. 5.4.: Top panel: Simplified predicted contribution from NN from seismic body waves
(green) and Rayleigh waves (indicated by ‘Surface’, blue). The ET is expected to be
located at the surface. Bottom panel: Predicted NN contribution for ET at a depth
of 100m, 300m and 700m. The contribution of body waves remains unchanged,
the contribution of Rayleigh waves (indicated by ‘Surface’) significantly decreases
with increasing depth. NN contributions from Rayleigh waves shown for a depth
of 100m (blue), 300m (dark purple), 700m (light pink). Figure taken from [75].
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5.4 Methods to address (correlated) noise sources

In this section we will discuss several methods that have been used or suggested to
investigate, estimate, and/or mitigate the effect of (correlated) noise on the search
for an isotropic GWB2. In Sec. 5.4.1 and Sec. 5.4.2 we will discuss two methods
which aim to answer the question whether the search is contaminated by correlated
noise or not. In Chapter 11 we will introduce the null channel, which can also
serve as a diagnostic method that could be used for a triangular configuration of GW
detectors, as is planned to be the case for ET and LISA. Sec. 5.4.3 and Sec. 5.4.4
describe two methods that can be used to address correlated noise in case it couples
significantly.

5.4.1 Instrumental and environmental monitoring

The LIGO, Virgo and KAGRA detectors have many witness-sensors installed to
continuously monitor the instrumental and environmental conditions. The first
check to complete when dealing with a possible detection is to look for indications
the signal could be caused by instrumental or environmental transients or ambient
noise.

Such studies are already performed by the LIGO, Virgo and KAGRA collaborations
when searching for a GWB [29, 30]. When performing these analyses, spectral
features are thoroughly investigated and if witness channels give proof that these
spectral features are of environmental or instrumental origin, they are added to a
list of known instrumental/environmental lines [241, 243, 244]. Based on this list,
such lines can be excluded from the analysis, as will be further discussed in Chapter
6.

Another example of an additional study investigating environmental noise is the
construction of the magnetic budget to investigate the impact of global magnetic
fields, and more specifically the Schumann resonances that were introduced in the
previous section. Given the broadband character of the Schumann resonances - as
can be seen in Fig 5.2 - excluding these frequencies from the analysis would lead to
a significant decrease in sensitivity. Therefore, this is not desirable and the magnetic
budget informs us whether the amplitude is negligible compared to the sensitivity
of the search for a GWB or not. If one finds that the Schumann resonances are

2Even though these methods mainly have been studied in the context of an isotropic GWB, some of
them could be trivially extended to also work for anisotropic searches. However, in this discussion
we will mainly focus on their use for the search for an isotropic GWB.
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affecting the sensitivity, one needs to resort to other techniques such as subtraction
(Sec. 5.4.3) or Bayesian parameter estimation (Sec. 5.4.4) to address them.

To construct this magnetic budget one needs to know how the magnetic fields couple
to the detector. This is measured by injecting strong magnetic fields in the main
buildings of the detector and observe the impact of these injections on the GW
sensitive channel of the detector [121, 122, 170, 277]. The magnetic coupling
function will be discussed in more detail in Chapter 7.

Fig 5.5 shows the magnetic budget constructed as part of the analysis searching for
an isotropic GWB. It is concluded there is no effect from magnetic contamination,
neither broadband, nor narrowband. Broadband features (the blue band) of the
magnetic budget have to be below the PI-curve, which is a measure of the sensitivity
of an isotopic GWB search to broadband signals (see Sec. 4.2.1,). The narrowband
magnetic features on the other hand are well below the sensitivity to GWs in each
frequency bin, σGW, as defined in Sec. 4.2.1, Eq. 4.12. Please note that because
of an error in the code, the budget in Fig. 5.5 is underestimating the magnetic
contributions by a factor of 10. An erratum to [30] is in preparation. Whereas this
error has no effect on the conclusion of the effect on O3, it will play a role for future
observing runs, as we will see in Chapter 8 when we present a correct and more
accurate budget.

Whereas the broadband magnetic budget is about two to three orders of magnitude
below the latest sensitivity of the third observing run by LIGO and Virgo, Schumann
resonances might affect stochastic searches in the future. Current generation in-
terferometric gravitational-wave detectors keep on increasing their sensitivity, and
next generation detectors will do so even more. Due to changes in the detectors
setup, the coupling function can sometimes unintentionally increase because of
some new, additional coupling. Therefore it remains crucial to accurately measure
this magnetic coupling during each observing run and assess the importance of the
magnetic budget.

In Chapters 7 and 8 we will discuss the latest magnetic budget calculations and
studies of the effect of magnetic noise on both 2G and 3G detectors, which were
performed as part of this PhD.
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Fig. 5.5.: Correlated magnetic noise budget, as described in the main text of [30]. The
blue band shows the expected range of magnetic contamination, using weekly
measurements of the coupling function at each site, and accounting for the
uncertainty in the coupling function measurements. We display the O3 sensitivity
in two ways. The PI-curve is shown as a blue line. This indicates the sensitivity
of the search to power-law GWBs and includes the effect of integrating over
frequencies, and should be compared with the overall trend of the blue band.
The square root of the variance σGW(f) – introduced as σ(f) in Eq. 4.12 – is
plotted as a black line, which gives the sensitivity of the search to narrowband
features. This can be compared with narrow features in the upper range of the
noise budget, shown as a black dashed line. The O3 sensitivity is well above the
level of correlated magnetic noise estimated in O3. The original version of this
plot was presented in [30]; the version shown here was obtained using open
data published in [243]. Note: currently an erratum is in preparation to correct
an error in this figure, the latest (correct) results are discussed in Chapter 8.

5.4.2 Gravitational-wave geodesy: a validation tool for the
gravitational-wave background

As mentioned before, many external factors can affect the signal, and thus, the claim
of a detection as well. Therefore, GW geodesy was proposed as an additional tool to
validate the detection of an isotropic GWB [106]. This method is complementary to
using instrumental and environmental monitoring as explained in Sec 5.4.1, as well
as the methods that will be discussed in Sec. 5.4.3 and Sec. 5.4.4.

GWs couple in a specific way to each interferometric GW detector, as described by
their detector response function, introduced in Sec. 2.1.3. When looking for an
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isotropic GWB, these response functions enter via the ORF as defined in Eq. 4.10.
This ORF uniquely depends on the distance between the two detectors, as well as
their rotation angle around their respective vertex point.

When a GWB is observed, its signal has to be consistent with the ORF associated
to the observing baseline. A priori, there is no reason for any non-GW signal to be
consistent with this specific ORF or geometrical setup of the detectors. The GW
geodesy tool uses this assumption to differentiate between GWB signals and other
sources of correlation. To this end, two hypotheses are constructed:

• Hypothesis Hγ: The observed cross-correlation is consistent with the ORF /
geometry of the observing baseline.

• Hypothesis HFree: The observed cross-correlation is consistent with an ORF
linked to a baseline model with unconstrained geometry on the Earth’s surface.
The orientation of the individual detectors and the distance between them are
inferred for this model.

In order to compare these two hypotheses one constructs a Bayes factor,

B = p(Ĉ|Hγ)
p(Ĉ|HFree)

, (5.7)

where p(Ĉ|Hγ) and p(Ĉ|HFree) are the probabilities of finding the observed cross-
correlation given hypothesis Hγ and HFree, respectively. In a Bayesian analysis, the
HFree hypothesis will be penalized by the ‘Occam’s factor’ given its more complex
model, leading to a preference of the Hγ hypothesis for a GWB signal. Globally
correlated signals from non-GW origin are expected to be consistent with HFree, due
to the additional degrees of freedom in this model.

The GW geodesy tool was demonstrated to be effective in differentiating a correlated
signal coming from a comb of lines as well as a signal from Schumann resonances
with respect to a GWB as expected from unresolved CBC events, as shown in Fig 5.6
[106]. As reference, a negative lnB-factor prefers model HFree, a factor between 0
and 1 has marginal evidence, a factor between 1 and 3 has positive evidence for Hγ

and a factor between 3 and 5 or > 5, has strong, respectively very strong evidence
for Hγ [304].

In general, this tool can be used for any correlated noise source that might affect
the isotropic GWB search. The only requirement is to know the cross-correlation
spectrum. As part of this PhD, the possibility of defining false alarm probabilities and
detection probabilities in the framework of GW geodesy were studied. These could
be used to make quantitative statements on the origin of a signal being correlated
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Fig. 5.6.: Log-Bayes factors between the physical and un-physical hypotheses Hγ and HFree
as a function of injection strength for an isotropic astrophysical background (top
left panel; Ω0), Schumann resonances(top right panel; S0), and correlated combs
(bottom panel; C0) [Eqs. (11), (12), and (13) of [106]]. To enable a direct
comparison between injection types, the upper horizontal axes show the signal-
to-noise ratios of these injections. lnB increases linearly with the strength of
an astrophysical GWB injection, indicating consistency with the correct (known)
detector geometry. Meanwhile, lnB decreases exponentially for the terrestrial
sources of correlation, disfavoring the correct geometry. In the considered cases,
lnB therefore successfully discriminates between astrophysical and terrestrial
sources of measured cross-correlation. Figure taken from [106]. ©AAS.

noise or a GW signal [217]. The results I obtained as part of my PhD were published
in [217] and will be discussed in Chapter 10.

Although the tool is currently only able to validate an isotropic GWB, investigations
are ongoing to explore if the same ideas can be used for validating an anisotropic
GWB [217].
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5.4.3 Subtraction of noise sources

If one is able to measure the noise sources that couple to the detector using dedicated
sensors, it could be possible to subtract these noise sources. One needs two key
ingredients: an accurate measurement of the noise source, as well as of the transfer
function describing how this noise source couples to the channel that the subtraction
needs to be applied to.

A first method to get the transfer function is to directly measure it. In Sec. 5.4.1, we
explained briefly (see Chapter 7 for a more detailed discussion) how the magnetic
coupling function or transfer function is measured on a regular basis by injecting
known magnetic fields and studying the impact on the GW sensitive channel. How-
ever, if one wants to implement successful subtraction, this transfer function should
be known accurately. Often this is not the case since the coupling mechanisms are
complex and depend on many variables – such as directionality, homogeneity or
phase of the noise source and coupling mechanism – which might be hard to control
during the injections.

A second, more general technique is to use a Wiener-filter to construct the transfer
function. First we will explain some general concepts of the Wiener filtering formal-
ism. Afterwards, we will use the Schumann resonances as an example and discuss
the investigations that were performed to apply Wiener filtering to reduce/mitigate
the impact of Schumann resonances on the search for a GWB if they were to couple
significantly.

Wiener filter

If the channel of interest does not only contain the target signal, but also a noise
source, one could use witness sensors observing this same noise source to construct
a transfer function using a Wiener filter [133, 134, 346, 348].

Let us assume we have a strain channel s, which contains a GW component h which
we want to measure. However, assume s also contains the noise source we want
to subtract m, whose coupling is described by the transfer function t. We allow for
other noise source(s) n to be present in s as well. Furthermore, we have a witness
channel w, which monitors the noise source m directly. The witness channel also
contains a noise source η which is independent of the s channel. In such a scenario
the following equations hold:
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s̃(f) = h̃(f) + t(f)m̃(f) + ñ(f)

w̃(f) = η̃(f) + m̃(f),
(5.8)

where the tildes denote Fourier transforms. The transfer function between the
witness channel w and target channel s, can be estimated as [346]

t̂(f) = s̃(f)w̃∗(f)
|w̃(f)|2

, (5.9)

where t̂ is the statistical estimator of the transfer function t, and the overline in Eq.
5.9 implies time-averaging. Please note that the denominator also contains a term
related to η̃(f). Therefore, η̃(f) should be sufficiently small compared to m̃(f) for
this Wiener filter to be accurate, as we will discuss in more detail below.

Noise subtraction

Once one has an estimate for the transfer function t̂(f), either because one measured
it, or because one constructed it using the Wiener filtering formalism as in Eq. 5.9,
one can construct the subtracted data, s′, [346]

s̃′(f) = s̃(f) − t̂(f)w̃(f). (5.10)

When the estimator t̂(f) equals the true value t(f), the correlated noise between the
target channel and witness channel m will be successfully subtracted. This limit is
reached in the regime where m is the dominant component of the witness channel
w, and η is negligible. If η dominates the witness channel w, Wiener filtering will
fail.

If one defines M(f) = ⟨m̃∗(f)m̃(f)⟩ and N (f) = ⟨η̃∗(f)η̃(f)⟩, one can define a
‘witness signal-to-noise ratio’ ρw,

ρw =
√

M(f)
N (f) , (5.11)

which plays an important role in determining whether Wiener filtering is successful
or not [346]. Although partial subtraction might already take place when ρw < 1,
the witness signal-to-noise ratio should be large enough (ρw > 4) to achieve more
complete noise subtraction [346].
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Case study of noise subtraction – Schumann resonances

Noise subtraction has been tested using simulated data in the context of Schumann
resonances, both with measuring the transfer function as well as constructing it
using a Wiener-filter. Furthermore a proof of concept analysis has shown Wiener
filtering is effective in (partial) subtraction when applied to magnetometers [133,
134, 346, 348].

Fig 5.7 shows the effect of Wiener and Wiener-like filtering – that is the formalism
where one estimates t̂(f) relying on other methods than the Wiener filter, e.g. direct
measurement– on simulated strain data containing Schumann resonances. Both
formalisms are able to subtract a part of the correlated Schumann noise, where the
Wiener filter performs the best. However residual contamination remains [346].

Fig. 5.7.: Coherence spectra showing the contaminated strain channels (blue), the some-
what cleaner spectrum obtained by Wiener-like filtering (black dashed), and the
spectrum obtained with true Wiener filtering (magenta). The Wiener-filtered
spectrum is significantly cleaned, but measurable residual contamination remains.
1 yr of integration time was assumed. Figure taken from [346]. ©APS.

It has been shown Wiener filtering could be used to significantly reduce the effect of
Schumann resonances [133, 134, 346, 348]. Since the Schumann resonances are
currently not coupling significantly to detectors, the method could not be applied to
real GW data. However, the simulations combined with proof of concept applied
to magnetometers illustrate Wiener filtering would be promising once Schumann
resonances couple significantly to the interferometers [133, 134, 346, 348].
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Another noise source for which Wiener filtering is investigated is Newtonian noise
[75, 127, 148, 196]. Although Newtonian noise will mainly become an important
issue for third generation interferometric gravitational-wave detectors such as the
Einstein Telescope [61, 77, 142, 228], Newtonian noise subtraction has also been in-
vestigated for second generation detectors Advanced LIGO [128, 130] and Advanced
Virgo [76, 352].

We want to end this section with a caveat on the use case for Wiener filtering. To
be able to use Wiener filtering, one assumes the correlated noise is observable in
the target channel, i.e. in our case the strain channel s, over the time one calculates
the Wiener filter. This Wiener filter will have to be calculated on segments with a
reasonable duration e.g. O(100s-1000s), such that the data is sufficiently stationary.
However, some of the lower coherence signal might not be significantly observable
over this time-scale and has to be looked for with much longer integration time, e.g.
weeks or months. Since Wiener-like filtering, i.e. using an independent measurement
of the transfer function, is not affected by this one could argue this method might
be more optimized in such a scenario. However, Fig. 5.7 shows this method is less
effective. Furthermore, also in this case the question can be raised how to address the
non-stationary character of the data as well as the stability of the transfer function
or coupling function over (very) long durations. This suggest that, even though
noise subtraction seems very promising and might even be necessary in the future,
it is highly likely there will remain some effects from correlated noise in the data
depending on the circumstances.

5.4.4 Joint Bayesian modeling of noise sources and a
gravitational-wave background

Recently, a new method was proposed to take Schumann resonances into account
using Bayesian model selection [267]. However, one could imagine using this
technique for any known source of correlated noise.
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In the context of taking Schumann resonances into account, one can construct a
likelihood as follows3 [267]

p(ĈIJ(fk)|ΘGW, ΘMag)

∝ exp

−1
2
∑
IJ

∑
k


(
ĈIJ(fk) − ΩGW(fk|ΘGW) − ΩMag(fk|ΘMag)

)2

σ2
IJ(fk)


 .

(5.12)
Compared to Eq. 4.17, Eq. 5.12 takes the Schumann resonances ΩMag(fk|Θ) into
account in addition to the GWB model ΩGW(fk|Θ). This framework has been
applied to a typical magnetic Schumann spectrum [267], where the magnetic
coupling functions were approximated as a power-law and the coupling strength
and the power-law slope were treated as nuisance parameters.

It was shown that the method is able to differentiate between an isotropic GWB and
correlations arising from Schumann resonances [267]. However, strong magnetic
coupling or noisy magnetic measurements can decrease the significance of the
detection of a GWB. Furthermore, the simulations show that going from a two to
a three detector network significantly increases the effectiveness of the method,
regardless of whether the third detector contributes much to constraining the GWB
power or not. This strongly supports using a larger detector network even though
their contribution to observing a GWB might be small/negligible due to a lower
sensitivity or effects of the ORF, as is the case for adding Virgo and KAGRA to
the LIGO Hanford and Livingston network. Since correlated noise sources, e.g.
Schumann resonances, couple differently to the network compared to a GWB, a
larger network helps nevertheless in differentiating a GWB from correlated noise.

While this method can be used as an alternative for the subtraction of the Schumann
resonances with Wiener filtering as explained in Sec. 5.4.3, both methods could
also be used simultaneously. One could imagine first applying (partial) Wiener
filtering and afterwards use this Bayesian parameter estimation model to allow for
a remaining contribution coming from the Schumann resonances. Depending on
the situation, one could use these two methods in parallel and cross check the two
independent results with each other, or adopt this combined approach. This leads to
a large flexibility in applying these methods and ensuring to efficiently take globally
cross-correlated signals such as the Schumann resonances into account. However,
note that in the end the accuracy of the observed magnetic spectrum and/or the
magnetic coupling function will be a limiting factor for the potential gain.

3Note our Eq. 5.12 uses a slightly different notation compared to Eq. 25 of [267].
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Part II





In Part I, I introduced the gravitational-wave background and the groundbreaking
nature of a future observation of this signal. An astrophysical GWB would give us
insights in the astrophysical evolution of our Universe. Even more important would
be the observation of a cosmological GWB, which could revolutionize our knowledge
of early Universe cosmology or high energy physics models. Given the importance of
the first claim of a detection of a GWB, one wants to be very sure there is no other
possible signal that could lead to an observed excess and avoid any backlash of a
falsely claimed detection.

To this extent the goal of my PhD is to work on methods that enable future analysts
with Earth-based interferometric detectors to bolster their confidence in a possible
detection. During my PhD I worked on a broad range of projects to develop certain
tools and frameworks as well as noise studies for both second as well as third
generation detectors. All these projects have in common that they will facilitate
the data quality procedures for a future GWB detection in the Hz to kHz frequency
band.

Here in Part II I will present the analyses I have performed as part of my PhD. The
different chapters are introduced below and I indicate how they fit in the overall
scope of my PhD.

Chapter 6

This chapter focuses on the data quality procedures used to identify problematic
spectral artefacts for the search for an isotropic gravitational-wave background. We
start with a discussion of the methods and procedures used during O3. Afterwards
we show some of the O3 results. We end this chapter with a brief introduction of the
methods implemented for O4 and how they plan to improve upon earlier work.

The investigations explained in detail in this chapter were performed in context of
the data quality of the LVK analysis searching for an isotropic gravitational-wave
background published in [30]. Furthermore, this chapter contains content from [300]
in collaboration with A. Renzini, et al.

Chapter 7

This chapter discusses investigations of correlations in the magnetic field fluctuations
on Earth-scale distances. We present results of magnetic correlations observed be-
tween the LIGO and Virgo detectors, but also include other sensors in our discussions.
Secondly, we describe the magnetic injections performed at Virgo, the hardware
used for this and the plans for magnetic injections for O4.
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This chapter is based on content in collaboration with M. Ball, R. M. S. Schofield,
N. Christensen, R. Frey, N. van Remortel, S. Banagiri, M. W. Coughlin, A. Effler, M.
Gołkowski, J. Kubisz and M. Ostrowski published in [214]. Furthermore also content
from [218] in collaboration with K. Martinovic, N. Christensen, P. Meyers and M.
Sakellariadou is presented. Finally, we also discuss material published in [170] from
work in collaboration with I. Fiori, F. Paoletti, M. C. Tringali, C. Karathanasis, A.
Menéndez-Vázquez, A. Romero-Rodríguez and et al.

Chapter 8

Using the observed magnetic correlations and magnetic coupling functions discussed
in the previous chapter, we project the effect of magnetic noise on the detector
sensitivity for Virgo. Furthermore we also provide upper limits on the maximally
allowed magnetic coupling function such that the Einstein Telescope or Cosmic
Explorer would not be affected. Afterwards we also predict the effect of correlated
magnetic noise on the search for an isotropic GWB with second generation detectors
at their design sensitivity, as well as for the third generation detector Einstein
telescope.

This chapter includes material published in [170] from work in collaboration with I.
Fiori, F. Paoletti, M. C. Tringali, C. Karathanasis, A. Menéndez-Vázquez, A. Romero-
Rodríguez and et al. Furthermore, we present results published in [218] in collaboration
with K. Martinovic, N. Christensen, P. Meyers and M. Sakellariadou. Finally, we also
discuss the work published in [214] in collaboration with M. Ball, R. M. S. Schofield,
N. Christensen, R. Frey, N. van Remortel, S. Banagiri, M. W. Coughlin, A. Effler, M.
Gołkowski, J. Kubisz and M. Ostrowski.

Chapter 9

We start this chapter by highlighting how the Einstein Telescope and atom interfer-
ometers could be sensitive to other correlated noise sources than magnetic noise
discussed in earlier chapters. Afterwards we investigate correlations in seismic
measurements on horizontal separations of several hundreds of meters. Finally, we
use these observed correlations to predict how correlated seismic and Newtonian
noise could impact the sensitivity and science goals of the Einstein Telescope.

The content of this chapter is based on collaboration with G. Boileau, N. Christensen, F.
Badaracco and N. van Remortel published in [216]. Furthermore we also discuss some
updates made to this work as presented in [100] in collaboration with M. Branchesi
and et al.
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Chapter 10

In this chapter we focus on a tool, gravitational-wave geodesy, which can be used to
validate a future isotropic GWB detection. Building on earlier work we introduce
a false alarm probability to differentiate a GWB signal from a correlated terrestrial
noise signal.

The content of this chapter is based on collaboration with T. A. Callister, N. Christensen,
M. W. Coughlin, I. Michaloliakos, J. Suresh and N. van Remortel, published in [217].

Chapter 11

In this chapter we discuss how the null channel can be a useful tool for detector
noise estimation with a triangular configuration of interferometric detectors such as
the Einstein Telescope or LISA. We investigate how non-identical noise as well as
correlated noise between the different interferometers might bias the null channel
and how to account for this bias. After providing a proof of concept of the proposed
formalism we highlight the next steps needed to build upon the work presented here
to create a Bayesian parameter estimation framework.

The content of this chapter is based on collaboration with G. Boileau, M.-A. Bizouard,
N. Christensen, T. Regimbau and N. van Remortel published in [215].

Chapter 12

In this final, concluding chapter I summarize some of the most important findings
presented in this PhD dissertation. I frame it in the context of the state of the
art and highlight what I consider to be interesting topics which currently aren’t
explored to the fullest. I discuss how these future research projects could help
our understanding of how noise sources could affect second and third generation
interferometric detectors and more specifically the search for an isotropic GWB.

Appendix A

I believe it is not only important to have attention for the science we are doing,
but also for the people doing the science. At the start of my PhD I went through a
difficult period after a break-up. These feelings were only strengthened by living
alone at that time in Italy for a research stay at Virgo and the subsequent outbreak
of the COVID-19 pandemic. During this period I developed a strong interest in
mental health. This pushed me to create a survey, focusing on the mental well-being
of scientists in the LIGO, Virgo and KAGRA collaborations. The idea was received
positively by both LVK management and fellow collaborators. In the summer of 2021
we distributed the first edition of the survey in the LVK collaborations, to which
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∼400 people participated. In 2022 we expanded our target audience and more than
ten collaborations in the field of high energy and gravitational-wave astrophysics
participated, with ∼700 scientists responding to the survey. In this appendix we
present the results of the first survey conducted in 2021. We investigate how, among
others, career stage, job insecurity and minority status are associated with reported
levels of depressive symptoms and the desire to leave.

The content of this chapter is based on collaboration with M. Ueda which is submitted
for peer-review and available as preprint [219].
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Identification and mitigation of
spectral artefacts for the
search for an isotropic
gravitational-wave
background

6

In this chapter we focus on how one can identify spectral artefacts and take them into
account for the search for an isotropic GWB. In Sec. 6.1 we start with introducing
how we identified these spectral artefacts during O3 and show some examples of the
identified noise lines. Afterwards, in Sec. 6.2, we discuss how these noise lines are
taken care of in the search for an isotropic GWB within the LVK collaborations during
O3. We also highlight how the new code implemented before O4 plans to use a
slightly modified method compared to what was used during O3. Finally, in Sec. 6.3
we introduce some of the changes to the general workflow which are implemented
for data quality investigations during O4. The goal of this more pro-active method
discussed here is to enable ourselves to react quicker in case problematic noise
features are observed in the data.

The methods explained in this chapter assume the detector is noise dominated rather
than signal dominated. This assumption will no longer hold for third generation
detectors such as ET and CE, as well as for LISA. For the moment it is mainly an open
question how to perform similar data quality studies at those future observatories
and more research is needed to prepare ourselves for data quality studies in a signal
dominated detector.

6.1 Identifying the origin of spectral artefacts

In Sec. 5.2 we introduced narrowband spectral artefacts and introduced the main
categories they can belong to: calibration lines, mechanical resonances and instru-
mental lines. Here we will discuss in more detail how the spectral lines, which form
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a potential problem for the search for an isotropic GWB, were identified during O3
(Sec. 6.1.1). Afterwards we present the identified spectral artefacts during O3 (Sec.
6.1.2). The search for an anisotropic GWB uses these identified artefacts as a starting
point for their analysis. However, since they are more sensitive to these features
they do additional vetting. This will not be discussed, but we refer the interested
reader to [29, 244]. In next section (Sec. 6.2) we will briefly discuss how these
identified noise lines result in a notch list, which is applied to the analysis.

6.1.1 Procedure during O3

When applying (data quality) selection criteria to data during an analysis, one
always has to be very careful to not introduce a bias, consciously or unconsciously.
To this extent, the procedures to identify the noise lines and to reject them from the
analysis have several mechanisms in place to reduce the risk of introducing a bias.
First of all we start by looking at baseline coherence to identify loud lines that might
affect the analysis. The coherence1, Γ, is given by,

Γ(f) = ⟨|s̃∗
I(f)s̃J(f)|2⟩

⟨|s̃I(f)|2|⟩⟨|s̃J(f)|2⟩

= ⟨|CSDIJ |2⟩
⟨|ASDI |2|⟩⟨|ASDJ |2⟩

,

(6.1)

where s̃I,J(f) are the Fourier transforms of sI,J(t) and ⟨·⟩ represent the average
over N -segments. Furthermore, we have used the definitions of the CSD and ASD.
Even though the coherence is related to the CSD, and therefore the isotropic cross-
correlation statistic (Eq. 4.11), the relation is distant enough that the coherence is
considered as a ‘safe’ variable, i.e. not directly impacting the search. In case both
PSDs are stationary Gaussian random processes and the true coherence value equals
zero, the observed coherence follows the following probability distribution [102,
268],

p(Γ, N |Γ = 0) = (N − 1) ∗ (1 − Γ)N−2, (6.2)

where N is the number of independent segments averaged over. When performing
the data quality checks during O3 we used an approximate distribution [139],
namely

p(Γ) ∝ e−ΓN . (6.3)

1Note that we use the same symbol for the coherence and for the non-normalized ORF in Eq. 4.9. In
the remainder of this dissertation Γ will refer to coherence, unless specifically mentioned otherwise.

102 Chapter 6 Identification and mitigation of spectral artefacts for the search for
an isotropic gravitational-wave background



For realistic values of N we use during our data quality investigations both methods
are (almost) identical. However, for future observing runs, as well as in the figures
reported in this chapter we will use the probability distribution in Eq. 6.2, as this
does not provide any evidence for coherence’s above 1, whereas Eq. 6.3 does.

Secondly, when analysing the data and performing the search for an isotropic GWB,
one first performs the analysis with a time-shift [360]. Here one purposefully applies
a time offset to the data of one of the two detectors to break the signal coherence.
Any GWB signal would be ‘washed-out’ by this time-shift and therefore this can
give valuable information of the data quality. However, correlated noise could also
be ‘washed-out’ by this method. Therefore further data quality checks have to be
performed on the zero-lag data, i.e. the data without any time-shift applied.

Finally, an important safeguard against accidentally removing potential narrowband
GWB signals is that significant noise lines are only added to the notch list in case
we find sufficient evidence the spectral feature is of instrumental or environmental
origin.

6.1.2 Spectral artefacts during O3

Identification of noise lines affecting the search for an isotropic GWB

When identifying spectral artefacts for O3 the coherence was investigated with
four different frequency resolutions: 0.1Hz, 1/32Hz, 0.01Hz and 0.001Hz, where
the different frequency resolutions might be more or less sensitive to broader or
narrower spectral features. 1/32Hz was the frequency resolution used for the final
analysis [30]. Coherences were calculated both on time-shifted and zero lag data,
here we present the zero lag results. As mentioned earlier, the coherence is expected
to follow the distribution in Eq. 6.2 for Gaussian data. This can be used to identify
lines which are outliers of the distribution and are likely to be instrumental noise
lines that should be rejected from the analysis.

To identify potential spectral lines, it is important to first deal with non-stationarities
in the data. In Chapter 5, we explained how both the ∆σ-cut and gating can
be used to veto/remove time segments that contain non-stationary effects. In
Fig. 6.1 and Fig. 6.2, we show the coherence as observed during O3a2 for the
LIGO Hanford-Livingston or HL baseline, with a frequency resolution of 0.1Hz and
0.001Hz, respectively. For both the figures, the top panel shows the coherence

2O3a is the first half of LIGO’s and Virgo’s third observing run which took place between Apr 1 2019
and Sep 30 2019.
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when the ∆σ-cut was applied, but gating was not. The bottom panel shows the
reverse situation were gating was applied but the ∆σ-cut was not applied. These
figures show that during O3a the ∆σ-cut was not able to remove all non-stationary
effects from the data, even though it removed a very large fraction of the data (∼
50%), as mentioned in Chapter 5. Furthermore, they show that depending on the
frequency resolution, non-stationary effects could manifest themselves in different
ways. We would like to state that the only difference between Fig. 6.1 and Fig.
6.2 is the frequency resolution. The same non-stationarities that create a deficit
of coherence when using a resolution of 0.1Hz, lead to an excess of coherence
when using a frequency resolution of 0.001Hz. Finally, the ∆σ-cut does remove an
additional ∼ 18% of contaminated data segments in the gated data, as mentioned
in the O3 isotropic results [30]. There are no clear data quality issues visible in the
coherence after gating, see Fig. 6.2 bottom panel and Fig. 6.4, even if no ∆σ-cut
is applied. This indicates that the effect of these segments is less problematic than
those which are targeted by gating. However, the segments rejected by the ∆σ-
cut could still introduce noise contamination in the analysis due to non-stationary
features, even though maybe not directly obvious from looking at the integrated
coherence spectrum in Fig. 6.1 and Fig. 6.2.

Once one has properly taken care of non-stationarities in the data one could identify
outliers: frequency bins which have a coherence higher than expected from Gaussian
data. A very convenient way to visualize this and at the same time check that, apart
from the outliers, the coherence behaves as expected from Gaussian data is shown
in Fig. 6.3. This figure shows the number of frequencies with a given coherence.
The data used in Fig. 6.3 corresponds to the data shown in the top panel of Fig.
6.2, i.e. coherence data with a frequency resolution of 0.001Hz where only the
∆σ-cut is applied to the time-domain data. In Fig. 6.4 we show the equivalent
histogram for the scenario where only gating was applied to the time-domain data,
i.e. representing the bottom panel of Fig. 6.2. The bottom panel of Fig. 6.4 zooms
in on coherence values ≤ 0.005.

In both Fig. 6.3 and 6.4 the expected behavior for Gaussian data is indicated by
the blue line, as calculated by Eq. 6.2. The orange dashed line is the threshold
which was used to define coherence-outliers, i.e. the coherence value where only
one event is expected from Gaussian data. Similarly to what we concluded from Fig.
6.1 and Fig. 6.2, we can clearly see that without gating the data behaves as highly
non-Gaussian. However the gated data shown in Fig. 6.4 matches very well with
Gaussian data apart from some outliers. The next step in the data quality process is
to try and understand these outliers, i.e. find any infrastructural or environmental
reason why there is a narrow spectral feature at those frequencies. We will use the

104 Chapter 6 Identification and mitigation of spectral artefacts for the search for
an isotropic gravitational-wave background



Fig. 6.1.: Observed coherence for the Hanford-Livingston baseline using a frequency resolu-
tion of 0.1Hz. Top panel: the ∆σ-cut was applied, but gating not. Bottom panel:
the ∆σ-cut was not applied, but gating was. The black dashed line represents
the expected level of coherence from Gaussian data, which equals to 1/N , with
N the number of segments averaged over. Note that the value of the black line
in the bottom panel is lower, as more segments were averaged over due to not
removing segments with the delta sigma cut.
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Fig. 6.2.: Observed coherence for the Hanford-Livingston baseline using a frequency reso-
lution of 0.001Hz. Top panel: the ∆σ-cut was applied, but gating not. Bottom
panel: the ∆σ-cut was not applied, but gating was. The black dashed line repre-
sents the expected level of coherence from Gaussian data, which equals to 1/N ,
with N the number of segments averaged over. Note that the value of the black
line in the bottom panel is lower, as more segments were averaged over due to
not removing segments with the delta sigma cut.
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Fig. 6.3.: Histogram of the observed coherence in the frequency region considered for
the analysis (20Hz-1726Hz), from data with applying the ∆σ-cut, but without
applying gating. The blue line is the expected behavior for Gaussian data. The
orange dashed line is the threshold which was used to define coherence-outliers.
The threshold used is set to the coherence value where only one event is expected
from Gaussian data.

outliers in Fig. 6.4 as an example before we summarize the final outcomes from
these studies.

Identification of the origin of loud noise lines

Tab. 6.1 summarizes the twenty coherence outliers from Fig. 6.4, the frequency
they occur at as well as the identified origin of the spectral artefact. To identify
these lines, typically three steps are followed. First of all we look if the lines are
known spectral artefacts. For this we can rely on a number of internal web-pages
summarising calibration lines, mechanical resonances, etc. Another resource is the
online detector logbook in which, among others, noise features are discussed and
identified when they are spotted by the relevant research teams. If the cause of
the spectral artefact after this first step is not yet identified, we often reach out to
different experts and research teams interested in spectral artefacts. This are for
instance people working on detector characterisation or CW analysis, since the latter
are very sensitive to spectral artefacts. After these first two options, the majority of
the lines in Tab. 6.1 were identified. Only the line at 32Hz was not identified. In
such a case a third method to identify the origin of spectral lines is to rely on tools
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Fig. 6.4.: Histogram of the observed coherence in the frequency region considered for
the analysis (20Hz-1726Hz), from data without applying the ∆σ-cut, but with
applying gating. The bottom panel zooms in on coherence values ≤ 0.005. The
blue line is the expected behavior for Gaussian data. The orange dashed line is
the threshold which was used to define coherence-outliers. The threshold used is
set to the coherence value where only one event is expected from Gaussian data.
The exact coherence values are expected to differ from the values in Fig. 6.3, as
both figures have a different number of segments over which it is averaged.
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that systematically compute the coherence between the GW-data, h(t), and a large
number of witness channels. The number of witness channels is typically several
hundreds and consists of sensors which measure the environment of the detector
and its behaviour without them containing any information on the GW signal e.g.
seismometers, magnetometers, accelerometers. Two tools which are able to perform
such calculations are Fscan [132] and STAMP-PEM [265]. With the use of these
tools we found significant correlation between h(t) and a number of accelerometers
at the corner station of LIGO Hanford for the noise line at 32Hz. For the lines at
49.999Hz - 50.001Hz also significant correlation between h(t) and a number of
magnetometers as well as seismometers was identified. These lines could however
already be explained by the known 1Hz spaced comb at Hanford and 10Hz spaced
comb at Livingston.

During O3, Fscan and STAMP-PEM were only available for data from the two LIGO
detectors and not for Virgo data. This implied that this third and final step to
identify unknown lines was a bit lacking for Virgo. To this extent we set-up a manual
effort to identify these lines. A tool that did run at Virgo was NoEMi [34] which
identifies loud lines in h(t) during the entire run. On our request NoEMi did run on
about hundred witness channels for one day during O3a and one day during O3b.
This day was somewhat arbitrarily chosen as a day with good sensitivity. For the
unidentified noise lines, we identified all the witness channels that had also lines
at the same frequencies. Whereas this is already a first indication there might be
a common origin, this does not give irrefutable proof they share the same physical
origin. Therefore, for the same day of data we computed the coherence between
h(t) and this subset of witness channels. By analysing these data we were able to
identify a number of additional spectral artefacts. All the identified spectral artefacts
for Virgo can be found in [241] and will be discussed in a bit more detail below.

Whereas this approach was the best we could do given available person-power as
well as computing resources at that time, it is far from ideal. First of all, it required
a tremendous cost of person power spent manually doing these computations and
analysing the data. Secondly, it is far from a systematic method and easily could
have missed a number of lines that otherwise would have been identified. To this
extent STAMP-PEM was implemented for Virgo before O4.

The entire set of spectral artefacts identified for the search for an isotropic GWB can
be found in the data release of the search [243].
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Identification of additional noise lines at Virgo

Apart from identification of noise lines affecting the search for a GWB we also try
to identify noise lines observed in the individual interferometers. For Virgo during
O3 I led the effort to put together a list of identified lines as well as performed the
majority of the identifications.

Spectral artefacts in Virgo are characterized by two parameters called ‘presence’
and ‘persistence’. The presence of a spectral artefact is the percentage of days it
was observed in Virgo’s strain. The persistence of a noise line is a measure how
persistent the line was during a day, taking values between 0 and 1. Due to the large
amount of noise lines ∼ 2000 it was unfeasible to follow up all the noise lines. To
identify which noise lines are the most relevant we used the product of presence
times persistence as a figure of merit, which can take values between 0 and 100. The
majority of the lines (∼ 87%) are very weak and/or are present only occasionally.
This reflects in a low value of presence × persistence < 5. We only followed up lines
with presence × persistence ≥ 5 between 12Hz and 2500Hz, as these are the most
likely to form potential data quality issues for long duration GW searches. This
amounts to 245 lines flagged for follow-up. The majority of these lines are ‘known’
and can be found in line databases, i.e. calibration lines, mechanical resonances
of the detector, power mains, etc. Another set of lines could be easily linked to a
1Hz electromagnetic comb which is known to be present at Virgo and has multiple
magnetometers as witness channels. This left us with 43 (of 245) unidentified
lines. In an attempt to identify these lines we used the manual effort as described
above. We identified 84 environmental channels as high probability candidates to
provide proof of coherence between h(t) and these environmental channels and
calculated the coherence between these 84 channels and h(t) for one day during O3b.
Afterwards we checked for each of the 43 unidentified spectral artefacts whether
any of the 84 chosen witness channels had significant coherence with h(t) indicating
the noise line is caused by an environmental/instrumental effect3. This led to the
identification of an additional 25 noise lines, leaving 18 lines unidentified. The
resulting list of identified lines for Virgo can be found in [241].

3Due to the enormous size of the manual work (about ∼ 3500 combinations had to be checked) this
work was not solely performed by me but in coordination with the Virgo detector characterisation
group. This is a clear example why the implementation of STAMP-PEM for Virgo was crucial before
O4.
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6.2 Creating a notch list

As mentioned in Chapter 5, one wants to notch all known spectral artefacts, i.e. set
the value of the cross-correlation statistic, ĈIJ , in the affected frequency bins to zero.
This is equivalent to take the limit where the uncertainty, σ(f) → ∞. This ensures
the contaminated frequency bins do not bias the analysis results by excluding them.
In this section we will start by mentioning how the notch list was created based on
the list of known spectral artefacts during O3. Afterwards we will briefly introduce
pygwb, the new analysis pipeline that will be used by the LVK collaborations during
O4. Finally we will describe the updated method used to create the notch list in
pygwb.

In the discussion below we will use the terms ‘noise line’ and ‘notch’. With the
former we refer to the physical noise line, whereas with the latter we refer to how
we deal with the noise line in our analysis.

Creation of a notch list during O3

After identification of noise lines using the procedures discussed in last Section, one
provides a central frequency of the noise line and its a width to create a notch list. In
case the noise line is a known calibration line or mechanical resonance, the known
width is used. Otherwise an estimate width is determined based on the observed
spectral artefact. Given a certain frequency resolution, the central frequency of the
notch would be the frequency bin center closest to the peak frequency of the noise
line. The width of the notch was set to the noise line width rounded upwards to
an odd number of frequency bins. A width of an even number of frequency bins
was not allowed to ensure a symmetric notch width. Afterwards this list of notches
was stored and applied to the analysis for a GWB. The official notch list for O3 are
published as part of the public data release [243].

pygwb, a new isotropic analysis pipeline

pygwb [300] is the new LVK pipeline for the search for an isotropic GWB and replaces
an old matlab code from 2004. Whereas the philosophy of the analysis in pygwb
heavily builds upon the old code, pygwb is an open source, object-oriented and
modular python package. Furthermore it unifies all the different aspects needed to
perform the search for an isotropic GWB and includes a notch module which enables
to deal with spectral artefacts. In the past the notch list was provided by a separate
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piece of python code of which the output was passed on to the analysis pipeline in
matlab. For more details on pygwb, all its features and performance, we refer the
interested reader to [300]. My contribution to pygwb was the updated method to
apply notches to the analysis, which will be discussed in more detail below.

Creation of a notch list in pygwb

The notch module of pygwb provides the framework to properly deal with the
identified noise lines in the case of the search for an isotropic GWB. To this extent
the notch module provides a frequency mask which may be applied to the spectra
involved in the analysis. The key object of the notch module is the StochNotchList,
which is a list of StochNotch objects. A StochNotch object represents a physical
noise line which has been identified and needs to be removed from the analysis.
The object has a minimum and maximum frequency indicating the contaminated
frequency region. Furthermore, it also comes with a descriptive string which allows
the user to keep track of the reason why the line was notched. All the different
StochNotch objects for a certain analysis are then stored in the StochNotchList
which contains the entire list of lines to be notched from the analysis.

The notch mask used to apply a set of notches within the analysis is constructed
conservatively, such that any frequency that has overlapping frequency content with
the noise lines defined in the StochNotchList will be removed when applying the
notch mask. Concretely, the GWB estimator ĈIJ(fk) is calculated at the discrete
frequency bin fk. Its value at frequency fk estimates ΩGW(fk) at this discrete
frequency. This value can be conceived as the average of ĈIJ(f), i.e. with an infinite
frequency resolution, over the frequency range of the bin with a width ∆f centered
around fk, i.e. [fk − ∆f/2, fk + ∆f/2]4. If a noise line has any overlap with this
interval, the kth frequency bin is excluded. This implies that a hypothetical delta-peak
noise line at fk + ∆f/2, leads to notching both fk as well as fk+1 = fk + ∆f .

We present the creation of a notch mask with an example in Fig. 6.5, which illustrates
how our conservative notching strategy excludes frequency bins based on different
scenarios of noise lines. The strategy implemented in pygwb improves upon the
method used in O3 in several ways. In pygwb a more clear distinction is made
between the list of noise lines and the list of notches, i.e. the notch mask which
depends on the used frequency resolution. Whereas in O3 the stored output was
the notch list for the frequency resolution used in the analysis, currently the key

4Typically the edge frequencies contribute half to each bin of which they form the edge frequency,
rather than contributing entirely to e.g. the lower frequency bin and not to the higher frequency
bin.
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output stored, is the list of noise lines independent of the frequency resolution used
in the analysis. When the list of noise lines is supplied to an analysis using pygwb,
it can be used to create the notch mask for any given analysis. This improves the
re-usability of the stored output. However, if needed also the applied list of notches
or the notch mask can be saved for that specific analysis. Furthermore, pygwb has a
more optimal notching scheme, while remaining conservative. Previously, both the
center frequency and the number of bins were rounded upwards, which might have
led to notching bins which were not affected by the spectral artefacts. This in turn
leads to a (small) loss in sensitivity. The notching scheme implemented in pygwb is
conservative, but not overly by notching all bins which should contain contaminated
frequency content but not any additional bins.

Fig. 6.5.: Example of how the notching of noise lines (orange curve) applied to the discrete
measurements of the spectrum ĈIJ(fk) (blue stars) leads to a final set of measure-
ments (red dots). The vertical shaded regions indicate the bins, where even bins
are white and odd bins are light blue. The orange line traces out the noise lines
such that a noise line is present where the orange curve is zero. The analyzed
data spans [5.0, 6.875]Hz, in the un-shaded region. In this example there are five
noise lines, from left to right: a noise line ending at the lowest frequency bin,
a noise line entirely contained in one frequency bin, a noise line spread across
two frequency bins, a noise line spread across multiple frequency bins, and a
noise line from bin-edge to bin-edge. After our notching procedure (see text for
more details), the data is reduced to the bins marked by the red dots. For visual
convenience we have changed the amplitude in these remaining frequency bins
by a factor 0.9.

The current code is set up to apply the same notches to an entire stretch of data,
which can be considered as time-independent notching. To allow for time-dependent
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notching we could either use the current notch module and split the analysis in
different segments, e.g. a month long period, each having their own notch list.
Afterwards the results of these multiple mid-duration segments could be combined.
Alternatively, one could extend the current module with an additional parameter
which keeps track of which times have to be notched. Since typically the majority
of the notched lines in the search for an isotropic GWB with data from the LIGO
and Virgo detectors are present during the entire dataset, the possible gain of
implementing time-dependent notching is expected to be limited.

6.3 Procedure for data quality investigations during O4

During O3, virtually all data quality investigations for the GWB analysis were done
at the end of the run. Even though there were certain tools to already follow-
up the data quality for the GWB, they were underused. This lead to a very late
identification of the issues caused by the large amount of loud glitches in the LIGO
detectors. In the end this was solved by implementing gating. However, due to the
late realisation of the problem this lead to large delays in achieving the deliverables
of the analysis. Therefore we proposed a much more pro-active approach during O4,
as summarized in the flowchart in Fig. 6.6. First of all, on a daily/weekly timescale
we will be performing a number of tests on timeshifted data to identify potential data
quality issues. Among others we will look at coherence spectra as well as coherence
histograms, such as shown in Figs. 6.1-6.4. This will enable us to spot potential
issues sooner. Broadband features in the coherence can point towards not properly
dealing with non-stationary features such as glitches. Additionally, we will be able
to follow-up noise lines with a lower latency, as well as a time-dependence. This
allows more time to identify problematic spectral artefacts. More specifically, this
also enables us to push for potential interventions and additional tests to identify
lines at the different detectors. A scenario where this would be very valuable is in
case an outlier is observed in the search for an anisotropic GWB. In the anisotropic
GWB analysis of O2 data [10] an outlier at 36.06Hz was found with a SNR > 5 for
O2 data only. When including O1 data the significance dropped to below a SNR of
5. Since no excess was observed when analyzing O3 data, it was concluded that
this outlier is not a persistent GW source [29]. No similar outlier was found in an
all-sky CW search, which even put more stringent upper limits on this frequency
and sky position [11]. This seems to support the noise hypothesis. With the noise
investigation approach planned during O4, we will be aware of a similar outlier well
before the end of the data taking period. This will allow more thorough follow-up

6.3 Procedure for data quality investigations during O4 115



of the spectral artefact to identify a potential instrumental and/or environmental
origin. In case no such evidence can be found for a high significance, potential signal
candidate, one can think of doing more dedicated tests at the detectors with e.g.
noise injections. This can either still reveal a potential pathway for the coupling of
instrumental noise or otherwise further increase our confidence in its potential to
be a GW signal. Such additional verification would not have been possible with the
approach followed during O3.

An additional benefit of this proactive approach is that it is also in line with the
prospects for longer observing runs. O4 is scheduled to be 18 months, plus two
months of commissioning and O5 will be even longer. The approach we are planning
to deploy during O4, enables us to have a faster turnover of the results at the end of
the run. Whereas this was not mandatory in the past, it will be needed more and
more with longer runs and the tighter plans for releasing the data to the public.

Fig. 6.6 represents the workflow we will follow and the checks we plan to make on a
weekly basis on time-shifted data to determine the data quality for the search for an
isotropic GWB. Issues with broadband coherence and the follow-up investigations
could for instance lead to additional times marked for removal if they have too high
levels of non-stationarity even though they passed the checks currently in place.
The list of outliers we identify when performing narrowband checks will form the
start of our list of noise lines to be notched from the analysis, given that we have
identified their origin. In case we do not know their origin we plan to do follow-up
investigations with tools such as STAMP-PEM or discuss this with noise line experts
from CW analyses.

Furthermore, at the end of every 1-2 months we plan to ‘open the box’, and analyse
the data without time-shift. That is, we basically perform a full analysis on this
month-long segment. Before opening the box we will fix a temporary list of segments
marked for removal based on the ∆σ-cut and potentially additional segments flagged
by manual investigations. We will also fix a list of noise lines to be notched, based
on the weekly investigations. This monthly unboxing enables us to quickly identify
potential additional data quality issues which were not found before. This will also
help to drastically reduce the analysis turn over time at the end of the run as the
entire analysis was already run in month-long subsections.
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Fig. 6.6.: Workflow to perform data quality checks for the search for an isotropic GWB on a
weekly basis on time-shifted data.
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6.3.1 Preliminary O4 data quality

In this subsection, we will present some of the preliminary data quality features
based on the first two months of O4 data (i.e. from 24 May 2023, 15:00 UTC up to
1 Aug 2023 00:00 UTC). Any statements made here rely on the use of time shifted
data, where a time-shift of 1 second is applied to the LIGO Livingston data. Based
on the daily data quality checks performed we find that there is about 55% to 60%
of coincident time between LIGO Hanford and LIGO Livingston. Note, during these
first two months of data the percentage of coincident time during the weekend is
about 10% higher compared to the entire dataset. Of the total coincident time, about
10% to 15% is discarded due to data quality veto’s similar to veto’s used during the
analysis of O3 data [30]. However, based on the preliminary results form the last
two months, only about 1% of the coincident data is lost due to the ∆σ-cut. The
amount of data gated in each interferometer is less than 0.16%. When comparing
the amount of data lost due to gating as well as due to the ∆σ-cut with the O3
analysis, we observe the current loss in data is about a factor ten smaller compared
to O3. This seems to be an indication the first two months of O4 have exquisite data
quality.

Based on daily as well as weekly coherence spectra and histograms, no major
new spectral artefacts are found. As illustration we show in Fig 6.7 the observed
coherence spectrum and histogram for the timeshifted HL data during the week of
Tue 26 July 2023 to Tue 1 Aug 2023. In this week we find one noise line which has
a very low probability (∼ 10−5) to be consistent with Gaussian noise and is not yet
included in the notchlist. This line occurs at a frequency of 24.5Hz. However, at this
frequency an additional calibration line was injected during this specific week as
stated in [225]. Otherwise no noise lines were found in any of the weeks during
the first two months of O4 data. More detailed data quality investigations with
longer integration times are needed and will be performed over the coming weeks.
However, the preliminary data quality investigations for the search for an isotropic
GWB seem to indicate O4 promises to be an observing run with plenty of high quality
data to analyse.
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Fig. 6.7.: Coherence of the timeshifted strain between LHO and LLO during the week of
Tue 26 July 2023 to Tue 1 Aug 2023. A frequency resolution of 1/32Hz is used.
Top panel: coherence spectrum. Bottom panel: coherence histogram, where
the last bin contains all the frequencies with a coherence larger than 3 · 10−3.
The red histogram contains all noise lines with frequencies between 20Hz and
1726Hz, whereas the blue histogram shows only the data which is not removed
by the notch list. The orange line is the expected behavior for Gaussian data.
The light green dashed line is the threshold which was used to define coherence-
outliers. The threshold used is set to the coherence value where only one event is
expected from Gaussian data. The only significant noise line outlier which is not
yet included in the notch list is 24.5Hz (coherence ∼0.0012), which is known to
be a temporary calibration line at LHO [225]. The other noise lines above the set
threshold all have a probability of more than 20% to be from Gaussian noise.
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6.4 Conclusion

In this chapter we discussed the procedures used in the LIGO, Virgo and KAGRA
collaborations to identify spectral artefacts which impact the search for an isotropic
GWB. We used the results and analysis of O3 data as an example and showed
how the initial investigations were impeded by the effect of loud glitches. After
the implementation of gating to deal with these glitches, the effect of these non-
stationary effects was small on the coherence spectrum and problematic noise lines
could be flagged. We used the HL baseline as an example and showed the subsequent
identification of the flagged spectral artefacts. Afterwards, we discussed how these
spectral artefacts are dealt with in the search pipeline by using a notch list. We also
highlighted the new approach of notching that is implemented in the new isotropic
analysis pipeline pygwb. This updated approach allows to have more precise notches
for very narrow spectral artefacts. Finally, we ended the chapter with a discussion
of the pro-active data quality procedure followed during O4. This also included a
short discussion on some of the preliminary data quality features for the search for
an isotropic GWB with the first two months of O4 data. Based on these preliminary
investigations, O4 data quality seems to be very good and promises to become an
interesting observing run.
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Correlations in magnetic field
fluctuations and their coupling
to Earth-based
gravitational-wave detectors

7

In Chapter 5 we introduced the Schumann resonances and some details of the
propagation of electromagnetic fields in the atmosphere. In this chapter we will
start by highlighting, in Sec. 7.1, some studies of the cross-correlation between LIGO
Hanford (H or LHO), LIGO Livingston (L or LLO) and Virgo (V) performed as part
of this PhD. Afterwards in Sec 7.2 we will introduce the so called ‘magnetic-coupling
function’ which describes how magnetic fields couple to the detectors. In Chapter
8 this information is combined to predict the impact of these correlations from
magnetic field fluctuations both on current and future generation Earth-based GW
detectors.

7.1 Schumann resonances and individual lightning
strikes

As part of data quality checks for the search for an isotropic GWB during O3, the
correlations of the magnetic field fluctuations were studied between the LIGO and
Virgo observatories. The impact of these magnetic correlations during O3 was
reported up to 100Hz by the LVK collaborations [30]; however, this was not done
for frequencies above 100Hz.

In Fig. 7.1, the coherences of the magnetic field fluctuations between LHO-LLO,
LHO-Virgo and LLO-Virgo are shown (the Hylaty data will be introduced later in this
section). The spectra are calculated using data taken between Apr 2 2019 00:00:00
UTC and Mar 27 2020 00:00:00 UTC, consistent with O3 (but also including the
data during the commissioning break during October 2019). Furthermore, the
coherence represented in Fig. 7.1 is, at each frequency, the maximal value from the
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four possible coherence pairs using the two orthogonal magnetometers at each site
(along the x- and y-arms for LHO, LLO and along geographical North-South and
East-West for Virgo).

Some of the Schumann resonances are more coherent in one pair or another. Typi-
cally the difference between the minimal and the maximal observed coherence at the
different magnetometer pairs for a given baseline is about one order of magnitude
or less at a given frequency. In some limited number of cases the difference is two
orders of magnitude.

There is a non-zero magnetic coherence above 60Hz, where one might expect the
strength of the Schumann resonances to be small. This higher frequency coherence
has not been previously reported in the context of gravitational-wave detectors. The
observation of this high-frequency inter-site correlation was facilitated by the acqui-
sition, for O3, of magnetometers placed far from the magnetically noisy buildings.

It is interesting to note that earlier investigations of magnetic correlations between
LHO and LLO during the initial detector era reported some excess coherence between
50Hz - 100Hz [348]. The magnetic coherence during the fifth science run (S5) was
rather minimal above 50Hz and did not extend above 100Hz. Since the integration
time used in the S5 analysis is quite similar to the time used for O3 (Fig. 7.1), the
difference is likely due to the use of sensitive magnetometers located far from the
buildings during O3. During the earlier S5 run, all magnetometers were inside the
buildings in a magnetically noisy environment.

Fig. 7.2 reports the CSD between the different magnetometers for the HL, HV and LV
baselines – pairs of the GW detectors – of data taken between Apr 2 2019 00:00:00
UTC and Mar 27 2020 00:00:00 UTC. Here, we show the quadratic sum of the four
different individual CSD combinations, as represented in Eq. 7.1. Furthermore we
use the modulus of the individual magnetic CSD instead of only the real part. This
choice is made since it is the most conservative option we can choose:

CSDIJ = 2
T

[ |m̃∗
I1(f)m̃J1(f)|2 + |m̃∗

I1(f)m̃J2(f)|2

+ |m̃∗
I2(f)m̃J1(f)|2 + |m̃∗

I2(f)m̃J2(f)|2 ]1/2 ,
(7.1)

with m̃∗
I1

(f) the Fourier transform of the magnetic data mI1(t) measured by sensor
1 located at GW detector I. The factor of 2/T is a normalisation constant of
the Fourier transform, where T is the time duration of the data segment when
applying the Fourier transform. In the remainder of this PhD dissertation we will
use this conservative estimate of the CSD when discussing the magnetic CSD, unless
specifically mentioned otherwise.
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In [214] we argue that the magnetic coherence above 50Hz is likely due to the
superposition from individually correlated lightning strikes. M. Ball of the University
of Oregon performed a study where he links glitches in the magnetometers to
lightning strikes. Afterwards he showed that by gating away these glitches, the
magnetic coherence at frequencies above ∼ 100Hz, reduces significantly, see Fig. 7
of [214]. In addition, in [203] the authors investigated the impact of a non-uniform
lightning distribution on the observed Schumann resonances.

Both the magnetic coherence (Fig. 7.1) and the CSD (Fig. 7.2), fall off more rapidly
with increasing frequency in the case of HV and LV compared to HL. The fast decline
in magnetic CSD for the HV and LV baselines can be explained by the increased
attenuation of magnetic field fluctuations caused by lightnings at larger distances.
Namely the distance between LHO and LLO is about 3000 km, whereas the distances
between Virgo and LHO, LLO are respectively ∼ 8800 km and ∼ 8500 km. This is
also in line with the elevated thunderstorm activity in the Americas compared to
Europe. The rate of lightning near LLO tends to be greater than the rate in Europe,
and the rate around LHO is lower than around Virgo [355].

To further test this hypothesis, we include data from another magnetometer station
in Fig. 7.1 and Fig. 7.2. The station we use is part of the World ELF Radiolocation
Array (WERA) [231]: the Hylaty station located in the Bieszczady Mountains in
Poland [232]. The distance between the Hylaty station LHO, LLO and Virgo is
respectively ∼ 8800 km, ∼ 9000 km and ∼ 1100 km. The station is equipped with
two magnetometers, oriented along North-South and East-West and is located in
a very quiet location to measure ELF magnetic fields. The rate of lightning strikes
in Poland is about the same as at LHO [355]. The magnetometer response, as a
function of frequency, is quite flat up to 250Hz, but declines rapidly above with only
50% response at 262Hz. Therefore we will focus in the following analysis on the
frequency region 1Hz - 250Hz.

The coherence and CSD between the magnetometers located at Hylaty and GW
detectors are shown in respectively Fig. 7.1 and Fig. 7.2. We notice the coherences
between different baselines span several orders of magnitude, even at the Schumann
frequencies. Above 100Hz, the HL-baseline has the highest coherence followed by
the Hylaty-Virgo baseline. HV and LV have the lowest coherence of all. When looking
at the CSD, we notice the amplitude of the CSD at the fundamental Schumann
mode (7.8Hz) ranges from 0.4 pT2/Hz to 1 pT2/Hz. Above 100Hz the CSD of HL
is the largest by one order of magnitude. The baseline CSDs in descending order
are (above 100Hz): CSDHL > CSDHylaty−V > CSDHV ≈ CSDLV > CSDHylaty−H ≈
CSDHylaty−L.
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Fig. 7.1.: Coherence spectrum between HL (blue), HV (orange), LV (red), Hylaty-LHO
(green), Hylaty-LLO (purple) and Hylaty-Virgo (brown). At each frequency the
maximal coherence of the four magnetometer pairs is plotted for a given baseline.
In the absence of correlated noise, one expects this to be consistent with Gaussian
noise given by the inverse of the number of averages (N) used to make the
coherence spectrum, indicated by the black dashed line. Data spans April 2 2019
00:00:00 UTC to March 27 2020 00:00:00 UTC, consistent with the overlap
between LIGO’s and Virgo’s third observing run (also including data from the
commissioning break during October 2019). Above 250Hz, the magnetometers at
the Hylaty experience significant loss in sensitivity.

Fig. 7.2.: CSD1/2 (as given by Eq. 7.1) of HL, HV, LV, Hylaty-LHO, Hylaty-LLO and Hylaty-
Virgo. Data is used from April 2 2019 00:00:00 UTC to March 27 2020 00:00:00
UTC, consistent with the overlap between LIGO’s and Virgo’s third observing
run (also including the data from the commissioning break during October
2019).Above 250Hz (red dashed line) the magnetometers at the Hylaty experi-
ence significant loss in sensitivity. The broad peaks below 60Hz are associated
with the Schumann resonances.
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This can be explained by the characteristics of the propagation of electromagnetic
waves in the Earth’s atmosphere and the location of the main thunderstorm regions,
as explained in Chapter 5. The magnetometers located at LHO-LLO and Hylaty-Virgo
have the highest CSDs. The distance between the magnetometers for other baselines
is 2.5 to 9 times larger, leading to larger attenuation of the electromagnetic waves.
The significantly higher coherence and CSD in the HL baseline compared to the
Hylaty-Virgo baseline can be explained by the main thunderstorm regions. Whereas
LHO and LLO are located in a (very) active thunderstorm region, Hylaty and Virgo
are further away from the main thunderstorm regions, located in America, Africa
and Asia.

The observed behaviour discussed in this section is consistent with what is expected
from our hypothesis postulated in [214], i.e. the superposition of individual light-
nings is the likely source to explain the observed coherence and cross-correlation
above 100Hz between the magnetometers at the GW detectors during O3.

Schumann resonances measured at Sos Enattos

As a part of site characterisation of the Sos Enattos mine for the ET [275, 305],
magnetic field measurements were taken from 5Hz to 100Hz in the exceptionally
quiet environment inside the unused mine. We use 48 days of data taken from
Nov 14 2019 to Dec 31 2019, using a single-axis Metronix MFS-06e magnetometer
positioned inside the Sos Enattos mine about 200 m below ground level. The
magnetometer is sampled at 250Hz. We show in Fig. 7.3 percentiles of the magnetic
ASD. In some later studies, see Chapters 8 and 11, we will use the shape of the 10%
magnetic percentile curve, since it captures the peaks of the Schumann spectrum
very well. We then scale the amplitude to match the amplitude of the 95%-percentile
curve at 7.8Hz, the first Schumann mode. This gives a good prediction for the
Schumann resonance spectrum at Sos Enattos, while being conservative.

7.2 Magnetic coupling function

In the previous section, correlations of magnetic field fluctuations on Earth-scale
distances were introduced. Here we will discuss how magnetic fields can couple
to the GW sensitive strain channel. We consider two different components. In Sec.
7.2.1 we will discuss the coupling of magnetic fields to the GW sensitive channel
based on the magnetic field measured inside the experimental building(s), i.e. the
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Fig. 7.3.: Sos Enattos magnetic ASD constructed using 48 days of data from Nov 14 2019
to Dec 31 2019. A one-directional magnetometer was employed to collect the
data in the mine approximately 200 m below ground level. The line at 50Hz is
coming from the power mains.

‘inside-to-GW channel’ (ITGW) coupling. Afterwards in Sec. 7.2.2, we will focus
on the additional effect to project the strength inside the experimental building(s)
based on the magnetic fields observed outside. This effect is described by the so
called ‘outside-to-inside’ (OTI) magnetic coupling function which takes into account
the shielding or amplification effect caused by the building’s structure. As the OTI
coupling only describes the effect of the buildings structure, this can be considered
as a second order effect. It is represented as a multiplicative factor and has a value
close to one, whereas the dominant effect of the magnetic coupling is described
by the ITGW coupling. Finally, in Sec. 7.2.3 we will discuss some of the plans for
magnetic injections during LIGO, Virgo and KAGRA’s fourth observing run.

7.2.1 ‘Inside-to-GW channel’ magnetic coupling function

Magnetic fields can couple to a GW interferometric detector by acting on the perma-
nent magnets of electromagnetic actuators located on the test masses and/or their
suspensions [121, 122, 170, 277]. This is typically the dominant effect at low fre-
quencies, where additional coupling might enter by magnetic fields acting on optical
components such as suspended benches. The external magnetic field can couple to
magnets or other magnetically sensitive components mounted on the bench, leading
to an exerted force on the bench. This force results in a movement of the bench
which in turn can enhance other noise sources such as scattered light coupling to the
detector and affecting the sensitivity [170]. At higher frequencies other mechanisms
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(sometimes also specific to a certain interferometer) induce magnetic coupling to
the interferometer, such as interaction with signal cables [121, 170].

To measure the coupling of magnetic fields to the interferometer, large magnetic
fields are generated during a program of environmental noise injections at the
beginning and end of observing runs [277], as well as on a weekly basis [170]. The
weekly injections are typically performed at one (fixed) location and aim to measure
the time variability of the magnetic coupling, assuming this far-field injection is
representative. The pre- and post-run injections probe multiple locations and should
give a more accurate understanding of the magnetic coupling, but would be too
time consuming to perform every week. A composite or "sitewide" coupling function
can be created for these pre- and post-run injections, which uses the largest local
coupling for every frequency bin. The magnetic coupling function (κ) is given in
Eq. 7.2, with Y and X being respectively the ASD of the GW sensitive channel and
the witness sensor during the injection (inj) and an adjacent time without injection
(bkg).

κ(f)measured =

√√√√ Y 2
inj(f) − Y 2

bkg(f)
X2

inj(f) − X2
bkg(f)

, (7.2)

The witness sensor of the total magnetic field is the modulus of the magnetic field
observed by the three perpendicularly orientated magnetometers. The magnetic
coupling of Virgo is shown in Fig. 7.4, for several months observed in the central
building (CEB). Also a single injection was performed at the end stations, i.e. the
West end building (WEB) and the North end building (NEB), also shown in Fig. 7.4.
If the injected field results in an increase of the strain ASD of at least a factor 2 we
claim to have measured the coupling, see dots in Fig. 7.4. Otherwise we place an
upper-limit on the coupling function, see Eq. 7.3, under the additional condition
that the witness sensor detects an effect of at least a factor of 10, as pointed out by
stars in Fig. 7.4.

κ(f)upper limit = Ybkg(f)√
X2

inj(f) − X2
bkg(f)

. (7.3)

An in-depth discussion on magnetic injections can be found in [121]. Here we
comment on the most important features of the measured coupling function in
Fig. 7.4: the low frequency part (up to 100Hz) with a declining slope and the
high frequency part (above 100Hz) with a rising slope. The low frequency part is
dominated by the coupling of the ambient magnetic field to the small magnets that
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Fig. 7.4.: Magnetic coupling functions for CEB, WEB and NEB. For CEB multiple injections
over the time of O3 are shown to illustrate the time variations. Dots are measured
values of the magnetic coupling, while stars are upper-limits, calculated using Eq.
7.2.

are attached to the back of each test mass and are used to control the mirror position.
The coupling to these magnets is known to decay as the third power of frequency
[121]. The measurements at NEB and WEB confirmed the expected behavior, while
the magnetic coupling measured in CEB does not follow the same slope. Even
if we do not have an exhaustive explanation for this result, it is reasonable to
ascribe the enhanced low frequency coupling to other noise sources triggered by
the magnetic injection (e.g. scattered light). This mechanism is very likely in the
complex environment of the central building, as is discussed in more detail in [170].
This resulted in a significantly stronger coupling from magnetic fields in the Virgo
CEB during O3, compared to the WEB and NEB.

At frequencies above several hundreds of Hz, the effect from the injected fields
is often not strong enough to be observed in the GW sensitive strain channel. In
that case an upper limit of the magnetic coupling function is provided. Note that
the upper limits increase as a function of frequency due to the lower amplitude
of injected magnetic fields. Namely, the delivered current decreases as a function
of frequency, due to the increase of resistance, for a fixed voltage supplied by the
amplifier, i.e. near the maximal voltage of the amplifier. While at the LIGO detectors,
only upper limits were placed above ∼ 200Hz-300Hz, at Virgo it was possible to
measure the high frequency coupling during some weeks in the CEB as seen in Fig.
7.4. At these higher frequencies a possible coupling mechanism is the interaction of
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the magnetic fields with signal cables [121, 170]. In the WEB and NEB only upper
limits were placed. Fig. 7.4 also illustrates the large weekly variations in the central
building with a variation of about an order of magnitude depending on the time of
the injection.

It is assumed that the injection coil is distant so that the field at a magnetic coupling
site is about the same as it is at the magnetometers nearest to the coupling site.
The ideal condition would be that of generating a uniform field across the whole
interferometer and the witness sensors. The best practical approximation that could
be realized at Virgo consisted in one injection coil placed in one corner of the
experimental halls and witness magnetometers centrally located with respect to the
potentially sensitive components. This places the coil at an approximate distance of
∼ 20m from the majority of the sensitive detector components. Deviations from this
assumption led to an intrinsic uncertainty of about a factor 2 [277] and will form
the dominant uncertainty when making a noise projection in Chapter 8.

7.2.2 ‘Outside-to-inside’ magnetic coupling function

The coupling function discussed above is for magnetic fields measured by magne-
tometers in the buildings and is referred to as the inside-to-GW channel coupling.
The sensitive magnetometers for measuring intersite coherence are located far from
the magnetically noisy buildings and the coupling of outside fields to inside fields, is
termed the outside-to-inside coupling function.

Previous estimates of this outside-to-inside magnetic coupling function were made
using a coil generating magnetic fields outside the central building at LHO [30].
However, the fields generated by the injection coils differ from lightning-generated
fields in that the lightning fields are transient on shorter time scales and more
uniform over a site. Therefore the outside-to-inside magnetic coupling was measured
using the magnetic fields generated by distant lightning strokes1. This method is
explained in more detail in Appendix A of [214]. A scalar outside-to-inside magnetic
coupling function was calculated by M. Ball of the University of Oregon for magnetic
fields from lightning for LLO [214]. The distribution was found to be log-normal with
a mean of 0.7+0.4

−0.3 nT/nT. Future studies should aim to measure the outside-to-inside
magnetic coupling function for lightning fields at the different sites.

1The term ‘strike’ is colloquially used for lightning. However, in the technical literature, ‘stroke’
describes both cloud-to-cloud and cloud-to-ground lightning. ‘Strike’ only refers to cloud-to-ground.
In the analysis mentioned here both cloud-to-cloud and cloud-to-ground ‘strokes’ were used [214].
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7.2.3 O4 magnetic injection plans

Lessons learned form O3

During O3 a ∼1m diameter magnetic coil was used at Virgo to perform the magnetic
injections. To ensure loud enough magnetic injections, a set of sinusoidal magnetic
fields were created. This set of lines gives a good overall sense of the magnetic
coupling function, but might miss some important, more narrow features. This
became clear after the installation of several multi-meter coils at LIGO Hanford
during O3 [316, 317]. With these large coils it was possible to perform a broadband
injection and several resonant features were observed in the magnetic coupling
function, some of which moved in frequency over consecutive weeks [278, 315, 317].
This highlighted the need of similar, improved injection coils at LIGO Livingston
and Virgo to gain a more profound understanding of the magnetic coupling at the
different sites.

Installation of a 4m-coil at the Virgo central building

The lessons learned from the more detailed magnetic injections at LIGO Hanford
lead to the construction of large coils at the key buildings at both the LIGO Liv-
ingston [153] and Virgo [211, 212] sites. For Virgo, I was involved in deciding the
dimensions and characteristics of the coil in the CEB. The parameters were chosen,
such that the new coil – driven with a more powerfull amplifier – would be able to
outperform the previously used coil by at least one order of magnitude, enabling
more detailed broadband injections.

The ‘theoretical’ parameters as well as the final parameters are shown in Tab. 7.1.
As a comparison the small coil, used during O3, is also shown. As you can see, the
predicted magnetic field strength at a distance of 20m is ∼41.5 larger for the new
coil compared to the old coil. To calculate the predicted magnetic field we assume
that our coil will have a negligible width and our observer to be located at a distance
d from the coil, where the connecting line between the observer and the center of
the coil is perpendicular to the plane of the coil, i.e. the observer has a ‘central’
placement with respect to the coil. In this case the magnetic field is given by2 [186],

B(I, d) = µ0NI

2
r2

(r2 + d2)3/2 , (7.4)

2Please note that in Eq. 5.38 of [186] they only consider one loop. However by using a zero-width
coil the net effect is a magnetic field amplification by a factor N , the number of turns.
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where µ0 is the magnetic permeability of the vacuum, N the number of turns of the
coil, r the radius of the coil and I the current flowing through the coil.

Small coil Large coil
Theoretical parameters Real parameters

Wire area [mm2] 0.7854 4 4
Wire length [m] 154.88 1366.12 1496.4
Wire material Copper Copper Copper
Number of turns 50 80 86
Shape Circle Circle Rectangle
Height [m] - - 4.2
Width [m] - - 4.5
(Effective) radius [m] 0.493 2.54 2.45
B(I=1A;d=20m) [T] 9.54 10−10 3.96 10−8 3.96 10−8

Tab. 7.1.: Table summarizing the dimensions of the coils used for magnetic injections in
the CEB of Virgo. The last row shows the predicted magnetic field at a distance
of 20m from the coil for a current of 1A. In case of the rectangular shaped coil,
the effective radius is determined based on the total area of the coil.

At the end of July 2020, this ∼4m large coil was installed at the CEB in Virgo and
several test were performed. A first test was to investigate the loss in the strength
of the magnetic fields due to the more distant placement of the coil. To this extent
we injected a set of magnetic noise lines with the 1m-diameter coil in its original
location, used during O3, and just in front of the large 4m-coil. For this injection
we used the amplifier used during O3, which is able to deliver ±20V at the output.
Based on this test we found that for frequencies below ∼50Hz a factor 4 reduction
is observed due to the larger distance. Between 50Hz and 700Hz the reduction
is about a factor 2. However we want to note that not only the strength of the
magnetic fields, but also their homogeneity matter for the injections. Even though
no detailed magnetic map was produced, one could expect the magnetic field to be
more homogeneous at the most important coupling locations in the CEB due to the
larger separation from the coil.

Afterwards a set of three injections were performed. The first used the 1m-diameter
coil with the amplifier used during O3. To make a fair comparison the coil was
placed just in front of the new 4m-coil. Secondly, the same amplifier was used to
drive the large coil. Even though this amplifier is unable to drive the coil with similar
currents as the maximal voltage is fixed, it is a fair comparison of the increased
capabilities of the new coil itself. Third and finally we performed an injection with
the new coil using a more performant amplifier able to deliver ±40V. During O4 it is
foreseen to use an even better amplifier able to deliver ±72V, thus achieving even
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Fig. 7.5.: Top: the 1m-diameter, circular coil used for magnetic injections during O3.
Bottom: the new coil in Virgo’s CEB, planned to be used during O4. Note the wall
to which this coil is attached is the same as the wall in the back of the top photo.
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stronger magnetic injections. In all three cases we injected broadband noise between
1Hz and 201Hz, above which a slow decrease of injected amplitude occurs.

In Fig. 7.6 we compare the observed magnetic fields in the CEB magnetometers
during the times of the injections, as well as a reference time without injection. The
distance between the magnetometers and the coil is about 20m-30m. The reference
measurement without magnetic fields injected is shown in brown, the magnetic
injection with the small coil is shown in green, the one with the large coil and
original amplifier in olive green and the injection with the large coil and stronger
amplifier in blue. For all three injections we observe an excess in magnetic noise up
to ∼ 250Hz, which is the most visible in the west-orientated magnetometer due to
its lower noise levels. When the large coil is driven with the more powerful amplifier,
we even observe increased magnetic noise from the injection up to ∼ 350Hz. The
peak in injected magnetic field is reached around ∼4Hz. At this frequency the large
coil outperforms the small coil by an order of magnitude and about a factor 20
when using the stronger amplifier. Around ∼60Hz the large coil produces magnetic
fields twice as strong as the small coil, when using the same amplifier. For higher
frequencies the gain in injection strength with the new coil decreases even further.

Similar, multi-meter coils were constructed in the WEB [180] and the NEB [169].

Measurement of outside-to-inside magnetic coupling

The goal is to make a measurement of the outside-to-inside coupling during O4 at
LHO, LLO and Virgo, similar to the measurement at LLO during O3 [214]. Currently
discussions are ongoing with Vaisala [140, 273, 311, 355] to get access to their
lightning database for this purpose. In case we would have data for the entire O4-
run, we could imagine having more detailed studies such as investigating whether
there is a direction dependence for the OTI magnetic coupling.

Proposal for the first correlated magnetic injection between LIGO and Virgo

Up to now, the effect of correlated magnetic fields has been studied indirectly by
measuring the magnetic coupling at individual detectors. Furthermore, the magnetic
fields at the different interferometers are monitored continuously using dedicated
magnetometers, located in a magnetically quiet location. By cross-correlating the
magnetometer’s data and using the coupling measurements from weekly magnetic
injections, one can project the expected level of magnetic noise that would show up
in the search for an (isotropic) GWB, as we will discuss in detail in Chapter 8.
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As proposed within the LVK collaboration [213], we would like to go one step further
in understanding how globally correlated magnetic noise can/will impact the search
for an isotropic GWB. For O4, we propose to perform a correlated magnetic injection
across LIGO/Virgo detectors to directly study the effect of correlated magnetic fields.
Over the last decade many methods have been proposed to understand/deal with
the impact of correlated magnetic noise, as introduced in Chapter 5, e.g. Wiener
filtering, joint Bayesian parameter estimation of the GW signal and magnetic noise
and GW Geodesy.

We propose to conduct a correlated magnetic noise injection across LIGO/Virgo
observatories, with the following main objectives:

• Gain understanding how correlated magnetic noise would show up in the
search for an isotropic GWB.

• Provide the possibility to test the tools created to target correlated noise in a
situation where we can use actual data from the interferometers.

• Gain a more fundamental understanding of magnetic coupling. With this
injection, we would be able to answer, at least partially, the efficiency of the
current set of magnetometers at the observatories in identifying and reducing
the effect of globally correlated magnetic fields. This is usually hard to do with
just software injections.

Recently, multiple bugs were found in the code to produce the magnetic noise
projection for the O3 isotropic search [11]. Despite the thorough review of code
and results, this error went unnoticed and currently the stochastic group is in the
process of creating a corrected version of the code and an erratum of Fig. 2 of
the O3 isotropic collaboration paper [30], i.e. Fig 5.5. The correlated injections
proposed here will be an additional method to verify these results and to prevent
similar errors during O4 and the future.

Many of the true parameters in the highly complex problem of global magnetic fields
and their coupling to the interferometers are known only to a limited precision. The
injection proposed here will not try to capture all the complexity of the true problem
but rather suggest a minimal set of parameters which we believe can yield the first
correlated magnetic injection between the LIGO Hanford, LIGO Livingston and Virgo
detectors. Based on the experience and knowledge gained from this injection more
elaborate correlated magnetic injections could be envisioned for future observing
runs.
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A proof of concept injection was performed at LHO and LLO at the end of June
2023 [89, 146]. At both detectors, an identical injection of a 5 minute long,
white noise spectrum between 10Hz and 40Hz, was started at a synchronised gps-
time. This simultaneous injection was able to successfully inject magnetic fields
in a coherent way between the two detectors. Fig. 7.7 and Fig. 7.8 show the
coherence, respectively cross spectral density between the magnetic noise observed
at each detector. For these spectra we used a single magnetometer at each site,
pointing along the x-arm direction and not the quadratic sum, as introduced in
Eq. 7.1. The sensor was located in the central building, close to beamsplitter. We
observe a fully coherent magnetic injection, with a peak amplitude of ∼ 100pT
between 10Hz and 20Hz. The injection was also strong enough to be visible in the
detector’s GW-strain measurement. In the cross-detector strain we observe significant
coherence during the magnetic injection as illustrated by Fig. 7.9 and Fig. 7.10.
Between 10Hz and 40Hz we observe coherence up to 0.8. No coherence between the
strain measurements at LHO and LLO is observed below 10Hz, whereas significant
magnetic coherence is observed. The resonant feature in the suspension thermal
noise at 10Hz [3] is the likely culprit for the sharp decrease in coherence. At lower
frequencies, the injected strength is not strong enough to couple significantly to the
measured strain.
Over a large fraction of the frequency band targeted by the injection, we also observe
a strain cross spectrum larger by up to factor ∼5 compared to times adjacent to the
injection. This first, successful attempt at injecting magnetic noise in a coherent way
between two GW detectors, separated by thousands of kilometers, illustrates we
have the needed infrastructure, both hardware and software.

With the current experience we plan to inject a physically motivated magnetic noise
spectrum to test our pipelines for the effect of correlated magnetic noise. More
specifically, we aim to conduct one successful correlated magnetic injection during
O4, with a duration of around 30 minutes. At least 2 detectors need to be in low
noise state at the same time. For this injection we will focus on the frequency band
between ∼20Hz and ∼40Hz, i.e. the third to sixth order Schumann resonances. This
frequency band is chosen for its relevance for GWB searches. They typically start their
analysis at 20Hz and above 40Hz the expected effect of correlated magnetic noise
becomes small due to the lower magnetic coupling at these frequencies. The injected
spectrum will be based on the one observed at the Sos Enattos mine, presented in
Fig. 7.3. We will use the 10% percentile spectrum scaled to the 95% percentile
amplitude as presented in the dark orange. To not overburden the magnetic injection
system, the injected spectrum will be tapered off outside the target frequency band,
i.e. below 20Hz and above 40Hz. The search for an isotropic GWB typically starts
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Fig. 7.7.: Coherence spectrum between magnetometers at LHO and LLO. At both sites a
single magnetometer was used, pointing along the x-arm of the respective detector.
More specifically the used sensors are: H1:PEM-CS_MAG_LVEA_VERTEX_X_DQ
and L1:PEM-CS_MAG_LVEA_VERTEX_X_DQ. The coherence is calculated during
a five minute window before (orange), during (green) and after (blue, dotted)
the magnetic injection. In the absence of correlated noise, one expects this to be
consistent with Gaussian noise given by the inverse of the number of averages
used to make the coherence spectrum, indicated by the black dashed line.

Fig. 7.8.: CSD1/2 between a magnetometers at LHO and LLO. At both sites a single mag-
netometer was used, pointing along the x-arm of the respective detector. More
specifically the used sensors are: H1:PEM-CS_MAG_LVEA_VERTEX_X_DQ and
L1:PEM-CS_MAG_LVEA_VERTEX_X_DQ. The CSD is calculated during a five
minute window before (orange), during (green) and after (blue, dotted) the
magnetic injection.
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Fig. 7.9.: Coherence spectrum between the observed strain at LHO and LLO. The coherence
is calculated during a five minute window before (orange), during (green) and
after (blue, dotted) the magnetic injection. In the absence of correlated noise,
one expects this to be consistent with Gaussian noise given by the inverse of the
number of averages used to make the coherence spectrum, indicated by the black
dashed line.

Fig. 7.10.: CSD1/2 between the observed strain at LHO and LLO. The CSD is calculated
during a five minute window before (orange), during (green) and after (blue,
dotted) the magnetic injection.
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analyzing data above 20Hz, thus there is no interest from the analysis point of
view to also inject magnetic fields at lower frequencies. Above 40Hz, the magnetic
coupling will have decreased significantly such that no to minimal effect from the
injection is expected, given a realistic injection amplitude. This was also the case
for the test injection demonstrated above. Therefore we want to focus the available
power of the amplifier in the most relevant frequency region, without diluting the
injection by spreading over too large of a frequency band. More concretely, the
injected magnetic minj spectrum will have the following frequency content:

f < 18Hz : minj = mSchumann(18Hz) ∗
(

f

18Hz

)3

18Hz < f < 42Hz : minj = mSchumann(f)

42Hz < f : minj = mSchumann(42Hz) ∗
(

f

42Hz

)−2.5
,

(7.5)

where mSchumann is the magnetic spectrum observed at Sos Enattos. Afterwards this
spectrum is multiplied by a 32nd order high-pass Butterworth filter with a critical
frequency of 16Hz and a 32nd order low-pass Butterworth filter with a critical
frequency of 45Hz. In Eq. 7.6 the definition of the Butterworth filter is given with N

the order of the filter. If N is positive the produced filter is a low-pass filter, if N is
negative G(f) is a high-pass filter. fcutoff is the cutoff frequency of the filter.

G(f) = 1√
1 +

(
f

fcutoff

)2N
(7.6)

The power law behaviour of the injected spectrum below 18Hz and above 42Hz
creates a more smooth transition between the Schumann resonances regime of the
injection and the tapering by the Butterworth filters. This spectrum is shown in Fig.
7.11.

Based on this test injection, the amplitude of the final injection was chosen to be 150
times the ambient magnetic spectrum observed. This is about a factor 10 smaller
compared to the test injection. This strength was chosen to be as small as possible
to cause the least amount of contamination, while still ensuring the signal will be
properly recovered by a cross-correlation analysis.

7.2 Magnetic coupling function 139



Fig. 7.11.: The magnetic spectrum, minj, that will be used to inject coherently between
multiple GW detectors to test how correlated noise affects GWB pipelines. The
spectrum is compared to the Schumann resonance spectrum observed at Sos
Enattos (10% scaled to 95% amplitude, see Fig. 7.3). Furthermore minj is
shown both before as well as after applying the 32nd order low- and high-pass
Butterworth filters.

7.3 Conclusion

In this chapter we have presented the observed correlations in magnetic field fluc-
tuations on Earth-scale distances ranging from ∼1100km to ∼9000km. This also
includes sensors in regions with different levels of lightning activity. We observed
significant coherence around the Schumann resonances and also for frequencies
above 100Hz. In [214] we show how these observed magnetic correlations are
linked to the superposition of individually correlated lightning strikes and in this
chapter we illustrated how this hypothesis is supported by the observed coherence
spectra. Furthermore we also present observations of the Schumann resonances at
the Sos Enattos mine in Sardinia, Italy. The data presented here will be used in the
next chapter to understand what the effect of these correlations in the magnetic field
fluctuations are on the search for an isotropic GWB.

Afterwards we discussed how magnetic fields can couple to GW interferometric de-
tectors. We present the observed ‘inside-to-GW channel’ magnetic coupling at Virgo
during O3 and briefly highlight the measurement of the ‘outside-to-inside’ magnetic
coupling at LIGO Livingston. These measurements are crucial to understand at
which level magnetic fields couple to our detectors and our analysis, which we will
calculate in next chapter.
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We ended the chapter with a more in-depth discussion of the measurement technique
of the inside-to-GW channel magnetic coupling function. To enable more performant
injections during future observing runs, we built a larger injection coil at Virgo.
We demonstrated how this ∼ 4m square coil is able to significantly outperform the
previously used coil and facilitates more detailed investigations of the magnetic
coupling at Virgo during future observing runs. Finally, we presented results of
the first, successful magnetic injection coherent between LIGO Hanford and LIGO
Livingston. We also describe the preparation of a physically motivated spectrum to
validate the effect of correlated magnetic noise, and more specifically the Schumann
resonances, on GWB searches.
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Impact of magnetic noise on
Earth-based interferometric
gravitational-wave detectors

8

Before discussing the effect of (correlated) magnetic noise on Earth-based GW
interferometric detectors in this chapter, I briefly highlight the potential interest of
future work in the context of atom interferometers. In the past the effect of magnetic
noise on atom interferometers was investigated [110, 116, 237]. However, these
analyses assumed uncorrelated magnetic field fluctuations. Therefore future work
could aim to probe the correlations for magnetic field fluctuations between 0.01Hz
and 10Hz and project their impact on atom interferometers.

In this chapter we will combine the information of the last chapter and make
predictions at which level the observed correlations of the magnetic field fluctuations
can affect the search for an (isotropic) GWB. However, first we will discuss the effect
on the detector ASD for Virgo as well as the ET and CE in Sec. 8.1. Afterwards in
Sec. 8.2 we will discuss the formalism to project the effect of correlated noise on the
search for an isotropic GWB. In Sec. 8.3 we will discuss the impact on the second
generation interferometric gravitational-wave detectors LIGO and Virgo. We will
also predict the impact of correlated magnetic noise on the ET and derive upper
limits on its magnetic coupling function such that search for an isotropic GWB is not
affected by it.

8.1 Effect on individual detector amplitude spectral
density

The projection of a certain noise source onto the sensitivity of a GW analysis is
typically called a noise budget or noise projection. By constructing this noise
budget we make predictions at which level these noise disturbances couple to our
interferometric detectors. In Sec. 8.1.1 we will discus the magnetic (noise) budget
for Virgo’s instantaneous sensitivity, i.e. the ASD. In Sec. 8.1.2 we will perform
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similar calculations for the ET, however for the ET we will provide upper limits
on the coupling function such that the magnetic budget is below the ET’s design
sensitivity. Finally we will perform the same analysis for CE in Sec. 8.1.3.

8.1.1 Virgo

The noise budget of ambient magnetic noise in the Virgo central area is reported in
Figure 8.1. In order to visualize the variability of the ambient fields, projections are
computed using the 10%, 50% and 90% percentile ASD of the ambient magnetic
noise. We used one week of magnetic data recorded from Feb 10 2020 to Feb 16
2020, i.e. during the second half of the third observing run. The noise budget
provides information on the relevance of the ambient noise: if the projected noise is
close to the strain ASD it requires immediate attention, otherwise it might become
relevant as the detector sensitivity improves. If the noise is at least a factor ten
below the target sensitivity it is expected not to contribute significantly and can
be given little attention. Examining Figure 8.1, we notice the noise estimate is
quite low across most of the frequency band, except for some frequencies where the
90% percentile (or even 50% percentile) has a predicted noise level which is less
than a factor of ten below the O3b1 strain noise. Many of these peaks are located
around the mains frequency (50Hz) and harmonics. The effect at 50Hz is however
mitigated by an active subtraction. The two peaks at approximately 49.5Hz and
50.5Hz are linked to the mode cleaner building (MCB) electric heater and limits the
O3b sensitivity at those frequencies, see top panel of Figure 8.1. A likely pathway
for this magnetic noise from the MCB to the CEB is the observed electric current
flowing in the mode cleaner pipe.

If no actions are taken, magnetic noise will be limiting the Virgo detector sensitivity
at several frequencies in O4 and even more in O5, as visible in Figure 8.1. To
minimize the impact of magnetic noise on future observing runs four main activities
were planned between O3 and O4. A first intervention was able to succesfully
mitigate the noise coming from the current traveling in the mode cleaner pipe [281].
Additional interventions were also planned, as discussed in [170]. This also includes
the construction of larger injection coils, as discussed in Chapter 7.

1O3b refers to the second half of LIGO’s and Virgo’s third observing run, O3.
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Fig. 8.1.: Noise projection (NP) of ambient magnetic fields in the Virgo central building.
The strength of the ambient magnetic field is visualized in the form of percentiles
computed over a 1 week period (Feb 10 2020 to Feb 16 2020) with frequency
resolution of 0.05Hz. For each frequency at which we determined the coupling
function we took the maximal measured value within all injections in the CEB
during O3. To produce a continuous noise projection we applied a linear inter-
polation between frequencies at which magnetic injections were performed. In
regions with a partially transparent color, the coupling function only gives an
upper-limit. The projected noise (blue shaded curves) is compared with the O3b
measured sensitivity (black curve) and with Virgo future observing scenarios, O4
and O5.

8.1.2 Einstein Telescope

We are also interested in the effect of magnetic noise on the ET. Since the ET is
still in its design phase, this is a unique opportiunity to provide upper limits on the
maximally allowed magnetic coupling κ. To investigate the impact of magnetic
noise sources on the ASD of an individual interferometer, we construct what we
refer to as the ‘ASD upper limit’:

κASD
ET (f) ≡ k

PET(f)
Pmag(f) , (8.1)
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where k is set to be 1/10 to require any single technical noise contribution to be
a factor of 10 lower2 than ET’s ASD, PET(f). Pmag(f) is the one-sided ASD of the
magnetometers witnessing the local noise of ET, assuming the magnetic noise to be
the same for the three individual ET interferometers ET1, ET2 and ET3. If magnetic
fields couple significantly at this level, they will limit the expected sensitivity of the
interferometer. The ‘ASD’ upper limit should be investigated to prevent magnetic
noise from drastically impacting all science goals of the planned GW interferometric
detector.
When constructing this upper limit it is placed on the entire magnetic coupling,
i.e. the product of the OTI and ITGW magnetic coupling. However, as indicated
in Chapter 7, the OTI is described by a multiplicative factor which has a value of
∼ O(1). Therefore, the OTI can be understood as a second order effect and the
provided upper limits predominantly concern the ITGW magnetic coupling.

Data

In this analysis we use observed magnetic data. However, since the location and
exact positioning of ET is unknown we will estimate Pmag(f) using a variety of
observed magnetic spectra that we describe below.

For an estimate of fundamental correlated magnetic noise ≤ 100Hz for closely
located detectors, we use the magnetic spectrum measured at Sos Enattos, presented
in Chapter 7 Fig. 7.3. We use a factor 2 to allow for higher magnetic fields at the final
site and to be more conservative, i.e. Pmag,ET(f) = 2Pmag,SosEnattos(f). Here we use
the 10% percentile scaled to the 95% percentile curve for Pmag,SosEnattos(f). Further
investigations into magnetic noise at Euregio Rhein-Maas and Saxony could help
compare the currently proposed sites, but we do not make any statement about which
site will be used as the actual location of the ET detector. Site-specific amplifying
or reducing ambient magnetic fields are typically a second order effect that can be
ignored. However, as shown by measurements at KAGRA, local amplification of
ambient magnetic fields may not always be negligible [51, 73]. This amplification
has been found to be up to a factor of 10. Recent studies have indicated this
amplification is due to a current induced in the 3km long KAGRA beam tube. In
close proximity to the beam tube strongly amplified Schumann resonances have been
observed [361]. To reduce similar effects Virgo’s beam tube is electrically grounded
every couple of hundred meters. Also for future detectors one should carefully
investigate over which distance scales the beam tube should be grounded.

2This is a typical assumption made as there are a large number of ‘technical noise sources’ not
included in the design noise budget.
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To get an estimate of fundamental magnetic noise at frequencies above 100Hz,
we will use the magnetic CSD observed between magnetometers at LIGO Hanford
and LIGO Livingston, as presented in Chapter 7. One should also be aware that
the high frequency correlated noise can be larger for detectors near large thunder-
storm regions and/or mutual closely located detectors. We assume Pmag,ET(f) =
2
√

CSDmag,HL is a realistic estimation for the ASD of the fundamental environmen-
tal magnetic noise at ET. Here

√
CSDmag,HL was shown in Fig. 7.2. Furthermore

we include an additional factor of 2 reflecting our uncertainty on the magnetic
spectrum.

Finally we also investigate the impact of local magnetic noise. One should study local
magnetic noise carefully as this could be a correlated noise source as well because
each local corner station for the triangular ET set-up will likely house mirrors for two
of the three interferometers (separated by ∼ 300m - 500m and in different vacuum
tubes [161]). To model local magnetic fields of a GW interferometer, we consider
the local magnetic noise measured in the central building at the Virgo site [170].
We use the 90% magnetic percentile of data collected between Feb 10 2020 and Feb
16 2020 - during the second half of the third observing run, O3b. This spectrum is
quite similar to the one observed in the Virgo CEB during O2 [121] and it relies on
the same data as used in Fig. 8.1.

We assume the local noise at Virgo is a realistic estimation for the local magnetic
noise at ET, where we include an additional factor of 2 reflecting our uncertainty on
the magnetic spectrum: Pmag,ET(f) = 2Pmag,VCEB(f).

Results

In our analysis, we use two design sensitivities, called ET−B and ET−D [200, 201].
These sensitivity curves have become deprecated between publishing these results in
[218] and writing this PhD dissertation. The ASD sensitivity curves of the different
designs are shown in Fig. 2.7 and their PI sensitivity to a GWB in Fig. 4.1. As
mentioned in Chapter 2 the latest sensitivity curves are HFLF-cryo (almost identical
to ET-D) and HF-only, which has a considerably worse low frequency sensitivity
compared to ET-B. In this chapter we will present the results as they were presented
in [218], where in the discussion of the results we will briefly highlight how the
results and conclusions change in light of the latest sensitivity curves HFLF-cryo
and HF-only. The figures using the updated sensitivities HFLF-cryo and HF-only are
presented in Appendix B.
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The upper limits presented here assume the reduction of the magnetic coupling is
the only pursued method to prevent magnetic fields from coupling significantly to
the interferometer. Methods such as the use of Wiener filters [134], as discussed
in Chapter 5, could also be used to reduce the effects of correlated magnetic noise.
However, the best strategy for ET will be to design the magnetic isolation to be as
good as possible.

In Fig. 8.2 we show limits on the coupling imposed by our target sensitivity measures.
This also contains limits placed on the magnetic coupling function such that there is
no effect on the search for a GWB, κGWB

ET−D(f). The method to calculate these upper
limits, κGWB

ET−D(f), will be introduced and discussed in Sec. 8.3. The κASD
ET−D(f)

limits are denoted by the dash-dotted yellow curve. As a comparison we show the
average coupling measurements made at Virgo [122, 170], LIGO Hanford and LIGO
Livingston [139, 263, 276, 278] during the O3 run, indicated by the large green
circles, small orange circles, and magenta stars respectively. Please note that the
magnetic coupling measurements only start from 11Hz, 9Hz and 7Hz for respectively
the Virgo, LIGO Hanford and LIGO Livingston interferometers. Based on the results

Fig. 8.2.: ‘ASD’ and ‘GWB’ magnetic coupling function upper limits for the ET − D design
sensitivity. Also included are the average of the weekly measurements of the
coupling functions at LIGO Hanford, LIGO Livingston and Virgo during the O3
run for comparison.

in Fig. 8.2 we can conclude that between ∼ 15Hz and 20Hz a modest improvement
in the magnetic coupling is needed with respect to LLO and Virgo. LHO has already
a sufficiently low magnetic coupling in this frequency region. However below ∼
15Hz significant improvements of up to two orders of magnitude and more, are
needed to prevent the coupling of fundamental, environmental magnetic noise to
have an effect on the ET’s instantaneous sensitivity.
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We notice that the upper limit on the magnetic coupling at certain frequencies is
allowed to be greater than the magnetic coupling at current observatories3, for
example ≳ 30Hz in the κASD

ET−D(f) curve in Fig. 8.2. This means that one can be less
concerned about Schumann resonance magnetic noise coupling into ET as compared
to LIGO/Virgo detectors. The reason for this result can be seen by considering the
difference between the magnetic coupling measured in units of [T−1] 4 and in units
of [m T−1]. The latter takes into account the arm-length of the interferometer, Larm,

κ[T−1] = κ [m T−1]
Larm[m] . (8.2)

Since ET is planned to have a 10 km arm-length, instead of 4 km (LIGO) or 3
km (Virgo), the test masses displacements due to magnetic effects measured in
the units [m T−1] is allowed to be larger compared to existing interferometers.
Furthermore, the Schumann resonances are currently not coupling significantly to
existing interferometers with the observed magnetic coupling functions.

For the magnetic coupling above 100Hz, we do not show the upper limits calculated
using the ‘ASD’ formalism, Eq. 8.1, since these limits are less stringent than the
measured magnetic coupling at present day interferometers. Instead, in Fig. 8.3 we
show the improvement needed in the magnetic coupling function when comparing
the average magnetic coupling functions for LHO, LLO and Virgo. In the top panel
of Fig. 8.3 we present the results ≤ 100Hz, whereas the bottom panel focuses on
frequencies ≥ 100Hz. In line with the better low frequency sensitivity for the ET-D
design compared to the ET-B configuration, an additional order of magnitude of
reduction in the magnetic coupling is needed for ET-D compared to ET-B below
∼ 10Hz. That is one to two (two to three) orders of magnitude in improvement
are needed to achieve the ET-B (ET-D) design sensitivity below ∼ 10Hz. Above ∼
20Hz to 30Hz, no effect from fundamental magnetic noise is expected to impact
significantly the ET’s ASD, regardless of design. The conclusion concerning ET-D is
directly transferable to the HFLF-cryo design due to their almost identical sensitivity.
HF-only has a sensitivity which is a factor 3-4 times worse compared to ET-B between
7Hz and 9Hz, which are the lowest frequencies probed in the magnetic coupling
function measurements at LLO and LHO. Therefore the needed improvement for
HF-only will be less stringent by these factors compared to the ones stated for ET-B
in Fig. 8.3. The results presented in Fig. 8.3 also imply that up to ∼ 15Hz the

3Above 100Hz the weekly measurements of the magnetic coupling are often upper limits rather than
an actual measurements. However during some periods of ‘extreme’ magnetic coupling such high
values are actually measured as well [170].

4The unit of magnetic coupling function [T−1] is often referred to as [strain T−1].
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Fig. 8.3.: Needed improvement factor as a function of frequency for the ‘ASD’ upper limits
on the ET magnetic coupling function. The low-frequency (top panel) magnetic
coupling poses a greater challenge for the operation of ET compared to the high-
frequency (bottom panel) magnetic coupling. In both panels, the dash-dotted
blue line indicates the line where no improvement is necessary.

HFLF-cryo design will barely be able to improve upon the HF-only design in case one
is unable to deal with the excess in magnetic coupling.

Finally, if one is unable to reduce the effect from local magnetic fields originating
from e.g., used infrastructure, local magnetic noise sources will dominate the funda-
mental magnetic noise discussed above. This leads to the most stringent coupling
upper limits, reported in Fig. 8.4. To construct these upper limits the magnetic
noise as observed in the Virgo central building is used. This represents a realistic
magnetic environment in present-day interferometers, however that does not have to
be the case for the ET. Possible methods to reduce the magnetic noise from detector
infrastructure could be to use (extremely) low noise devices, place them as far
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away as possible from coupling sensitive components or try to shield the potentially
offending noise sources.

Below ∼ 30Hz, the instantaneous detector sensitivity will be limited by magnetic
noise if the coupling is not reduced below the current day magnetic coupling of
Hanford, which is already significantly smaller compared to the coupling measured
at Livingston and Virgo. These upper limits are about one order of magnitude

Fig. 8.4.: ‘ASD’ and ‘GWB’ magnetic coupling function upper limits of the ET-B and ET-D
design sensitivities in the case the local magnetic noise is the same level as the
CEB at Virgo during O3. Also included are the average of the measurements of
coupling functions at LIGO Hanford, LIGO Livingston and Virgo during the O3
run for comparison.

more stringent compared to the previous upper limits, since the magnetic noise
observed in the CEB of Virgo is about a factor ten larger compared to the ambient
environmental noise. In this pessimistic noise scenario, the HFLF-cryo design would
not improve upon the HF-only design as they both will be dominated by magnetic
noise in the low frequency region.

8.1.3 Cosmic explorer

Please note that the results presented in this subsection have not (yet) been published,
nor peer reviewed. However the same methodology was used as for the results for the
ET presented in Sec. 8.1.2, which were peer-reviewed and published in [218].

Since there was no magnetic contamination in the high frequency region (>100Hz)
for the ET, and CE has a similar strain sensitivity, we will only investigate the
potential effect of magnetic noise on the low frequency region (<100Hz) for CE.
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To this extent we consider the same data as in previous section, i.e. Pmag,CE(f) =
2Pmag,SosEnattos(f), where we use the 10% percentile scaled to the 95% percentile
curve for Pmag,SosEnattos(f). As for CE’s sensitivity we consider both the (nominal)
40km and 20km design sensitivity [335].

In Fig. 8.5 we show the needed improvement in magnetic coupling such that
magnetic noise is a factor 10 lower than CE’s design sensitivity, as explained in
previous section. First we would like to point out that the difference in magnetic
coupling between the 20km and 40km design is minimal as the dominant gain in
sensitivity between the two designs is the increase in distance. However, as shown in
Eq. 8.2 the magnetic coupling in units of T −1 (sometimes also referred to as ‘strain
T −1’) also scales with the arm length. Furthermore, the other designs considered
in [335] such as ‘post-merger’ or ‘low frequency’ tuned detectors all have similar
sensitivities in the frequency range where magnetic noise is important, i.e. below ∼
15Hz. We find that below 10Hz, the magnetic coupling of CE should be one to two
orders of magnitude better compared to the magnetic coupling of second generation
detectors to prevent an effect of fundamental magnetic noise. A smaller effect is
present up to ∼ 15Hz.

Fig. 8.5.: Needed improvement factor as a function of frequency for the ‘ASD’ upper limits
on the CE magnetic coupling function. The dash-dotted orange line indicates
the line where no improvement is necessary. We have used the 40km and 20km
design sensitivities as presented in [335] and which are accessible in [233].

For CE we will not present the impact of infrastructural noise. However as indicated
in previous section, this makes the upper limits on the magnetic coupling function
more stringent by one order of magnitude assuming the observed magnetic noise at
Virgo’s CEB.
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8.2 Formalism to predict impact of correlated noise on
the search for an isotropic gravitational-wave
background

8.2.1 Noise budget formalism

Equivalent to the cross-correlation statistic (Eq. 4.11) one can construct a magnetic
cross-correlation statistic [346, 348]

Ĉmag,IJ(f) = |κI(f)||κJ(f)|MIJ ,

where MIJ = CSDmag,IJ

γIJ(f)S0(f) ,
(8.3)

where κI(f) is the magnetic coupling function, as introduced in Chapter 7. CSDmag,IJ

is the magnetic cross spectral density between the two sites I and J . In case we
would use an equivalent definition as Eq. 4.11, this would imply

CSDmag,IJ = 2
T

Re [m̃∗
I(f)m̃J(f)] , (8.4)

where m̃I(f) is the Fourier transform of the time domain data mI(t) measured by
a magnetometer at site I. T is the duration of the segments used when Fourier
transforming the magnetic data. However to yield a conservative estimate we
will be taking the modulus of the Fourier transform rather than only the real
part. Furthermore we will also take into account the contributions of the different
CSD’s coming from the two magnetometers at each site which are needed to fully
characterize the horizontal magnetic field5 at a given site. Therefore we will use the
quadratic sum of the different pairs, as was introduced in Eq. 7.1. This approach is
different from what was done by the LVK collaborations during O3, where they only
used the real part of one, the most conservative, sensor pair [30].

When analysing data in search of an isotropic GWB, one typically constructs the
magnetic cross-correlation statistic Ĉmag,IJ(f) to investigate if the observed magnetic
fields might result in correlated noise in the analysis. The magnetic coupling
functions κI(f) are the product of the outside-to-inisde and inside-to-GW channel
magnetic coupling functions.

5The vertical magnetic field component is negligible for ‘distant’ lightning strikes as well as for the
Schumann resonances.
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Similar to the budget presented in [30] the three separate magnetic budgets for each
baseline are combined weighting them by the sensitivity of the respective baseline
to a GWB:

Ĉmag =
∑
IJ

wIJ(f)Ĉmag,IJ(f), where

wIJ(f) = (σIJ(f)/σ(f))−2 and

σ−2 =
∑
IJ

σ−2
IJ .

(8.5)

This weighting method was first proposed in [267]. Given that the HL-baseline is
the most sensitive pair to GWs, its magnetic budget will dominate the total budget
which we present in Sec. 8.3, except around the zeros of its GW overlap reduction
function.

8.2.2 Error propagation for the noise budget

In the budget we want to combine the multiple different baselines by weighting
them with respect to their importance for the GWB search as introduced in Eq. 8.5.
The sum runs over the different baseline pairs and the definition of CMag,IJ(f) was
introduced in Eq. 8.3. We know that the coupling function can be divided in two
components as follow,

κI(f) = κI,OTI(f) · κI,ITGW(f), (8.6)

where we have used the abbreviations OTI and ITGW for outside-to-inside and
inside-to-GW channel respectively, as introduced in Chapter 7.

For the calculation of the errors we will assume all quantities are exactly known
apart from the coupling functions, i.e. sCSDIJ

= 0, sγIJ = 0, sS0 = 0 and swIJ = 0.
The outside-to-inside coupling has only one uncertainty, whereas the inside-to-GW
channel has an uncertainty due to the measurement and location of witness sensors
(sintrinsic) as well as due to the weekly variation (sweekly).

sκI,ITGW
(f) =

√
sweekly,I(f)2 + sintrinsic,I(f)2 (8.7)

The error on the total coupling function becomes

sκI
(f) =

[
s2
κI,OTI

(f) · κ2
I,ITGW(f)+

s2
κI,ITGW

(f) · κ2
I,OTI(f)

]1/2 (8.8)
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The error on Ĉmag,IJ(f) is given by,

sĈmag,IJ
(f) =

s2
κI

(f)
(

Ĉmag,IJ(f)
κI(f)

)2

+

s2
κJ

(f)
(

Ĉmag,IJ(f)
κJ(f)

)2
1/2 (8.9)

Finally for the combined budget including all baselines we get the following error

sĈmag
(f) =

√∑
I,J

w2
IJ(f) · s2

CMag,IJ
(f), (8.10)

The weekly measurements of the inside-to-GW channel magnetic coupling functions
at the central building of LIGO Hanford, LIGO Livingston and Virgo were used to
compute the geometric standard deviation. This standard deviation is a good mea-
sure of the uncertainty introduced by the time variability of the coupling functions.
As a figure of merit we present the geometric standard deviation for each baseline,
averaged across the entire frequency range,

⟨sweekly,H⟩ = 1.4 · κH,ITGW(f)

⟨sweekly,L⟩ = 1.3 · κL,ITGW(f)

⟨sweekly,V ⟩ = 1.6 · κV,ITGW(f).

(8.11)

However since there is a non negligible amount of frequency variability, the frequency
dependent error will give the most accurate results.

The other errors that will be used for the noise budget in Sec. 8.3 are

sintrinsic,I(f) = 2 · κI(f),

sOTI,+ = 0.4,

sOTI,− = 0.3.

(8.12)

8.2.3 Placing upper limits on the magnetic coupling function

Above, we discussed how Ĉmag can be calculated for LIGO and Virgo based on the
measurements of the magnetic cross correlation CSDmag and the magnetic coupling
functions κI , κJ . Here we will consider a different approach: given a desired
sensitivity, i.e. the design sensitivity of the ET, and a magnetic spectrum CSDmag, we
estimate the maximal allowed magnetic coupling function κET(f) such that ET will
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not be limited by this magnetic noise, in line with what we did for the ASD upper
limits in Sec. 8.1.2

To ensure that magnetic noise does not obstruct the isotropic search for a GWB, we
construct an upper limit on the magnetic coupling function that we label ‘GWB’,
in the following way. We use Eq. 8.3 and take the upper limit for the magnetic
cross-correlation Ĉmag,ET1ET2(f) to be the 1σ-PI sensitivity curve – ΩPI

ET1ET2
– after

one year of taking data:

κGWB
ET (f) ≡

√√√√ ΩPI
ET1ET2

MET1ET2

. (8.13)

To make full use of ET’s capabilities when searching for an isotropic GWB, one
should use κGWB

ET (f). On the contrary, to find the level at which magnetic fields
might directly impact the instantaneous sensitivity achieved by ET, then κASD

ET (f),
as introduced in Sec. 8.1 is the relevant measure.
As before, these upper limits are predominantly related to the ITGW magnetic
coupling as the OTI magnetic coupling is a second order effect which has a value of
∼ O(1).

8.3 Effect from correlated magnetic noise on searches
for an isotropic gravitational-wave background

In this section we will study the impact of the Schumann resonances as well as from
the (superposition of) individual lightning strokes on the search for an isotropic
GWB. In Sec. 8.3.1 we start by describing the effect on second generation detectors
LIGO and Virgo, whereas in Sec. 8.3.2 we describe the effect on the ET.

8.3.1 LIGO and Virgo

The method we will use to construct the magnetic budget, as presented in Sec. 8.2,
is different from the budget presented by the LIGO, Virgo and KAGRA collaborations
in their search for an isotropic GWB [30]. There are four main differences, the first
being the larger frequency range from 20Hz to 675Hz which is the entire frequency
range having regular measurements of the inside-to-GW channel magnetic coupling
at all three sites. A linear interpolation as a function of frequency is performed.
Secondly, the LVK collaborations used the magnetic spectrum obtained from one (the
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Fig. 8.6.: Magnetic noise budget represented by the blue band. The purple dots represent
the budget without any errors included. The dark and lighter blue bands represent
the upper 1σ-3σ uncertainty as described in Sec. 8.2.2. No error is included for
the weekly variation, however as explained in the text this effect was found to be
minimal. The lower errors are not shown in this figure since the error propagation
as described in Sec. 8.2.2 leads to negative lower limits. Also represented are the
O3 sensitivity for narrowband features for an isotropic GWB, given by its standard
deviation σ(f); the O3 broadband sensitivity, given by its power-law integrated
(PI) curve (red); and the broadband sensitivity expected to be reached with the
LIGO A+ and Advanced Virgo Plus network, Design A+ (grey dot-dashed).

worst) pair e.g. Re[m̃∗
I2

(f)m̃J1(f)] [30], whereas here we use the more conservative
CSDIJ , combining the modulus for all four CSD-pairs for one baseline. In [30],
an additional factor of 2 is included because of their choice of one single direction
compared to the total CSD. Thirdly, in [30] they use an approximate outside-to-
inside transfer function of 1, based on measurements made using injection coils at
LHO. Here we will use the measurement for LLO described in Chapter 7, based on
lightning-generated magnetic fields instead of coil-generated fields, with a resulting
value of 0.7+0.4

−0.3. For the budget we will assume both LHO and Virgo have the same
outside-to-inside coupling function as LLO. In the future dedicated studies at the
other sites should give accurate site-dependent measurements. Fourth and finally,
in [30] they used the weekly magnetic coupling measurements at each site and
computed a budget for every week of O3. Here we will rather use the sitewide
coupling functions measured for LHO and LLO since they are more conservative. For
Virgo we will use the average of the weekly measurements in the central building,
which has the largest coupling. A downside of the sitewide coupling with respect
to the weekly measurements is that for LHO the frequency resolution is worse
compared to the resolution of the weekly injections.

8.3 Effect from correlated magnetic noise on searches for an isotropic
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The purple dots in Fig. 8.6 represent the noise budget, without taking any errors
into account. The darkest and lighter blue bands respectively indicate the upper
1σ, 2σ and 3σ uncertainties. No lower errors are shown, since they are found to be
negative. In Sec. 8.2.2 the error propagation of the budget is discussed in detail.
This includes the uncertainty of the outside-to-inside coupling as well as a factor 2
of uncertainty related to inside-to-GW channel magnetic coupling function, given
the limitations of the inside-to-GW channel coupling function measurement [277].
The variation of the weekly measurements was observed at the central building of
each site. However the sitewide coupling functions used for LHO and LLO rely on
measurements from different physical locations, which were only performed at the
start and end of O3. Given there is no guarantee that these other coupling locations
have the same weekly variation, no error for the weekly variation was taken into
account. The weekly variation was measured, as described in Sec. 8.2.2, and was
found to have a minimal effect on the budget presented in Fig. 8.6. Ideally, the
weekly variation of the sitewide coupling would also be measured in the future such
that this error can be taken into account, even if the impact is small.

We want to point out that much of the topology of the budget is due to the limited
frequency resolution of the measured coupling function and the linear interpolation
between points. The peaks and dips near 50Hz and above are a clear example.
Ideally, future measurements of the inside-to-GW channel magnetic coupling function
would have finer frequency resolutions. This is being addressed at LHO, LLO
and Virgo by installing much larger injection coils to produce larger fields so that
broadband injections can be made, as was discussed in Chapter 7.

We conclude that there was no magnetic contamination in the search for an isotropic
GWB during O3, which is consistent with the lack of an observation of any excess
in the search for an isotropic GWB [30]. This conclusion was also reached based
on the magnetic budget by the LVK collaborations in the frequency range 20Hz -
100Hz [30], i.e. Fig. 5.5. Note that the difference of about an order of magnitude in
the predicted effect of magnetic fields is due to an error found in the code used to
produce Fig. 5.5, rather than the different approach used for calculating the budget.
An erratum to [30] is in preparation.
Also at frequencies between 100Hz - 675Hz, there was no magnetic contamination,
neither narrowband, nor broadband. Concerning narrowband magnetic contamina-
tion, one should compare the upper range of the magnetic budget and its narrow
features with the standard deviation of the search for an isotropic GWB σ(f). We
note that the loudest peaks (60Hz and harmonics) linked to the US power mains are
excluded from the analysis [30]. The blue band of the magnetic budget being below
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the powerlaw integrated sensitivity curve (red line) implies there is no broadband
magnetic contamination.

If the correlations from the magnetic field fluctuations, both amplitude and frequency
behavior, as well as the magnetic coupling (outside-to-inside as well as inside-to-
GW channel) remain the same for future observing runs, there is a possibility that
magnetic contamination might affect the search for an isotropic GWB when LIGO and
Virgo reach the A+ [20] and AdV+ [20] sensitivities respectively. These sensitivities
are planned to be reached later this decade. For Fig. 8.6 we used a PI-curve with an
observation period of 1 year and a duty cycle of 100% and SNR=2. Up to ∼50Hz, the
2σ budget contour touches the PI curve indicating there is a non-negligible risk that
magnetic noise might bias or affect the search for an isotropic GWB. From ∼160Hz,
there is again a non-negligible possibility of significant magnetic contamination.
However, we note that the values of the inside-to-GW channel magnetic coupling at
these and higher frequencies are often not measured but are rather upper limits.

Based on this budget we believe more work in the upcoming observing run(s) (O4
and O5) is needed. First, we recommend to increase the magnetic injection strength
at frequencies above ∼160Hz to either measure the inside-to-GW channel magnetic
coupling or push down the upper limits by a factor of 2-3 at each interferometer.
Second, a reduction in the variability of the outside-to-inside magnetic coupling
would be helpful. This might be possible by taking into account the direction to the
lightning and the specific location in the building. In order to reduce the coupling
variability, it may be necessary to reduce the lightning-induced currents on the beam
tube that pass through the buildings (see Appendix A of [214]). Ideally the outside-
to-inside magnetic coupling would be measured at each site. Third, it would be
helpful to reduce the factor of two uncertainty in the inside-to-GW channel coupling
function, although this might prove difficult [277]. The budget would also benefit
from a finer frequency resolution of the measurements of the inside-to-GW channel
coupling functions, which is made possible with louder magnetic fields injected with
the larger coils. Finally, instead of a combined budget for an entire observing run,
the time-dependence of the magnetic coupling and its effect on the search for a
GWB should be studied in more detail. This ideally would entail performing weekly
(nearly) sitewide injections. Many of these suggestions are already being pursued
[316, 317], as was also discussed in Chapter 7.

The diurnal and seasonal variations in the amplitude of the magnetic field fluctu-
ations may provide a test to differentiate between correlated noise from lightning
and a GWB signal. The current search for a GWB uses year-scale periods of data
that are broken into minute-scale segments. As one test for lightning contamination,
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the inter-site correlation could be re-computed for only daytime segments and,
separately, for nighttime segments. If a correlation were due to lightning, we would
expect a greater correlation for the nighttime data than for the daytime data. We
would expect no significant day/night difference if the correlation were only due to
an isotropic GWB. One could similarly separate the data into seasons for a second
test. Furthermore we want to point out that in the past several efforts have been
studied to validate the detection of a GWB in the case of correlated noise [106,
133, 134, 217, 267, 346, 348], as discussed in Chapter 5. These works have mainly
focused on the Schumann resonances. Even though they have to be further validated
for the magnetic correlations above ∼ 100Hz from the superposition of individu-
ally correlated lightning strikes, there should not be fundamental showstoppers to
perform this extrapolation.

8.3.2 Einstein Telescope

To compute the effect of magnetic noise on the ET, we approximate the ET as three
interferometers and ignore the details of the xylophone configuration [201]; this
does not affect our results. In what follows, we assume the three co-located, 10km
long arm interferometers in triangle configuration of ET, namely ET1, ET2, ET3, as
having identical sensitivity. Furthermore, we neglect the difference in γIJ between
the baseline pairs IJ = ET1ET2, ET1ET3, ET2ET3, where we will be using γET1ET2

from now on. For frequencies under 1 kHz the relative differences are [59]:

|γET1ET2 − γET1ET3 |
γET1ET2

< 5 × 10−7,

|γET1ET2 − γET2ET3 |
γET1ET2

< 2 × 10−7,

justifying our choice to neglect the difference between baseline pairs.

Note that, as mentioned in Chapter 4, the normalisation factor S0(f) has a different
numerical value for the ET compared to LIGO, Virgo and KAGRA due to the different
opening angle.

Data

We use the same data sets of magnetic data to study the effect on κGWB
ET (f) as

we did for κASD
ET (f) in Sec. 8.1.2. Also here we will use a factor 2 uncertainty

at the level of the ASD, i.e. a factor 4 at the level of the magnetic CSD. This
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implies that for the low frequency (≥ 100Hz) environmental noise projections we
have CSDmag,ET(f) = 4 [Pmag,SosEnattos(f)]2 and for the high frequency (≤ 100Hz)
environmental magnetic noise projection we have CSDmag,ET(f) = 4CSDmag,HL(f).
For our investigations of the infrastructural noise, using the measurements at the
CEB of Virgo, we have CSDmag,ET(f) = 4 [Pmag,VCEB(f)]2.

Results

In Fig. 8.2 we compared the upper limits on κASD
ET (f) and κGWB

ET (f) for the ET-D
design sensitivity. From this figure we can conclude that the requirements on the
magnetic coupling are about one order of magnitude more stringent to prevent any
effect on the search for an isotropic GWB, compared to the effect on the detector
ASD. This implies that the magnetic coupling function for the ET has to be improved
with respect to the average magnetic coupling at LIGO Hanford measured during
O3 below 30Hz and up to three orders of magnitude or more for frequencies below
15Hz. Compared to the average magnetic coupling of Virgo during O3, a reduction of
the magnetic coupling has to be achieved up to 100Hz. As a reminder, the equivalent
figures using the latest HFLF-cryo and HF-only sensitivities can be found in Appendix
B.

This low-frequency range is where most of the sensitivity is for the ongoing isotropic
GWB searches, with the most recent LIGO-Virgo observing run containing 99% sensi-
tivity to a flat ΩGW spectrum below 100Hz [30]. The sensitivity at high frequencies
is suppressed since the ORF for the LIGO and Virgo baseline pairs drops significantly
with frequency and approaches zero at a few hundreds of Hz. The same, however,
may not be true for the ET detectors, whose geometry leads to no suppression at
high frequency, and the anticipated ORF remains approximately constant up to 1
kHz, e.g. γET1ET2(1 kHz)/γET1ET2(1Hz) = 99.48%. We therefore also look to place
upper limits on the magnetic coupling function at high frequencies.

In Fig. 8.7 and Fig. 8.8 we show low and high-frequency coupling limits, κGWB
ET (f),

respectively for each of the design options (solid blue for ET-B, yellow dashed for
ET-D). The average coupling measurements at Virgo, LIGO Hanford, and LIGO
Livingston are the same as in Fig. 8.2. We emphasise again that Fig. 8.2 and Fig.
8.7 use data measured at the Sos Enattos candidate site for ET. However, given the
similar amplitude of the Schumann resonances around the globe, these results could
be transferable to another location and more specifically the other ET candidate
sites in the Euregio Rhein-Maas and Saxony.
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Fig. 8.7.: Variation in the ‘GWB’ magnetic coupling function upper limits for the different ET
designs. Also included are the average of the measurements of coupling functions
at LIGO Hanford, LIGO Livingston and Virgo during the O3 run for comparison.

Fig. 8.8.: Upper limits on ‘GWB’ magnetic coupling function of ET-B and -D at high frequen-
cies. Also included is the average of the measurements of coupling functions at
LIGO Hanford, LIGO Livingston and Virgo during the O3 run for comparison.

We illustrate in Fig. 8.8 the effect of magnetic fields at ET above 100Hz. An example
of an analysis that could target a signal at these higher frequencies is the study
of a GWB from unresolved millisecond pulsars. This search is complementary to
the standard continuous-wave search of individual pulsars, and can help constrain
ellipticity of rotating neutron stars [24, 26, 340]. Current forecasts predict an
improvement of one to two orders of magnitude in the sensitivity to ellipticity going
from LIGO-Virgo to ET. However, correlated magnetic noise at high frequencies
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could weaken the ellipticity constraints (see, Fig. 6 in [255]), and should thus be
treated carefully.

However, since magnetic fields from the sources contributing to this magnetic noise
(e.g. individual lightning strikes [80, 214]) are attenuated over long distances, the
fundamental magnetic spectrum at ET could be stronger compared to our predictions.
Therefore one should be cautious interpreting the upper limits presented in Fig.
8.8.

We summarise these results in Fig. 8.9, where we express the estimated ‘GWB’ upper
limits as a factor of improvement needed in the ET coupling function relative to
LIGO Hanford, LIGO Livingston and Virgo coupling functions. We show how this
factor varies with frequency, as well as how it changes with the choice of ET design
sensitivity. For frequencies below ∼ 30Hz, the magnetic coupling would need to
be drastically reduced, with factors of improvement of the order 102 − 104 needed
for the isotropic GWB search, see top panel. High-frequency coupling, on the other
hand, would only require up to a factor of 10 reduction in magnetic coupling to
run a successful GWB search (bottom panel). As mentioned earlier, the results for
HFLF-cryo will be almost identical to the results shown for ET-D. The difference
in sensitivity between HF-only and ET-B is more significant for the Broadband PI
sensitivity curve, compared to the ASD. Therefore the results for HF-only will have
less stringent constraints compared to ET-B by a factor ∼3-4 between 7Hz and
10Hz6. Above ∼15Hz there is less than a factor 2 difference between the HF-only
and ET-B sensitivities. This implies the HFLF-cryo design will yield minimal to no
improvement for the search for an isotropic GWB compared to the HF-only design if
one is unable to reduce the magnetic coupling.

Note that above 30Hz Advanced LIGO’s magnetic coupling is dominated by induction
of currents in cables [277]. One mitigation strategy that could be followed in this
scenario is using, as much as possible, a cabling network of optical fibers. The
implementation of a large-scale optical fiber network has been investigated and
implemented at CERN [326]. An important factor for the reduced magnetic coupling
for Advanced LIGO compared to Advanced Virgo is that LIGO uses electrostatic test
mass actuators whereas Virgo uses magnetic actuation [122, 277]. Further reducing
the number of magnets attached to the suspensions should reduce magnetic cou-
pling. Additional magnetic shielding can be a complementary method to reduce the
magnetic coupling [121]. Ultimately, if methods for magnetic coupling reduction are

6Please note that the PI-curve of HF-only is about a factor ∼10-20 less sensitive compared to ET-B
between 7Hz and 10Hz. However when calculating the maximally allowed magnetic coupling this
involves taking the square root, where we assume the coupling functions are identical for both
detectors.
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Fig. 8.9.: Needed improvement factor as a function of frequency for the ‘GWB’ upper limits
on the ET magnetic coupling function. The low-frequency (top panel) magnetic
coupling poses a greater challenge for the operation of ET compared to the high-
frequency (bottom panel) magnetic coupling. In both panels, the dash-dotted
blue line indicates the line where no improvement is necessary.

insufficient one could consider the cancellation of magnetic noise, similar to what is
considered in the context of Newtonian Noise [75, 196], albeit using magnetometers
instead of seismometers.

For Virgo, the direct coupling from magnetic fields to the mirror magnets is dominant
for frequencies below ∼ 100Hz. This coupling is inversely proportional to the mirror
mass [122]. This is important as the ET will have mirrors which are about five times
more massive compared to Virgo. However this assumes the same configuration and
strength of control magnets, which implies the control of the test masses becomes
more difficult. This factor is included in Fig. 8.10 (as it was presented in the
top left panel of Fig. 34 of [100]), however it should be considered with caution.
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Fig. 8.10.: Needed improvement factor as a function of frequency for the ‘(S)GWB’ upper
limits on the ET magnetic coupling function with respect to the HFLF-cryo and
HF-only sensitivities. For Virgo we have included a factor 5 reduction according
to the increased mirror mass. The dash-dotted blue line indicates the line where
no improvement is necessary.

Furthermore Fig. 8.10 also uses the HFLF-cryo and HF-only sensitivities, rather than
ET-D and ET-B when comparing to the top panel of Fig. 8.9.

In Fig. 8.4 the effect of local infrastructural noise was presented. Also upper limits
on κGWB

ET (f) were shown in this figure. In the case of Virgo this local noise does not
pose a serious problem in the GWB search since it is uncorrelated with local magnetic
noise at far-away LIGO Hanford and LIGO Livingston detectors. Between co-located
ET interferometers, however, the local noise could become correlated. As we will
discuss in Chapter 9, the shortest distance between a mirror of one interferometer
and the mirror of another interferometer is planned to be between 300m and 500m.
This can lead to drastically more stringent upper limits on the magnetic coupling. If
one wants to fully utilize the data for GWB searches, the magnetic coupling should
be well below the magnetic coupling measured at LIGO Hanford, LIGO Livingston
and Virgo, see Fig. 8.4. This implies that the search for an isotropic GWB would be
entirely dominated by magnetic noise, in case the infrastructural magnetic noise
is fully correlated between the different interferometers and no improvement in
magnetic coupling is achieved with respect to second generation detectors.
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8.4 Conclusion

We have shown that second generation detectors are expected to be only marginally
affected by magnetic fields at their design sensitivities. Virgo’s ASD sensitivity is
projected to become limited by magnetic noise during O5, for only a fraction of the
time in a small set of frequency bands. This projection furthermore assumes that
both the magnetic coupling as well as the infrastructural magnetic noise used for
this budget remain similar. The search for an isotropic GWB with LIGO Hanford,
LIGO Livingston and Virgo will potentially be limited by correlations in magnetic
field fluctuations at design sensitivity between 20Hz and 45Hz. More concretely
the 2σ and 3σ noise projections surpass the expected broadband sensitivity of the
detector network to an isotropic GWB. Also above ∼160Hz contamination from
correlated magnetic noise is possible, however at these frequencies the values of
the magnetic coupling function are mainly upper limits of the two LIGO detectors,
which form the principle contribution to the budget presented. Therefore more
detailed investigations and measurements of the magnetic coupling functions should
be performed during upcoming observing runs.

ET is a powerful and promising instrument for detecting gravitational waves, with
an unprecedented low-frequency sensitivity compared to LIGO and Virgo [255].
However achieving these low frequency sensitivity goals will prove challenging.
In this chapter we have shown how ET’s ASD will be degraded by fundamental
magnetic noise below ∼10Hz if the magnetic coupling of the ET is similar to the
coupling observed at second generation detectors. More specifically, several orders of
magnitude in improvement of the magnetic coupling at low frequencies are needed
to achieve the design sensitivity. Furthermore, this implies the HFLF-cryo design
will barely improve upon the HF-only sensitivity below 15Hz, as both of them are
affected by the magnetic noise. In case of a pessimistic scenario with high levels of
infrastructural noise, as observed in Virgo during O3, ET will be limited by magnetic
noise below ∼ 30Hz. This makes any potential benefit in science goals, as discussed
in Chapter 3 and [100], of the HFLF-cryo design almost negligible.

CE promises to be a similarly powerful instrument as the ET, with the main difference
a slightly worse sensitivity at the low frequency end. Nevertheless, also CE’s ASD will
be affected by fundamental magnetic noise up to ∼15Hz assuming similar magnetic
coupling as second generation detectors. Below 10Hz an improvement of one to two
orders of magnitude is needed. The needed improvement in magnetic coupling is
almost irrespective of the different design sensitivities, i.e. 20km and 40km, and also
differently tuned detectors, as they have similar design sensitivities below ∼15Hz.
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With one year of GW data, ET-D/HFLF-cryo could be sensitive at the SNR=1 level
to a cosmological (α = 0) GWB ΩGW(f) ∼ 10−12, but this depends critically
on the low-frequency performance of ET. The ability to detect a GWB through
correlation methods between multiple detectors assumes the absence of correlated
noise [118], however globally coherent magnetic fields have been identified as a
potentially limiting noise source for the present GW detector network [267, 346,
348]. As we have shown, this is also the case for ET. More precisely, we have shown
that the magnetic coupling functions for ET must be better than those of LIGO
and Virgo by a factor of 102 − 104 for frequencies below 30Hz in order to avoid
correlated noise from Schumann resonances affecting GWB searches. Furthermore
we have shown that the HFLF-cryo design yields minimal improvements in sensitivity
compared to the HF-only design if the magnetic coupling function of ET is similar
to the magnetic couplings observed at second generation detectors. Finally, in the
pessimistic case that ET has similar levels of infrastructural magnetic noise as Virgo
and this noise is correlated between interferometers, it will be virtually impossible
to perform the search for an isotropic GWB, regardless of the design. Over the
entire frequency band ET’s magnetic coupling should be improved by at least an
order of magnitude compared to second generation to remove contamination from
this infrastructural magnetic noise. However we want to stress that more research
is needed to investigate such a scenario. Furthermore, whereas the effect of the
fundamental magnetic noise is relevant regardless of the detector configuration,
the infrastructural noise would effectively be dealt with when opting for a 2L
configuration rather than the triangular configuration.

Reducing the magnetic coupling to prevent a significant impact on the interferome-
ters, and also to ensure that local magnetic noise is as small as possible, is the best
strategy for ET. This could be achieved by reducing the number of magnets attached
to the suspensions [277], additional shielding [121], and using optical fibers as
much as possible for signal transmission [277]. There could also be a synergy with
noise subtraction methods, such as Wiener filters [134]. Such methods have been
investigated to cancel Newtonian noise [75, 196], see also Chapter 9. However, such
noise subtraction methods could also be used to reduce the effects of correlated
magnetic noise and loosen the requirements on the magnetic coupling, as presented
here.

Not reaching the reported upper limits on the magnetic coupling functions could
have a direct impact on the search for a GWB with ET, as well as on all science goals
of the ET. The importance of correlated magnetic noise coupling will need to be
considered as ET is designed and constructed.
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Due to the unknown location and respective orientations of the two CE detectors,
as well as their orientations and locations with respect to the ET, no studies have
investigated the impact of correlated magnetic noise on the search for an isotropic
GWB with these detectors. However, future work should investigate this question in
a parametric approach, which could become important input for decisions regarding
the chosen detector sites and their respective orientations.
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Correlations in seismic and
Newtonian noise and its
impact on the Einstein
Telescope

9

The last two chapters (Chapter 7-8) were devoted to describing Earth-scale distance
correlations between magnetic field fluctuations and how they couple to GW de-
tectors and more specifically a search for an isotropic GWB. In this chapter we will
look at the possibility of correlations in seismic and Newtonian noise, introduced in
Chapter 5. In contrast to the magnetic fields, seismic fields are typically correlated
over shorter distance scales. The seismic waves caused by earthquakes are able
to travel large distances, but the typical ambient seismic field in the frequency
region of interest for Earth-based interferometric detectors (above several Hz) are
mainly correlated on the order of several hundreds of metres to several kilometers.
Therefore they are not considered to affect stochastic searches with second gen-
eration interferometric detectors which all have large mutual distances. However,
as introduced in Chapter 2 the proposed design for the third generation detector
Einstein Telescope relies on a triangular configuration of three (almost) co-located
interferometers. We will start this chapter by further explaining the relevance of
correlations in the seismic and Newtonian noise and how it might affect the ET (Sec.
9.1). We also include a short discussion on the relevance for atom interferometers.
Afterwards we will discuss a study identifying the level of seismic correlations on
the distance scale of several hundreds of meters (Sec. 9.2). In Sec. 9.3 we will use
the information about the correlations in the data to predict upper limits on the
seismic transfer function, describing the coupling of seismic waves to the detectors.
Afterwards the seismic correlations will be used in Sec. 9.4 to make an estimate of
the level of correlated NN. In Sec. 9.5 we will create a budget to study the impact of
NN on stochastic searches with the ET.

Since earlier work has studied the effect from seismic and Newtonian noise on the
instantaneous sensitivity PET(f) [56, 77, 195], we will only focus on the impact on
the search for an isotropic GWB in this chapter. It was found that seismic noise could
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be dominant up to several Hz [56]. To achieve the desired sensitivity, the effect of
NN on the other hand has to be reduced by about a factor of 3, which is considered
to be feasible in case enough seismometers are deployed to apply effective (offline)
noise mitigation relying on e.g. Wiener filtering [56, 75].

Please note that in this chapter we will only focus on fundamental ambient seismic
noise while we do not investigate the effect of infrastructure which might have a
larger impact.

9.1 Relevance of correlated seismic and Newtonian
noise for Earth-based GW detectors

The difficulty in conducting a search for a GWB with co-located detectors was
displayed by LIGO with its H1 and H2 detectors in its fifth science run; correlated
noise prevented the search for an isotropic GWB for frequencies below 460Hz [2].

9.1.1 The Einstein Telescope

As introduced in Chapter 2, the ET is proposed to be made up of six interferometers
with opening angle of π/3 and arm lengths of 10km, arranged in an equilateral
triangle. In this chapter, we ignore the details of the xylophone configuration [201]
and treat ET as consisting of three interferometers; this will have no effect on our
studies.

The effect of seismic and Newtonian noise on GW interferometers and the possibility
to apply (offline) noise subtraction has been studied extensively both for the second
[76, 127, 128, 130, 148, 196, 352] and third generation [61, 75, 77, 142, 143, 228]
interferometric GW detectors. Ambient seismic fields rapidly lose coherence over
large distances at the frequency range of interest of Earth-based GW interferometers
(above several Hz) [127, 129, 274, 336]. However, since the three interferometers
of the ET triangular configuration will be (nearly) co-located, it is interesting to have
a more detailed study of correlated seismic noise, the resulting NN and their impact
on the ET.

To first order, one can typically assume that seismic fields over the scale of 10km
will be no longer correlated above a couple of Hertz [129]. In future studies, one
might need to test this hypothesis in the case of an underground environment,
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Fig. 9.1.: Scheme of the ET configuration, the low- and the high-frequency detectors are not
shown separately. Considering the ET1-ET2-baseline, we can identify 5 possible
coupling locations where noise can correlate: A to E. B and C involve the coupling
of two aligned mirrors, while A,D and E involve mirrors which are rotated by
60°with respect to each other. The distances between the mirrors of such pairs is
about 300m to 560m.

preferable including the detector infrastructure. However, the end mirror of one
of the ET-interferometers will be at a distance of several hundreds of meters from
the input mirror of another ET-interferometer, e.g. 300m to 500m [161]. In this
chapter we will expand on previous studies of seismic correlated noise [127, 129]
where we will focus on distance scales of 200m to 810m using both surface and
underground sensors in a frequency range of 0.05Hz - 50Hz. Furthermore, we will
use these seismic correlations to discuss the amplitude of correlated NN on a length
scale of several hundreds of meters. Please note that this chapter does not contain a
site comparison and the seismic spectra that will be used were selected based on
the grid spacing of the installed sensors. The statements on the impact of correlated
seismic and NN fields on the ET, will be of general nature, regardless of the exact
location of the ET.

9.1 Relevance of correlated seismic and Newtonian noise for
Earth-based GW detectors
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The horizontal separation for aligned mirror pairs (B and C) is about 300m - 500m,
whereas one can calculate the distance for the other pairs (A, D and E) to be about
330m - 560m [161], see Fig. 9.1. However as the design and those distances are not
yet fixed these investigations have two main goals. First of all we want to investigate
whether we observe significant correlations of seismic and Newtonian noise on
distance scales of 300m to 600m. If yes, we aim to quantify their impact on the ET
and its science goals. Finally, we plan to investigate whether an increased distance
between the mirror pairs could help to reduce the observed effect.

9.1.2 Atom interferometers

Earth-based atom interferometers plan to be sensitive to GWs, approximately in
the frequency range 0.1Hz to 10Hz. One of their dominant noise sources is NN,
both from seismic as well as atmospheric origin. One of the methods to reduce the
effect of NN on future atom interferometric GW detectors is to have multiple atom
gradiometer baselines which can be used to average out the effect of seismic NN
[115]. In [115] they propose to have 80, 16.3km baseline atom gradiometers with a
separation of 200m between the atom interferometers of subsequent gradiometers.
However one of the assumptions made in [115] is that the NN at two atom inter-
ferometers of a single atom gradiometer with a baseline of 16.3km is uncorrelated.
Furthermore, they only consider NN from Rayleigh waves. Therefore it is important
to understand the correlation levels of NN1 on distance scales of hundreds of meters
up to tens of kilometers for both Rayleigh and body waves. Based on the observed
correlations on such distances one can investigate to which extent they might limit
the sensitivity and NN reduction with future atom interferometric GW detectors, as
well as searches for a GWB with those detectors.

9.2 Seismic correlations

To study the correlations of seismic noise at distances between 200m and 810m
we use two different sensor networks. The first is an array of surface geophones
measuring the vertical seismic velocity, which was deployed near Terziet (Nether-
lands) [323]. This array covers (a part of) the region of the ET candidate site at the
Euregio Rhein-Maas. The advantage of this seismic network is its large scale, and the
presence of many sensors with horizontal separation of interest to us. However, there

1Here we will only consider NN of seismic origin.
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are also several downsides, namely the large level of anthropogenic activity in the
region, the absence of an extensive underground network and the limited operation
time of the network (∝ month(s)). We also use underground sensors deployed in
the former Homestake mine (USA) [257]. Although the amount of sensors is more
modest compared to the Terziet array, there are underground seismic measurements
at several depths as well as horizontal separations of interest to our study. Further-
more, the Homestake mine is a seismically (relatively) quiet environment and data
are available for almost two years. Note that whereas geophones measure velocity,
seismometers are able to measure velocity or acceleration depending on the sensor
model. The seismometers used in this analyses recorded seismic velocity.

Surface data from the Terziet geophone array

To characterize the seismic environment at the ET candidate site Euregio Rhein-Maas,
hundreds of sensors (geophones, seismometers, ...) were deployed at the beginning
of 2020 [323]. From this network we use a handful of geophones which where
deployed in the region for one to several months. The sensor pairs used in the
analysis are summarized in Tab. 9.1. They were solely selected on their horizontal
separation and no further investigations were performed concerning their geological
location and/or their seismic environment. However, another study [227] has shown
the observed seismic spectrum varies significantly depending on the location of the
sensors. It shows that the sensors which form our 300m , 400m and 500m pairs are
intrinsically more quiet compared to the other sensors used in our analysis of the
Terziet sensors.

As mentioned earlier, the distance between the central station of one interferometer
at the ET and the terminal station of another interferometer is proposed to be around
300m-500m. Therefore we decided to present coherence and cross-power spectral
density (CSD) results for the data taken from the geophones with a horizontal
separation of 400m (‘XPPNA-XIPOA’-pair). Other distances will be presented in
comparison with the 400m pair.

Fig. 9.2 presents the coherence for the vertical geophones, whereas Fig. 9.3
shows the CSD of the seismic spectrum in units of velocity. Given the limited data
(10:15:01 UTC 07 Nov. 2020 - 12:13:59 UTC 5 Dec. 2020 for XPPNA-XIPOA) we
use a frequency resolution of 0.1Hz after which we average the data over stretches
of 4 hours. This implies we are unable to get detailed results of the microseism peak
near 0.2Hz. However, in this chapter we are mainly interested in frequencies above
1Hz since the ET will be insensitive to GWs with lower frequencies. Furthermore, we
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also show the 10% and 90% percentiles of the coherence as well as CSDs, measured
during the local night time, represented as an orange band, when we expect lower
levels of antropgenic noise. For the local night time we have chosen 21:15 to 7:15
local time2. The color scale in Fig. 9.2 and Fig. 9.3 represents the density of the
(O(100)) 4h-segments of the analyzed data.

Based on Fig. 9.2 we state that during 50% of the time there is significant3 coher-
ence up to ∼ 10Hz and at least 10% of the time the coherence is significant up
to 50Hz. The seismic spectrum observed at these frequencies are approximately
10−9 ms−1/

√
Hz to 10−8 ms−1/

√
Hz, see Fig. 9.3.

The local night time should give an indication of a quiet time when the effect
of anthropoghenic noise is lower. Whereas the levels of observed coherence are
comparable or marginally higher during the night, the observed CSD is (marginally)
lower during the night. This behaviour can be expected since during the night-time
fewer local anthropogenic sources might disturb the coherence from the typically
smaller ambient seismic fields. We note that for some other pairs of geophones the
difference was more pronounced.

Around 0.2Hz we clearly observe the second microseism peak, which is caused by
ocean waves, and the observed cross-correlation spectrum lies within the seismic
low noise and high noise models of Peterson [210]. Note however, that these noise
models were constructed for the amplitude/power spectral density of one seismic
sensor and not the cross spectral density of two seismic sensors separated by several
hundreds of meters.

In Fig. 9.4 and Fig. 9.5 we present the 50% percentile of the coherences and
of the CSDs measured for different geophone separations. Fig. 9.4 shows that
the seismic coherence for distances between 200m and 700m is significant up to
∼ 10Hz for 50% of the time. Both Fig. 9.4 and Fig. 9.5 show that there is no
clear relation between the observed coherences (or the CSDs) and the horizontal
separations between the geophones. If the seismic field were perfectly isotropic
and homogeneous, we should have observed high coherence up to around 0.1Hz
with a faster decrease for larger geophone separations (Equation (1) of [368]). We
do not see this behaviour in the data, on the contrary, we observe more coherence
for separations of 400m, 500m and 600m and reduced coherence for 200m, 300m
and 700m. A possible explanation can be the large amount of anthropogenic noise

2We start 15 minutes after the hour rather than at the top of the hour since the sensor started
operating at 10:15 UTC and we analyse the data in stretches of one hour.

3We consider the coherence to be significant if the coherence is greater than 1/N, where N is the
number of time segments over which was averaged. This 1/N is namely the approximate level of
coherence expected from Gaussian data, as introduced in Chapter 6.
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Fig. 9.2.: The coherence between the surface geophones XPPNA and XIPOA with an approx-
imate distance of 400m. The data (10:15:01 UTC 07 Nov. 2020 - 12:13:59 UTC 5
Dec. 2020) are analysed using 10 second long segments which are averaged per
4h-window. The 10th, 50th and 90th percentiles are shown in pink, blue and green,
respectively. The percentiles as well as the counts are based on combined day and
night data whereas the orange band represents the 10th to 90th percentiles during
nighttime. The red dashed line represents the level of coherence expected from
Gaussian data which goes approximately as 1/N, where N is the number of time
segments over which the coherence was averaged.

Fig. 9.3.: The CSD1/2 of the surface geophones XPPNA and XIPOA with an approximate
distance of 400m. The data (10:15:01 UTC 07 Nov. 2020 - 12:13:59 UTC 5
Dec. 2020) are analysed using 10 second long segments which are averaged per
4h-window. The 10th, 50th and 90th percentiles are shown in pink, blue and green,
respectively. The percentiles as well as the counts are based on combined day and
night data whereas the orange band represents the 10th to 90th percentiles during
nighttime. The black curves represent the low and high noise models by Peterson
[210].
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Fig. 9.4.: The median coherence of the surface geophones as a function of distance. The
data are analysed using 10 second long segments which are averaged per 4h-
window. Please note that the data at different distances is taken during different
times as well as varying period (22 days to 28 days).

sources in the region. This can lead to anisotropies in the seismic field. Furthermore,
the geophone pairs are located in positions with different levels of ambient seismic
fields [227]. Also, the directions of the seismic waves can affect the coherences.
The aim of this chapter is to get an order of magnitude estimate of the correlated
seismic spectrum between sensors separated by several hundreds of meters and
use these to make an estimate of the subsequent NN and their effect on the search
for a GWB. However, the variation of both the coherence and seismic spectrum (in
units of speed), presented in respectively Fig. 9.4 and Fig 9.5 indicates more precise
(site-specific) studies are needed to fully understand the effect of local geology and
anisotropies in the seismic field.

Underground data from the Homestake seismometer array

For studying the underground correlations we will use underground seismometers
located at the 2000ft-level of the former Homestake mine [257] of which earlier
seismic studies are reported in [127, 129, 191, 266]. The ET is proposed to be
located at a depth of around 200m-300m underground [161], this is much less than
our choice of 2000ft ≈ 610m. However, the choice of this depth was driven by the
presence of multiple seismometers deployed with horizontal separations between
∼125m and ∼1200m. Moreover, at this depth, the effect of surface waves will be
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Fig. 9.5.: The median CSD1/2 of the surface geophones as a function of distance. The data
are analysed using 10 second long segments which are averaged per 4h-window.
Please note that the data at different distances is taken during different times as
well as varying period (22 days to 28 days). As a comparison, the Peterson low
and high noise models [210] are shown in black.

even more suppressed and the correlations will provide realistic insights regarding
correlations of seismic body waves at horizontal distances of interest for ET.

The seismometer pairs of which we will present the results are introduced in Tab.
9.1. Similar to what was done with the data of the Terziet array presented earlier,
we will use data measured at a distance of 405m, that is between the ‘D2000’ and
‘E2000’ stations, as an example. Afterwards we will compare it with data from other
distances. Whereas the Terziet geophones were measuring only the vertical seismic
velocity, the Homestake seismometers can measure it in the vertical as well as in the
horizontal directions (North-South and East-West).

Fig. 9.6 represents the coherence for the vertical seismometers, while Fig. 9.7 shows
the accompanying CSD. Similar to the results for Terziet, we show a percentile plot
together with the 10th, 50th and 90th percentiles. Given the larger amount of data
available for Homestake we used a frequency resolution of 0.01Hz and averaged
over 24h. The data represented here uses 600 days recorded between March 2015
and December 2016. Furthermore we also show the 10% and 90% percentiles of
the coherence as well as CSDs, measured during the local night time, represented
as an orange band. We define local night time between 04:00 UTC and 14:00 UTC.
This matches 21:00-07:00 local time during the ‘standard time’ (that is during the
winter period).
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Above ∼ 40Hz the response of the seismometers in the set-up at the Homestake
mine decreases rapidly and the results should not be trusted. Fig. 9.6 shows that
90% of the time there is significant coherence up to 20Hz and more than 50% of
the days even up to 40Hz. The seismic spectrum observed at these frequencies are
approximately 10−10 ms−1/

√
Hz to 10−8 ms−1/

√
Hz. We notice that, definitely at

frequencies above a couple of Hz, the seismic CSD at Homestake is considerable
lower than the CSDs observed at Terziet.

Around the microseism peak (∼0.2Hz) one typically expects high levels of coherence,
which is not the case for the 10% percentile in Fig. 9.6. Further investigation of the
data showed that some of the seismometers observed loud excess on certain days,
likely linked to loud anthropogenic and close-by events. These specific anthropogenic
and loud disturbances might be unique to Homestake but also at ET many local
activities will take place. To this extent the results might give a realistic – or at most
conservative – prediction of possible levels of correlated seismic noise at the ET. An
ideal scenario is represented by the night time measurements which are not affected
by these loud events.

The spread of the coherence and the CSD is lower during night times and above
10Hz the CSD is considerably lower compared to those measured during day and
night combined (Fig 9.6 and 9.7). This is what one might expect to observe since
at these frequencies many noise sources are anthropogenic which are expected to
be lower during local night time. Even though the CSD observed during the night
time is considerably lower, the effect on the 10% percentile is modest, i.e. a factor
of ∼2-3. The 90% percentile during the night is at a comparable level as the 50%
percentile measured during the day.

Similarly we investigated whether a reduction in correlated seismic noise could be
observed during the weekends compared to the entire data-set. However, in this
case no significant effect was observed, which led us to conclude local night times
are the most quiet periods due to lower anthropogenic noise.

In Fig. 9.8 and Fig. 9.9 we present the 50th percentile of the coherences and
CSDs respectively measured for different seismometer channels (i.e. vertical and
horizontal), all with a horizontal separation of ∼ 405m. At low frequencies the
coherences between perpendicular channels (NS-EW and EW-NS) are lower than
those between parallel channels; this is not true anymore above 6-7Hz, where the
coherences starts to be dominated by anthropogenic noise, which we can expect
containing many incoherent sources. The difference in CSD for perpendicular and
parallel seismometers is negligible above 2-3Hz.
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Fig. 9.6.: The coherence between the underground (depth ≈ 610m) seismometers (vertical
component) D2000 and E2000 with an approximate horizontal distance of 405m.
The data (March 2015 to Dec 2016) are analysed using 100 second long segments
which are averaged per 24h-window. The 10th, 50th and 90th percentiles are
shown in respectively pink, blue and green. The percentiles as well as the counts
are based on combined day and night data whereas the orange band represents
the 10th to 90th percentiles during nighttime. The red dashed line represents the
level of coherence expected from Gaussian data which goes approximately as 1/N,
where N is the number of time segments over which the coherence was averaged.

Fig. 9.7.: The CSD1/2 between the underground (depth ≈ 610m) seismometers (vertical
component) D2000 and E2000 with an approximate horizontal separation of
405m. The data (March 2015 to Dec 2016) are analysed using 100 second
long segments which are averaged per 24h-window. The 10th, 50th and 90th

percentiles are shown in respectively pink, blue and green. The percentiles as
well as the counts are based on combined day and night data whereas the orange
band represents the 10th to 90th percentiles during nighttime. The black curves
represent the low and high noise models by Peterson [210].
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Fig. 9.8.: The median coherence of the underground (depth ≈ 610m) seismometers as a
function of the different orientations, at a horizontal separation of 405m. The
data (March 2015 to Dec 2016) are analysed using 100 second long segments
which are averaged per 24h-window. The black dashed line represents the level of
coherence expected from Gaussian data which goes approximately as 1/N, where
N is the number of time segments over which the coherence was averaged.

Fig. 9.9.: The median CSD1/2 of the underground (depth ≈ 610m) seismometers as a
function of the different orientations, at a horizontal separation of 405m. The
data (March 2015 to Dec 2016) are analysed using 100 second long segments
which are averaged per 24h-window. As a comparison, the Peterson low and high
noise models [210] are shown in black.
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Fig. 9.10.: The median coherence of the underground (depth ≈ 610m) seismometers (ver-
tical component) as a function of the horizontal distance. The data (March 2015
to Dec 2016) are analysed using 100 second long segments which are averaged
per 24h-window. The black dashed line represents the level of coherence ex-
pected from Gaussian data which goes approximately as 1/N, where N is the
number of time segments over which the coherence was averaged.

In Fig. 9.10 and Fig. 9.11 we present the 50th percentiles of the coherences and
CSDs respectvely measured at different seismometer separations. We can notice that
the coherences diminish for larger seismometer separations, except for the 405m
separation. This could potentially be explained by a partial anisotropy in the seismic
field. Furthermore, the CSDs are very similar regardless of the horizontal distance
between the seismometers.

9.3 Placing upper limits on the seismic coupling
function

In line with the method used to quantify the impact of correlated magnetic noise on
the ET in Chapter 8 we will construct a seismic cross-correlation statistic. Further-
more, we refer to the three different ET interferometers as ET1, ET2, ET3, which
we assume to have identical sensitivity. We neglect the difference in γIJ between
the baseline pairs IJ = ET1ET2; ET1ET3; ET2ET3, since the relative difference be-
tween the overlap reduction functions of the different arms is smaller than 5 × 10−7

for frequencies under 1 kHz. In the remainder of the chapter we will use the
ET1ET2-baseline as our default observing baseline.
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Fig. 9.11.: The median CSD1/2 of the underground (depth ≈ 610m) seismometers as a
function of the horizontal distance. The data (March 2015 to Dec 2016) are
analysed using 100 second long segments which are averaged per 24h-window.
As a comparison, the Peterson low and high noise models [210] are shown in
black.

Similar to the magnetic cross-correlation described in earlier work [218, 346, 348],
we can construct equivalent cross-correlation statistics for the correlated seismic
noise:

Ĉseismic,ET1ET2(f) =

|κseismic,vth,ET (f)|2Nseismic,v,ET 1ET2

+|κseismic,hth,ET (f)|2Nseismic,h,ET 1ET2

+|κseismic,tth,ET (f)|2Nseismic,t,ET 1ET2 ,

where Nseismic,v,ET 1ET2 = |CSDseismic,vertical|
γET1ET2(f)S0(f)

and Nseismic,h,ET 1ET2 = |CSDseismic,horizontal|
γET1ET2(f)S0(f)

and Nseismic,t,ET 1ET2 = |CSDseismic,tilt|
γET1ET2(f)S0(f)

and

(9.1)

Here κseismic,vth,ET (f), κseismic,hth,ET (f) and κseismic,tth,ET (f) are the three dif-
ferent seismic coupling functions. They describe the coupling of vertical seismic
motions to a horizontal motion of the test mass (vth), horizontal seismic motion to
a horizontal motion of the test mass (hth) and a tilt seismic motion to a horizontal
motion of the test mass (tth), respectively. Please note that in this chapter we will
assume these three terms are independent. Whereas this is a good assumption, this
assumption should be validated in future work.
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In this chapter we have only measurements of the correlated vertical and hori-
zontal fields and therefore we neglect all effects coming from the tilt. Further-
more we assume identical seismic coupling for the three different interferometers
ET1, ET2, ET3. Eq. 9.2 provides the formalism to calculate upper limits on the
seismic coupling function of which we present the results here.

The correlated seismic noise in the form of a cross spectral density are the quantities
we presented in Sec. 9.2. Here we use the absolute value of the CSD to be
conservative. Furthermore, for the horizontal seismic CSD we calculate the ‘omni-
directional’ seismic CSD, where we take into account all possible cross-correlation
combinations between the seismometer pairs, similar to the earlier study of magnetic
fields in Chapter 8. Moreover, when calculating the upper limits for the seismic
coupling function we will also introduce a factor of 5, where we assume incoherent
sum of the possible coupling locations A-E as explained in Sec. 9.1 and Fig. 9.1.

Here we equate the broadband sensitivity for an isotropic GWB, ΩPI
ET1ET2

(f), to
the seismic cross-correlation statistic introduced in Eq. 9.1 to compute the upper
limits on the seismic coupling functions κseismic,vth,ET (f) and κseismic,hth,ET (f). We
will construct these upper limits independently for vertical and horizontal seismic
fields:

κseismic,vth,ET (f) ≡

√√√√ ΩPI
ET1ET2

Nseismic,v,ET 1ET2

κseismic,hth,ET (f) ≡

√√√√ ΩPI
ET1ET2

Nseismic,h,ET 1ET2

,

(9.2)

where Nseismic was introduced in Eq. 9.1. Fig. 9.12 represents the upper limits
on the seismic coupling functions κseismic,vth,ET (f) and κseismic,hth,ET (f) such that
seismic noise does not affect the broadband sensitivity ΩPI

ET (f) for the search for an
isotropic GWB using one year of data. Here we have assumed the by now deprecated
ET-D design sensitivity, however as mentioned earlier this is almost identical to the
latest HFLF-cryo design sensitivity. These upper limits were constructed using the
seismic correlations measured underground at the former Homestake mine. The
design of the suspensions, and therefore the seismic coupling function for the ET are
still under investigation. The upper limits derived here can help making informed
decisions on the necessary suspension requirements.

As a comparison, one can look at the 17m suspension design in [161], where Fig.
6.12 represents the seismic coupling for the hth component. Although this design
will not be used in the final design of the ET, it gives an order of magnitude estimate
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Fig. 9.12.: Upper limits on the seismic coupling functions κseismic,vth,ET (f) and
κseismic,hth,ET (f). These upper limits are based on the 1-year power law inte-
grated sensitivity ΩPI

ET.

of what can be expected. This indicates the seismic coupling might be too large up to
a couple of Hz, but between 3Hz and 4Hz the hth component of the seismic coupling
function presented in [161] reaches the desired level hth seismic suppression as
represented by the green curve and band. This corresponds to an approximate value
of κseismic,hth,ET ∼ 10−12 above several Hz.

Please note that by treating vertical and horizontal seismic correlated noise inde-
pendently (and neglecting tilt) there is some room for residual contamination. For
future designs of the ET suspensions, dedicated follow-up studies should indicate
whether they sufficiently reduce seismic (correlated) noise or not.

9.4 Correlations in Newtonian noise

As introduced in Chapter 5, NN is a disturbance by local fluctuations in the gravita-
tional field [192, 208, 314]. In this chapter we will only focus on seismic NN and
ignore any possible effect from atmospheric NN.

The formulas to calculate the levels of NN coming from Rayleigh or body waves were
introduced in Chapter 5, respectively in Eq. 5.2 and Eq. 5.6. In those formulas Sξ(f)
represented the PSD of the seismic displacement. Here we will rather use the CSDs
as discussed in the previous section to get an estimate of the levels of correlated
NN. The aim is to provide an estimate of the correlated NN at a horizontal distance
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separation of ∼ 400m. We will assume a homogeneous and isotropic bulk as well as
a flat surface topology.

NN from Rayleigh-waves

For the the calculation of the NN from Rayleigh waves using the measurements of
the vertical seismic field with geophones at Terziet we use the following parameters:
the surface density ρ0,Surface = 2 800kg m−3 [195] and γ = 0.8 (see Fig 10 of [192]).
Furthermore we use vR(f) = 2000 m s−1e−f/4Hz + 300 m s−1 as the Rayleigh wave
velocity in the frequency range 1Hz - 100Hz [97]. For the velocity of P and S
waves we use the estimates of Bader et al. [77], since we will be using the surface
measurements of Terziet for the calculation of the NN from Rayleigh waves. We
use vP (f) = 4.05 km s−1 and vS(f) = 2.4 km s−1 estimated for a depth h > 58.2m
[77].

The term 1/L2(2πf)4 in Eq. 5.2 accounts for the conversion factor from acceleration
to strain, where one test mass was considered. In this study instead, we are interested
in the effect of correlated noise on the baseline formed by two interferometers, e.g.
ET1 and ET2. As illustrated in Fig. 9.1, there are five possible locations where
correlated noise can be introduced in the ET1-ET2-baseline. Therefore, we will
multiply the NN contribution by a factor of 5, assuming conservatively the incoherent
sum of the correlated NN between all the mirror pairs4. In reality, some of them
could show correlated behaviour which would lead to a factor lower than 5. Please
also note that some pairs involve aligned mirror pairs whereas others are misaligned
by 60°. To estimate the NN from Rayleigh waves we used the analytical model
taken from [56] rather than performing a numerical analysis as done in [77]. This
approach is site independent and gives an idea on the orders of magnitude involved.
A site-specific study could be envisioned in the future and will yield more accurate
results. This is however beyond the scope of the study performed as part of this PhD
dissertation.

The resulting effective strain from NN due to Rayleigh-waves are shown in 9.13,
where the CSD of the XPPNA and XIPOA pair was used. In case ET would be built in
a similar seismic environment at the surface, the NN from Rayleigh waves would
impact the detectors ASD up to ∼20Hz-30Hz. However if one considers building
the detector underground at a depth of 300m, the levels of correlated NN from
Rayleigh-waves affecting the ASD are minimal up to 3Hz and non-existing at higher

4This additional factor 5 in Eq. 5.2 is at the level of the PSD, i.e. at the level of the strain ASD it is a
factor

√
5.
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Fig. 9.13.: Strain of the NN with CSD of the surface geophone XPPNA and XIPOA (see
Fig. 9.3) with a horizontal distance of 400 m at the surface (red curve) and at
300 m depth (blue curve). In the two cases considered, the solid line corresponds
to the NN strain from the 50 % percentile, whereas the associated surface is
delimited by the 10th and 90th percentiles of the CSD. The respective gray and
green surface, delimited by the low and high limits of Peterson measurement
[210], are the Rayleigh NN strain of the surface and 300 m depth. The black
line is the ET-Xylophone (ET-D) design sensitivity. Figure produced by G. Boileau
of the University of Antwerp.

frequencies. Again, we can easily see that building the ET underground can lead to
a reduction of the Rayleigh NN.

NN from body-waves

For the calculation of the contribution of the NN from body waves we use a bulk
density of ρ0,Bulk = 2800kg m−3. Furthermore we assume a value of 1/3 for the
mixing ratio of P- and S-waves, p, which accounts for an equal energy distribution
between P-waves and S-waves [192], since the latter has two polarizations.

The resulting effective strain from NN due to body-waves is shown in Fig. 9.14,
where the mean CSD of the two directions NS-NS and EW-EW was taken for the
D2000 and E2000 seismometer pair. This figure shows that correlated NN form
body-waves could affect the ET’s ASD, from before 2Hz up to 10Hz, assuming a
similar seismic environment as the Homestake mine.
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Fig. 9.14.: Strain of the NN with CSD of the Homestakes underground seismometers D2000
and E2000 horizontal displacement measurement (see Fig. 9.9) with a horizontal
distance of 405m at a depth of ∼ 610 m (red curve). The solid line is the body
wave NN strain from the 50 % percentile and the surface associated is delimited
by the 10th and 90th percentiles CSD. The gray surface, delimited by the low and
high limits of Peterson measurement [210], are the body wave NN strain at 610
m depth. The black line is the ET-Xylophone (ET-D) design sensitivity. Figure
produced by G. Boileau of the University of Antwerp.

9.5 Impact of correlated Newtonian noise on the search
for an isotropic gravitational-wave background

Since the search for a GWB is very sensitive, if not the most, to correlated noise
sources we will investigate the impact of the correlated noise described in Sec. 9.4.
In this section we will describe the relevant formalism and discuss the obtained
results. We want to highlight that in this entire section we have used the ET-D design
sensitivity, which is almost identical to the HFLF-cryo sensitivity.

Since the calculated NN is the direct effect of gravity fluctuations on the strain there
is no additional coupling function ‘κNN,ET(f)’ to take into account. The NN in
Eq. 9.3 can either come from Rayleigh waves or body waves, for which SNN was
presented in Chapter 5, respectively Eq. 5.2 and Eq. 5.6.

ĈNN,ET1ET2(f) =NNN,ET 1ET2 ,

where NNN,ET 1ET2 = SNN
γET1ET2(f)S0(f) .

(9.3)
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Fig. 9.15.: The projected impact from correlated NN from Rayleigh waves. The blue line
represents the median value and the associated surface is delimited by the 10%
and 90 % percentiles. We only show the projection for the NN which includes the
attenuation gained by placing the ET 300m below the surface. As a comparison
we also make the same projection using the Peterson low noise and high noise
models. For the broadband (ΩPI

ET) sensitivity to a GWB we assumed one year of
observation time (100% duty cycle).

Fig. 9.15 projects the impact of NN from Rayleigh waves using the Terziet seismic
data assuming a depth of 300m below the surface. Whereas the impact on the
instantaneous sensitivity is shown to be problematic up to ∼ 3Hz in Fig. 9.13,
the effect on the search for an isotropic GWB is affected up to ∼ 5Hz. At higher
frequencies the depth of 300m ensures enough suppression of the NN from Rayleigh
waves to prevent significant impact. For comparison also the NN from Rayleigh
waves is shown using the Peterson low and high noise models.

We indicated earlier more dedicated (site-specific) studies are needed to take the
local geology and anisotropies in the seismic field into account such that a more
accurate noise projection can be achieved. However, the Peterson high noise model
predicts NN from Rayleigh waves can contaminate the search for an isotropic GWB
up to ∼ 6Hz, whereas this scenario represents the very worst case possibility: a very
noisy environment as well as 100% correlated data. This indicates that regardless
of the outcome of more precise site-specific studies investigating the correlations of
seismic spectra at the surface, their impact through NN from Raleigh waves on the
search for an isotropic GWB is expected to not exceed ∼ 6Hz, if the ET is located
300m below the surface.

Fig. 9.16 on the other hand, displays a worrisome level of correlated NN from body
waves which affects the search for an isotropic GWB up to at least 40Hz, the highest
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frequency with reliable data from the Homestake mine. Whereas the effect from
Rayleigh waves decreases with the depth, there is no such reduction present for
the NN from body waves. This leads to levels of correlated noise which are up to
∼ 8×106 (90% percentile), ∼ 6×105 (50% percentile) times larger than the desired
sensitivity at ∼ 3Hz. Even when one would consider the seismic correlated noise
observed during the night at Homestake, this does not alter significantly the impact
displayed in Fig. 9.16. As mentioned in Sec. 9.2 the 90% percentile observed during
the night is similar to the 50% percentile observed during the day and the correlated
NN from body-waves still affects the isotropic search for a GWB up to 40Hz.

Here we would like to point out that the local seismic environment of the ET
candidate sites might give different results than the ones obtained using the data
from the Homestake mine. To this extent site-specific studies of underground
correlation measurements over the scale of several hundreds of meters could give
more insights. Evidently in case the ET candidate site would have lower levels of
correlated seismic noise than observed at Homestake, this will lead to less stringent
constraints. However we also want to note that infrastructure for the ET installed in
the underground environment will create local seismic fields that could be louder
and/or more strongly correlated at the mirrors of the different interferometers. To
this extent it is also crucial to look into the possible disturbances of infrastructure
and methods to reduce their effect. Also, it should be understood whether the effect
from infrastructure or rather ambient seismic environment is the dominant factor.

Noise subtraction for NN is being investigated [61, 75–77, 127, 128, 130, 142,
148, 196, 228, 352], however with a focus to reduce the impact needed to reach
the desired ASD sensitivity. The amount of reduction needed for the search for an
isotropic GWB is many orders of magnitude larger. However, the budget shown in
Fig. 9.16 is at the level of the baseline, such that the improvement of 5-7 orders of
magnitude at ∼ 3 Hz corresponds to an improvement of about 3 orders of magnitude
at every interferometer. Reducing the impact of NN on the ET with such levels is
nevertheless considered to be out of reach. A more realistic (and already optimistic)
level of reduction is a factor of 10 at each interferometer [75], that is a factor of 100
for the baseline. Even with this amount of NN subtraction, NN from body waves
could be expected to contaminate the search for an isotropic GWB up to ∼ 30Hz.
This would not only imply we lose the most sensitive region of the analysis but
also that in the low-frequency region negligible improvement is gained compared
to the expected sensitivity reachable by the LIGO and Virgo instruments after their
A+ upgrades [20]. This will have a dramatic impact on the search for an isotropic
GWB, regardless of the excepted source. As an example for the GWB coming from
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Fig. 9.16.: The projected impact from correlated NN from body-waves. The blue line
represents the median value and the associated surface is delimited by the
10% and 90 % percentiles. As a comparison we also make the same projection
using the Peterson low noise and high noise models. For the broadband (ΩPI

ET)
sensitivity to a GWB we assumed one year of observation time (100% duty cycle).
The one year PI curve of the A+ design for the LIGO Hanford, LIGO Livingston
and Virgo detectors is represented by the dot-dashed curve. This curve was
obtained using the open data provided by the LVK collaborations [243] and was
first presented in [30]. Please note: in this chapter we present the 1σ PI-curve,
whereas in [30] and in Fig. 8.6 the 2σ PI-curve is shown.

unresolved CBC events, more than 95% of the SNR is expected to be below 30Hz for
the Xylophone ET design considered here [298].

As part of the work presented in [100], several more optimistic assumptions where
made concerning the effect of NN from body waves, as shown in Fig. 9.17. The
construction of these optimistic scenarios are broken down as follows. We start
from the yellow curve, which displays the affect of NN from body waves assuming
a seismic spectrum identical to the Peterson low noise model [210] and 100%
coherence. We then assume a NN cancellation by a factor of 3 (i.e. a factor of 9
on the search for a GWB), which is considered as a realistic target (green curve).
The dark orange curve is generated from the assumption that the coherence equals
the median coherence observed in Homestake, as reported in Fig. 9.6. Finally the
pink curve represents the Peterson low noise model multiplied by the coherence
observed at Homestake, as well as a factor of 3 NN cancellation for each detector.
This pink curve represents the most optimistic scenario that one can achieve. In this
case, GWB searches will still be affected by correlated NN up to ∼10Hz.
Here, we would like to note that the factor 3 of NN cancellation typically assumes
the construction of a Wiener filter. However, to be able to construct such a Wiener

9.5 Impact of correlated Newtonian noise on the search for an
isotropic gravitational-wave background
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Fig. 9.17.: The projected impact from correlated NN from body-waves. Apart from the
prediction based on the measurements at Homestake, also presented in Fig.
9.16. Furthermore, several other curves with more optimistic assumptions are
shown as well. Finally the one year PI sensitivity curves are shown for ET’s
HFLF-cryo (light pink) and HF-only (light brown) sensitivity as well as for LIGO’s
A+ design (grey, dot-dashed).

filter the noise source has to couple significantly to the detectors strain ASD. As
the NN in a non-negligible part of the frequency band will be sub-threshold for the
strain ASD on timescales the Wiener filters are calculated, the achieved levels of NN
cancellation could be even lower.

9.6 Conclusion

The ET promises to be a powerful instrument to observe GWs in the coming decades,
outperforming LIGO and Virgo. The ET is also planned to have an unprecedented
sensitivity to GWs in the ‘low-frequency’ region of several Hz to several tens of
Hz [255]. This could significantly improve the capability of the ET to observe a
GWB of either astrophysical or cosmological origin. To illustrate, more than 95% of
ET’s sensitivity to a GWB coming from unresolved CBC events is from below 30Hz
[298].

However this low frequency region is also susceptible to several correlated noise
sources. In Chapter 8 we showed that correlated magnetic fields could affect GWB
searches up to ∼ 30Hz and magnetic coupling functions should be reduced by several
orders of magnitude compared to the observed magnetic coupling at LIGO and Virgo.
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In the same context we have investigated the possible impact from correlated seismic
and Newtonian noise on the ET and its search for a GWB.

We analysed correlations between vertical seismic spectra measured between sensors
of the Terziet surface array [323], with a horizontal separation of several hundreds
of meters. Furthermore, both vertical and horizontal seismic spectra were analysed
for data taken ∼ 610m below the surface at the former Homestake mine [257]. At
both locations significant seismic coherence was observed up to 10Hz, 50% of the
time or more. Also, between 10Hz and 50Hz significant coherence was observed.
Although the observed correlated seismic spectra above ∼ 10Hz are lower during
the nights due to less human activity, no decrease in seismic coherence is observed
during the weekend.

By comparing correlated seismic spectra observed at different horizontal sensor
separation, ranging from ∼ 200m to ∼ 810m, we have tried to identify the possible
impact from the distance between the test masses from two different ET inter-
ferometers. Currently, this distance is foreseen to be about 300m to 500m. The
observed correlated seismic spectra using data from the Terziet surface array do vary
significantly above 1 Hz. However, no pattern related with the distance between
sensors is observed, leading to the conclusion that the variation is most likely due to
local variations in the number and location of the noise sources compared to the
sensor locations. Site-specific studies using the entire array of deployed sensors
should give further insights. However, the data presented here is able to give us an
order of magnitude estimate of the correlated noise and its impact on the ET. The
observed seismic spectra from the more quiet Homestake mine, show no dependence
on horizontal separation between the sensors. The correlated seismic spectra at
Homestake in the vertical direction are also very similar to the horizontal seismic
spectra if one looks at aligned sensors. The correlated seismic spectra between
two perpendicular seismometers is lower up to ∼ 2Hz-3Hz when compared to two
aligned seismometers. At higher frequencies no difference is observed.

The measurements at the surface (Terziet) are used to predict the levels of correlated
Newtonian noise from Rayleigh waves. If the ET were built at the surface, the NN
would have been roughly one order of magnitude above ET’s design sensitivity in
the region of 2Hz - 10Hz. Please note that in these calculations we used a simplified
model not taking into account the entire geological complexity, as was done in
[77]. By building the ET 300m underground a marginal effect on the ET’s ASD is
present up to 3Hz. Similarly we used the underground measurements (Homestake)
to calculate the level of correlated NN from body waves, of which the median is 3-5
times larger than the ET’s design sensitivity between 2Hz and 10Hz.
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The key result of this chapter is the propagation of these correlated seismic and
Newtonian noise estimates onto the sensitivity for the search for an isotropic GWB.
First of all, we presented upper limits on the seismic coupling function which has to
be of the order of κseismic,hth,ET ∼ 10−12 or lower above 2Hz. Secondly, the effect
from correlated NN from Rayleigh waves is found to impact the GWB sensitivity up
to ∼5Hz, in the scenario the ET facility is located 300m below the surface. Finally,
correlated NN from body waves are found to affect the GWB sensitivity up to 40Hz,
with a maximal effect of ∼ 8 × 106 (90% percentile), ∼ 6 × 105 (50% percentile)
at 3Hz. Even with a NN mitigation factor of 10 in each interferometer, the GWB
search would be contaminated by correlated noise from body waves below 30Hz.
Also when considering the seismic correlations during the local night, when minimal
anthropogenic activities take place the impact on the stochastic search remains of
the same order of magnitude, i.e. ∼ 105 − 106 at 3Hz and a non-negligible impact
up to 40Hz.
These results show that in the case of the correlated noise measurements at Homes-
take, the ET would, regardless of design, barely improve upon LIGO’s and Virgo’s
design sensitivity for observing an isotropic GWB. When considering several more
optimistic scenarios the effect of correlated NN from seismic body waves could be
lower. However, even in the most optimistic case of a seismically quiet site and
applied NN cancellation, ET’s HFLF-cryo design will still be affected up to 10Hz for
the search for an isotropic GWB. In the most optimistic scenario ET’s HF-only design
would not be affected. This indicates the potential science gain of the HFLF-cryo
design over the HF-only would become more limited in such a scenario.

The presented results for the effect of correlated NN indicate a negative impact on
the scientific goals for the ET. This subject must be further studied, and subsequent
work has to include simulations for a more accurate prediction of the NN. These
studies could also be envisioned to include site-specific studies to get a more accurate
understanding of the effect at the candidate sites. However, not only the correlated
ambient seismic fields at the sites should be understood, but also the noise from
the infrastructure. This could lead to additional local (and possibly correlated)
seismic noise. One should try to understand whether this effect is dominant over
the sites ambient seismic correlations and if so to which extent clever design and
placement of the infrastructure could decrease this impact. Other studies should try
to understand the interplay between the correlated NN and the ET interferometric
system. An accurate simulation of seismic fields interacting with the ET system
should be performed to understand the possible interplay of the multiple coupling
locations of seismic and Newtonian noise as introduced in Fig. 9.1 Finally, one
can also investigate the possibility of using the null channel as a tool to estimate
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correlated noise. In Chapter 11 we propose a formalism to estimate the ET’s noise
PSD which also gives insight in the cross-correlated noise terms. However, more
work has to be done to understand its efficiency in scenarios with realistic correlated
noise sources, such as the seismic and Newtonian noise as presented here.
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Gravitational-wave geodesy 10
Throughout this entire work there has been a large focus on correlated noise and its
interference with the search for a GWB (Chapters 5-9). In this chapter we will discuss
a method that aims to provide statistical statements on the likelihood of the data
being consistent with a GW signal or instead a correlated noise source. The concept
of this tool called ‘gravitational-wave geodesy’ was already briefly introduced in
Chapter 5. However, in Sec. 10.1 we will give a more detailed introduction. Sec.
10.2 introduces Gaussian Processes, which afterwards, in Sec. 10.3, will be used
in an attempt to construct a false alarm rate for correlated noise. In Sec. 10.4 we
will conclude this work and highlight the assumptions that were made as well as
possible use cases for the future. This method goes beyond the budgets provided in
Chapters 8 and 9 by providing statistical statements. The budgets should be seen
as a method to get a sense of the order of magnitude, indicating possible impact.
This should then be further studied with for instance a tool such as GW geodesy
or Bayesian parameter estimation, as introduced in Chapter 5. As a reminder, in
Chapter 5 an overview is made of the different methods and techniques that could
be used to characterize and/or handle correlated noise.

10.1 Gravitational-wave geodesy: philosophy

In Chapter 4, we introduced the cross-correlation statistic ĈIJ(f) (Eq. 4.11) as an
estimator for the GWB energy density ΩGW(f). In the context of GW geodesy it
makes more sense to not include the ORF, γ(f), in the definition of ĈIJ(f), since
we want to infer the observed ORF. This results in the following definition of the
cross-correlation statistic

ĈIJ(f) = 2
T

Re[s̃∗
I(f)s̃J(f)]
S0(f) , (10.1)

with its expectation value given by [55]

⟨ĈIJ(f)⟩ = γ(f)ΩGW(f). (10.2)
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Given the detection of a GWB, we could seek to infer Ωref and α, as introduced in
Eq. 4.13. Additionally, however, the dependence of our measured cross-correlation
spectrum Ĉ(f) on the ORF means that the GWB could be used to infer the geometry
of our detector network itself. This fact forms the basis of GW geodesy: a true GWB
should yield an inferred geometry consistent with the true geometry of our detector
network. An isotropic astrophysical or cosmological GWB must be consistent with
the expected functional form of our baseline’s ORF. Correlated terrestrial noise
sources, on the other hand, do not necessarily need to follow the behaviour of the
ORF. Thus, there is no reason why non-GW correlated noise sources would prefer the
true geometry over any random geometry [106]. We formalize this test by defining
the following two hypotheses:

• Hypothesis Hγ: The measured cross-correlation is consistent with the true
baseline geometry and ORF.

• Hypothesis HFree: The measured cross-correlation spectrum is consistent with
an unphysical baseline geometry. Under this hypothesis, we treat our detector
positions and orientations as free variables to be inferred from the data,
allowing them to range (unphysically) across the surface of the Earth.

To compare the hypotheses Hγ and HFree, one can construct a Bayes factor B between
these hypotheses to establish which model is favored by the cross-correlated data1

Ĉ,

B = p(Ĉ|Hγ)
p(Ĉ|HFree)

, (10.3)

where p(Ĉ|Hγ) and p(Ĉ|HFree) are the probabilities of finding the observed cross-
correlation – as defined in Eq. 10.1 – given hypothesis Hγ and HFree, respectively2.
Because HFree is a more complex model, it will be penalized by the Bayesian ‘Occam’s
factor’. Therefore, an isotropic astrophysical signal will be consistent with both Hγ

and HFree, but will favor Hγ since it is the simpler hypothesis. Non-GW correlated
noise sources have a priori no preference for Hγ and therefore will be better fitted
by the additional degrees of freedom provided by non-physical geometries, leading
to favouring the HFree hypothesis.

We would like to stress that whereas time-shifted analysis can provide a null dis-
tribution for detection confidence, this is only true if the detector noise has no
correlated noise component. The correlated noise component would namely also

1Note that we have dropped the explicit dependence of Ĉ on the observing detectors I, J . We will do
this for the rest of this chapter.

2Note that this identical equation was already introduced earlier in Eq. 5.7. However, for clarity we
also include the equation here.
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be ‘washed out’ by the applied time-shift. This is exactly where GW geodesy can
provide additional value and make statements about detection confidence of a GWB
with respect to correlated noise sources.

10.2 Gaussian processes

If, in the future, we compute a geodesy Bayes factor B associated with a candidate
GWB, we do not yet know exactly how we should quantitatively interpret this result.
In order to fully understand the statistical significance of a particular Bayes factor,
we need to know how often it arises simply by chance. However, this poses a
dilemma. To quantify a false alarm probability, we would need to know all possible
terrestrial signals, which we do not. So instead, we can ask a similar question: how
often do particular Bayes factors arise from the generic space of smooth functions
in the frequency domain? This latter question can be answered using Gaussian
processes.

Gaussian processes are very flexible and are frequently used for model fitting or
model predictions based on a data set [291]. In this work, we use the Gaussian
processes to produce a distribution of functions with a given mean and variance.
We consider each draw from this distribution to be a possible realisation of a
correlated terrestrial signal. The two main inputs of the Gaussian process are a
covariance matrix, often called the ‘kernel’, and its mean. In this work, we use
the Gaussian processes to generate possible realizations of ⟨Ĉ(f)⟩. The probability
density function for the draws is given in Eq. 10.4. This is the probability to draw
a certain cross-correlation spectrum C(f), from the function space governed by the
co-variance matrix Σ [291]

p(C(f)|µ, Σ) = 1
(2π)n/2|Σ|1/2 ·

exp
(

−1
2(C(f) − µ)T Σ−1(C(f) − µ)

)
,

(10.4)

where n is the dimension of the co-variance matrix Σ.

We generate distributions of cross-correlation spectra with zero mean and consider
one of the most commonly used co-variance matrices, the so called ‘squared expo-
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nential (SE)’. In this case, the covariance between cross-correlation values measured
at frequencies fi and fj is given by [291]

ΣSE,ij(σ, l) = σ2exp
(

−(fi − fj)2

2l2

)
. (10.5)

σ2 is the variance at a single frequency, and while this parameter can be used to
scale the signal strength with respect to observations, it will have no impact on the
spectral shape of the draws from the distribution. l is the characteristic length-scale
over which our C(f) measurements are correlated across frequencies. We would like
to point out that this correlation across frequencies is purely ‘artificial’ and is a means
for us to create a smooth signal curve with certain properties. This is unrelated to
the fact that stationary data has independent frequency bins (see Chapter 4).

In order to utilize Eqs. 10.4 and 10.5, we still need to choose a length-scale parameter
l. We will tune this parameter by deliberately targeting the most conservative
scenario, in which the Gaussian process yields cross-correlation spectra that most
resemble – on average – a proper astrophysical/cosmological signal. In doing so, we
will always obtain conservative estimates of the false alarm probability for a given
geodesy Bayes factor.

To select the most conservative value of the length-scale parameter, we will maximize
the probability for our target astrophysical signal itself to be drawn from the Gaussian
process. The cross-correlation spectrum we expect from a GWB is C(f) = γHL(f) ·
Ωref

(
f

fref

)α
:= Cα(f), with α = 0, 2/3 or 3, where we approximate the mean to be

zero. These are the power-laws typically searched for by the LIGO, Virgo and KAGRA
collaborations [30]. Note that we have chosen the Hanford-Livingston baseline as
our observing baseline. This baseline is the most sensitive for observing an isotropic
GWB, due to their better sensitivity compared to Virgo but more importantly because
their ORF is considerably larger. The log-likelihood of this signal under our Gaussian
process is

ln(L) = ln p(Cα(f)|µ = 0, Σ)

= − 1
2 ln(|Σ|) − 1

2Cα(f)T Σ−1Cα(f) + constants.
(10.6)

As we will later freely adjust the overall amplitude of our Gaussian process draws in
order to vary their SNRs, we will optimize only the length parameter l, fixing the
overall covariance to σ2 = 1. Accordingly, for consistency we normalize our target
astrophysical signal via

C̃α(f) = Cα(f)√
Var Cα(f)

, (10.7)
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choosing the l that maximizes ln p(C̃α(f)|µ = 0, Σ).

In practice, the inversion of Σ is unstable, with a determinant that is nearly zero. To
increase stability, we add a diagonal term to the co-variance matrix: Σ → Σ + ϵ I,
with I the identity matrix and ϵ a small dimensionless constant, here chosen to be
10−3. This diagonal term can be interpreted as a noisy observation of our function
Cα(f).

We optimize the kernel parameter l using the formalism described above, in the fol-
lowing parameter range: l ∈ [10−4 Hz, 104 Hz]. The optimal length-scale parameter
to mimic a power-law with slope α = 0, 2/3 and 3 are respectively: l = 47.65 Hz,
33.18 Hz and 29.20 Hz, determined using a 0.01Hz frequency resolution for l.

In Fig. 10.1, we show several random draws from the Gaussian process described
by the SE-kernel, optimized to most closely match an α = 2/3 astrophysical signal,
as well as the signals we expect to observe from unresolved binary mergers and
terrestrial Schumann resonances. Here we have chosen α = 2/3 since this GWB is
the signal expected to be first observable by advanced LIGO and advanced Virgo.

The Schumann resonance spectrum used here is identical to the spectrum used in
the first description of GW Geodesy [106]. This spectrum is obtained by replacing
the strain data s1 and s2 in Eq. 10.1 by data from magnetometers measuring the
Schumann resonances in a magnetically quiet location, the Hylaty station in Poland
as reported in [134]. We furthermore assume that the coupling function linking
environmental magnetic fields to GW interferometers is a power-law that declines as
∝ f−2 in frequency [106]. An important assumption about our correlated magnetic
spectrum is that it is positive since the frequency dependent sign of the cross-power
between the two LIGO sites is unknown. More detailed studies in the future could
investigate the effect when relaxing this assumption. In this context two models
have been developed modeling a Schumann resonance; first a simple analytical
model [204] and secondly a more complex model taking the anisotropic character
of lighting strikes sourcing the Schumann resonances into account [203]. These
analytical models give a mathematical framework to investigate the departure of
the assumption of a fully positive magnetic cross-spectrum as a function of the
magnetic phase angle between the two sites [204] or the global lightning density
map [203].

Fig. 10.1 illustrates that the SE-kernel with optimized parameters is able to produce
cross-correlation curves which are, on average, functionally similar to the true-signal
curve. As discussed above, this behavior is deliberately conservative, maximizing
the probability that our Gaussian process will spuriously yield cross-correlation
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Fig. 10.1.: The expected cross-correlation for an astrophysical background from unresolved
binary systems (blue/bold), Schumann resonances (orange) and 20 random
draws from the SE kernel (gray). The kernel-parameter used for the Gaussian
process instantiations is the optimal value for mimicking an 2/3-power-law
signal, as described in the text. The injected signal strength yields SNR = 3
after a 3-year long observation at LIGO’s design sensitivity.

measurements with favorable geodesy Bayes factors. As already was stated in the
initial implementation of the GW Geodesy framework, having similar zero-crossings
might play a crucial role in mimicking a signal [106]. Everywhere in this analysis we
investigate the GW Geodesy framework in the frequency range of 10–250 Hz with a
frequency resolution of 0.24 Hz. The lower limit is based on the lowest frequency
that can be observed by current ground-based interferometers. Because of the
combined effects of the ORF and the reduced sensitivity at higher frequencies, there
is a negligible gain when going to higher frequencies compared to the computational
costs. For example, when looking for an isotropic power-law signal using the HL-
baseline with a power-law slope of α =0, 2/3 and 3, 99% of the sensitivity during
the latest O3 run was respectively contained below 76.1 Hz, 90.2 Hz and 282.8 Hz
[30].

In the rest of this chapter, when we mention a Gaussian process signal, we are
referring to a Gaussian process with a SE kernel and a length-scale parameter
optimized for the relevant power-law slope α. Also, when mentioning ‘unknown
correlated noise sources’, we refer to this Gaussian process signal, which in this
study serves as a conservative proxy for these unknown correlated noise sources.
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10.3 False alarm probabilities and detection confidence

10.3.1 Simulations

Using our Gaussian process machinery, we will explore the false alarm probabilities
and statistical significance associated with geodesy Bayes factors. We will make use
of three different sources of cross-correlation: a power-law signal with slope α, mag-
netic Schumann resonances and a proxy for unknown terrestrial cross-correlation
mimicking an α-power-law signal using Gaussian processes. As a proof of concept
we will start by investigating Bayes factors given by signals with SNR=3 after three
years of observation at LIGO’s design sensitivity [20]. This specific signal-to-nose-
ratio is chosen as this is the fiducial value when one might first claim (a hint of)
evidence for a detected GWB.

The signal-to-noise ratio of our model signal Cα(f) is given by

SNRα =
∫

f Ĉ(f)Cα(f) × σ2
α/σ2

σα
,

with

σ2
α =

(∫
f

Cα
2(f)

σ2

)−1

.

(10.8)

In what follows we will drop the subscript α and refer to the signal to noise ratio
SNRα as just SNR. One can compute the expected SNR or the observed SNR. In
the former case Ĉ(f) is the injected signal, whereas in the latter case Gaussian-
distributed noise consistent with Eq. 4.12 has been added to each frequency bin of
Ĉ(f).

When performing an injection for a certain power-law with slope α = 0, 2/3, 3, the
signal is injected with an expected SNRα of the desired strength. Note that in case of
the Schumann signal as well as the Gaussian process signal, sometimes a power-law
with a different slope might be recovered with a higher SNR as their spectral shape
can align better with a different power-law: SNRα̃ > SNRα, where α̃ ̸= α.

Note that the SNR defined in Eq. 10.8 can be positive if the data matches well
with our signal model or negative if the data anti-correlates with our signal model.
Here our signal model consists of the true HL overlap reduction function with a
power-law GW signal. As we are concerned primarily with signals we might mistake
as astrophysical, we will only investigate those that yield positive SNRs as observed
by the HL baseline. Therefore, if the SNR of a Gaussian process draw is negative
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at the target α (0, 2/3 or 3), it is rejected and a new signal is simulated. This
happens, on average, 50% of the time. The rejection of this signal is chosen to
match a realistic experimental condition. In case of a detection, one would like to
apply this tool mainly to a positive SNR detection, whereas a negative SNR detection
would immediately be categorized as unphysical. Note that this only applies for an
isotropic GWB. As discussed in Chapter 4, a point source could, depending on its sky
localisation, yield a negative SNR when searched for using analysis methods for an
isotropic GWB.

Fig. 10.2.: Probability density of lnB for an astrophysical α = 2/3 power-law signal, random
draws from a Gaussian process using our optimized (most conservative) SE-
kernel and a Schumann signal. The lowest bin contains all lnB ≤ −6. For
each signal type 5000 injections were performed with an injection strength of
SNR=3, when recovered with an α = 2/3 signal model. We note that there is a
strong separation between a Schumann signal and an astrophysical signal. Even
though a significant fraction of the Gaussian process signals have large negative
log-Bayes factors, there is also a substantial fraction which is able to very well
mimic the astrophysical signal and achieve similar log-Bayes factor. Also, note
that the the loudest reported log-Bayes factor in this figure is from the Gaussian
process.

For our three signal classes, we simulate and analyze 5000 cross-correlation spectra.
In the case of the astrophysical power-law and Schumann resonances, this involves
generating 5000 distinct Gaussian noise realizations that are added to the fixed
underlying models. Under our Gaussian process, meanwhile, each trial involves a
random draw from our Gaussian process (restricted to positive SNR) and a randomly
generated noise spectrum. For every injection, we use PyMultiNest to compute
Bayesian evidences [104], using 2000 live-points. PyMultiNest is a python interface
for MultiNest [166, 167], which is an implementation of the nested sampling
algorithm [328, 329].
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The model corresponding to our hypothesis Hγ has two free parameters, the refer-
ence amplitude Ωref of the signal at fref = 25Hz and the power-law slope α. We use
a log uniform prior for the reference amplitude between 10−12 and 10−6. For α we
use a Gaussian prior with zero mean and a standard deviation of 3.5. Our alternative
hypothesis HFree has three additional free parameters, the distance between the two
interferometers ∆x and the rotation angles of your interferometers ϕ1 and ϕ2 [106].
We use uniform priors on ϕ1 and ϕ2 (0,2π). Furthermore we use a uniform prior
on cosθ, where ∆x = 2REarth sin θ/2. This corresponds to a prior on the distance
between the detectors: p(∆x) ∝ ∆x. These priors are chosen to be consistent with
earlier work [106].

Figure 10.2 represents the log-Bayes distribution for the different signal models,
assuming SNR=3 and α = 2/3. The lower bin in the histograms also includes all
simulations with a recovered log-Bayes factor smaller than -6. The smallest log-Bayes
factor for an injection with a Schumann signal is approximately -23, whereas this is
approximately −6 × 107 in case of the Gaussian process signal.

First, we notice the overlap of the histograms of the Gaussian process and the
power-law signals is significantly larger than the overlap between the Schumann
signal and the power-law signal. This shows the selection of the Gaussian process
parameters in section 10.2 is successful and indeed yields a conservative condition,
where the Gaussian process is able to mimic the power-law signal. However, it also
shows what possibly is one of the weaknesses of current implementation of the tool:
our Gaussian process might be overly conservative as it is able to very well mimic
the α = 2/3-power-law, and therefore to a large extent yielding similar log-Bayes
factors.

On the other hand, whereas power-law signals yield a handful of mildly negative
log-Bayes values, the Gaussian processes give an extended tail towards negative
log-Bayes factors, which will further grow as we increase the SNR of our injections.
This illustrates the intrinsic random nature of the Gaussian process. Despite the
process being able to produce signals mimicking the power-law signal, at the same
time, other types of signals are produced which are not properly described by a
power-law.

Assuming that the Gaussian process is a (very) conservative, estimate of a terrestrial
contamination for isotropic GWB searches, we can construct an upper bound on
the false alarm probability and detection probability associated with our geodesy
Bayes factors. The false alarm probability (FAP) is the probability with which our
terrestrial signal (for which the Gaussian process is our proxy) gives a geodesy
Bayes factor as high or higher than the Bayes factor we recover from our actual
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data. The detection probability gives the probability to detect the signal at a certain
FAP/log-Bayes factors. The detection probability and false dismissal probability
(FDP) are linked to each other by: FDP = 1 − det.prob.; where the FDP is a figure
of merit of the probability to wrongly reject the signal model.

For future observations, we would like to have the FAP to be as small as possible
(i.e. unlikely to be a false signal) and a large detection probability (i.e. likely to be
true signal). Generally, before analysing the data, one chooses a FAP considered to
be the largest allowed value, for example 5% or 1%. Given a signal injected with a
SNR=3 the log-Bayes factors and detection probability are listed in Table 10.1 for a
FAP of 5% and 1%. We also show the results when looking for a power-law signal
with slope α = 0 or 3. We see, for example, that given an apparent detection of the
GWB with SNR = 3 under an α = 2/3 model, there is no more than a 5% chance
that a log-Bayes factor ln B = 2.94 would arise from a non-astrophysical signal.

We notice that for a given FAP, the detection probability becomes higher for power-
law signals with a steeper slope (larger α). However all reported detection probabili-
ties are very small. This is linked to our Gaussian process being (overly) conservative
and is very good in mimicking the GW power-law signals. This was already clear
from Figure 10.2 for α = 2/3.

Table 10.2 shows the same for an injected signal with SNR=5 when looking for
a power-law with slope α = 0, 2/3 or 3. The detection probability for a flat and
2/3-power-law remains very small. Note that for a flat power-law the detection
probability even decreases slightly when going from SNR=3 to SNR=5. For an α = 3
power-law there is on the other hand a drastic increase in detection probability
when going from SNR=3 to SNR=5.

Table 10.3, for comparison, lists log-Bayes factors and detection probabilities when
one compares the power-law signals with a Schumann signal with an injection
strength of SNR=3. For a fixed FAP of 1%, the detection probability is >99%
meaning the GW Geodesy tool is very effective in differentiating a Schumann signal
from a power-law signal. Here we have to take the assumptions into account
used to generate the Schumann resonance signal. Future work should investigate
whether the results presented here still hold when using different assumptions when
generating the Schumann resonance signal, as well as which scenario is most likely
the true situation.

As searches for the GWB accumulate SNR slowly over the course of months to
years, the above scenario in which a candidate signal has a moderate SNR = 3
represents a realistic situation in which we will first need to use the geodesy test. It is
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α = 0 α = 2/3 α = 3
FAP lnB det. prob. lnB det. prob. lnB det. prob.

5.0% 2.95 6.92% 2.94 10.56% 3.42 15.44%
1.0% 3.68 0.76% 3.72 1.78% 4.04 8.10%

Tab. 10.1.: The log-Bayes factor and detection probabilities matching a FAP of 1% and
5% comparing a α-power-law GW signal and a Gaussian process signal. For
each signal type 5000 injections were performed with an injection strength of
SNR=3.

α = 0 α = 2/3 α = 3
FAP lnB det. prob. lnB det. prob. lnB det. prob.

5.0% 3.54 6.78% 3.67 15.54% 3.91 67.08%
1.0% 4.12 0.62% 4.30 1.80% 4.71 41.40%

Tab. 10.2.: The log-Bayes factor and detection probabilities matching a FAP of 1% and
5% comparing a α-power-law GW signal and a Gaussian process signal. For
each signal type 5000 injections were performed with an injection strength of
SNR=5.

α = 0 α = 2/3 α = 3
lnB FAP det. prob.

-0.82 5.0% 99.72% 99.64% 99.60%
-0.55 1.0% 99.44% 99.28% 99.28%

Tab. 10.3.: The log-Bayes factor and detection probabilities matching a FAP of 1% and 5%
comparing a α-power-law GW signal and a Schumann signal. For each signal
type 5000 injections were performed with an injection strength of SNR=3.

instructive, however, to more broadly investigate how the distributions of log-Bayes
factors evolve as a function of SNR. To do this, we simulate signals with strengths
logarithmically spaced between SNR=0.1 and SNR=100. Here we will only be
looking at the α = 2/3 case, injecting astrophysical α = 2/3 power-law signals and
drawing random ‘terrestrial’ signals from our Gaussian process optimized to this
same power-law form.

As mentioned above, the free parameters are the reference signal strength Ωref at
25Hz and the power-law slope α in case of our hypothesis Hγ . For the hypothesis
HFree, the set of five free parameters consist of Ωref , α, ∆x, ϕ1 and ϕ2. Note that for
our astrophysical signal, even though we inject α=2/3 our best fit α may well differ
due to different noise instantiations, whereas for the Gaussian process realizations α

will adjust to best fit the random signal with a power-law .

In Figure 10.3, the median of the α-posterior is shown with respect to the SNR at
which this signal would be observed by the HL-baseline. Note that both α and SNR
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are calculated from the posterior consistent with the HL-baseline. Although this
might be disfavoured with respect to the posteriors from the Random-Baseline, we
are interested on how the HL-baseline would observe such a signal.

For extremely small SNR (< 1), α is closely centered around 0 for both the true
power-law GW signal as well as the simulated Gaussian process signal. These signals
are so weak that whatever we observe is dominated by the Gaussian background
of our search. This Gaussian background has by definition no power-law slope and
therefore matches α = 0.

When our signal has a strength of order SNR=1, the retrieved values of α are still
centered around zero, but the variance increases. The posterior-median α spans a
range from large negative to large positive power-law slopes. There starts to be some
excess but given the weak strength of the signal the randomness of the Gaussian
background can drive the large negative or positive α.

The behaviour for power-law GW signals and the Gaussian process signals starts
to differ from SNR ∼ 10. In the case of a power-law signal, the variation on α

drastically decreases and the center of the retrieved values shifts from 0 to the real
value: 2/3. Whereas in case of the Gaussian process signal, α (slightly) prefers to
take a positive value, there is a large variation on its recovered value. The bulk of
the recovered α values lies between α = −2 and α = 3. This seems to indicate that
with large enough SNR, we can make a clear distinction between a power-law GW
signal and some unknown (terrestrial) correlated noise sources, simulated by the
Gaussian processes.

To further strengthen this statement, Figure 10.4 shows the log-Bayes factor between
Hγ and HFree as a function of the observed SNR. Weak signals are on average unable
to differentiate between Hγ and HFree, leading to log-Bayes factors ∼0. When the
observed SNR reaches values ∼1, the log-Bayes factor of the power-law 2/3 signals
starts to prefer positive values, with increasing LogBayes for increasing SNR. This is
consistent with both our expectations for a true signal as well as the earlier results
of the GW Geodesy tool [106].

At the same time, the data from the Gaussian process starts to separate into two
categories when the SNR reaches order one. One population of signals starts to prefer
negative log-Bayes factors, preferring HFree over Hγ . These are the signals that look
nothing like a power-law signal as observed by the HL-baseline. However, there is
also a population of signals that starts to prefer positive log-Bayes factors. These are
the signals that succeeded in mimicking the HL-baseline α = 2/3 power-law signal
to a (very) good extent. This behaviour is expected because we purposely chose
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Fig. 10.3.: The median of the posterior of the power-law slope α is represented against
the median of the SNR-posterior, assuming the signal has been observed by the
HL-baseline. Each point in this scatter plot represents one injected signal. For
each signal type 5000 injections were performed with a logarithmically spaced
injection strength between SNR=0.1 and SNR=100.

our Gaussian process parameters to have this kind of behaviour, which is the key
ingredient in creating conservative estimates for the FAP. However, as the observed
SNR keeps on increasing the population of signals with positive log-Bayes factors
decreases at the cost of the population with negative log-Bayes factors. Although at
high SNR, the probability for a Gaussian process to have high, positive log-Bayes
factors is very small it is still non-zero.

Fig. 10.3 and Fig. 10.4 enable us to make statements on the distinctive character
of our tool to differentiate a power-law GW signal and some unknown (terrestrial)
correlated noise sources, simulated by the Gaussian process.

10.3.2 Detection probability curve

We construct a detection probability curve – for the situation α = 2/3 – where we
show the behaviour of the detection probability versus the SNR of the signal for
several fixed false alarm rates. Injections at five different SNRs were performed:
1.25, 3, 5, 10 and 20. At each SNR, we performed 5000 injections for both the
conservative Gaussian process signal as well as an α = 2/3 power-law signal. The
result is shown in Fig. 10.5.

The results indicate our Gaussian process is very conservative. Given a FAP of 1%,
the detection probability at SNR 20 is not even reaching 40%. A detection probability
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Fig. 10.4.: The Log-Bayes factor comparing a 2/3-power-law signal with a Gaussian process
is represented against the median of the SNR-posterior, assuming the signal
has been observed by the HL-baseline. There are 40 events with lnB < −105,
which are not shown in this figure. The smallest lnB = −5.3 × 107. Each
point in this scatter plot represents one injected signal. For each signal type
5000 injections were performed with a logarithmically spaced injection strength
between SNR=0.1 and SNR=100.

Fig. 10.5.: Detection probability of a 2/3-power-law signal, for false alarm probabilities of
1% (red), 5%(green), 10%(orange) and 25% (blue). The black dashed lines
indicate a detection probability of 50% and 100%. Signals were injected at SNR
= 1.25, 3, 5, 10 and 20. For each signal type and SNR 5000 injections were
performed.
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of 50% and 100% is indicated by the black dashed curves. Given a FAP of 5%, a
detection probability of 50% is reached above SNR=10. As shown in Table 10.2,
in case of a power-law with SNR = 5 and a steeper slope, e.g. α = 3, a detection
probability of 41% (67%) is reached for a FAP of 1% (5%). This seems to indicate
that even with our very conservative Gaussian process signal generation, a GWB
signal with steeper power-law slope is more easily distinguishable from correlated
terrestrial noise, here modeled by the Gaussian process.

10.3.3 Application to a real life scenario - O2 outlier

When analyzing the results of their second observing run, the LIGO and Virgo
collaborations observed an excess with a SNR=1.25 for a power-law model with
α = 2/3, as well as α = 3 [14]. At the time of this observation, it was stated the low
SNR excess was very likely due to random fluctuations in the data. This is confirmed
by the lack of detection by the subsequent O3 results [30]. With the geodesy tool
described in this chapter, we could, at the time of the O2 observation, have answered
a complementary question: given that we have observed an excess with SNR=1.25
for a power-law model with α = 2/3, what is the probability the observed signal is
due to a source of correlated noise instead of GWs. Although the O3 results have
confirmed the excess was just a random fluctuation, it is instructive to demonstrate
how the geodesy tool could be used in the future. In our demonstration, we will
only investigate the excess given a power-law with α = 2/3, although one can easily
apply the tool to the α = 3 case as well.

In what follows we will use the public available cross-correlation spectrum observed
by LIGO during O2 [21] to compute the logBayes-factor linked to this observation.
To construct the FAP and detection probability, we performed injections of the
conservative Gaussian process signal, Schumann resonances, as well as a 2/3-power-
law signal with an observed injection strength of SNR=1.25. All injections consist
of 5000 samples and result in the distribution of log-Bayes factors shown in Fig.
10.6.

The log-Bayes factor for the observed signal of the O2 run by LIGO and Virgo was
computed and found to be 0.063. Given the distributions from the simulations
shown in Fig. 10.6, the observed signal is consistent with a FAP of 39.00% ± 0.02%
and a detection probability of 46.80%±0.02%. The high FAP does not give us enough
confidence to prefer a GW signal over a correlated noise source.

However if one compares a GW signal with a correlated signal coming from Schu-
mann resonances a FAP of 1.00% ± 0.02% is found, effectively ruling out Schumann
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Fig. 10.6.: Probability density of lnB for an astrophysical α = 2/3 power-law signal, random
draws from a Gaussian process using our optimized (most conservative) SE-
kernel and a Schumann signal. The lowest bin contains all lnB ≤ −4. For
each signal type 5000 injections were performed with an injection strength of
SNR=1.25. The choice of α = 2/3 and SNR=1.25 matches the parameters of
observed outlier of the O2 results for an isotropic GWB [14]. For a low SNR
outlier the GW Geodesy tool has very limited power, as can be seen by the
high level of overlap between the Gaussian process and the astrophysical signal
distributions. However, it can be confidently excluded that the O2-outlier was
caused by a Schumann signal.

resonances as possible source with high confidence. This is consistent with pro-
jections showing there was no significant magnetic coupling in the analysis for an
isotropic GWB using O2 data [14].

10.4 Conclusion and outlook

In this chapter, we presented a tool that requires the observed signal to be consistent
with the geometry of the observing detectors. We use Gaussian processes as a
conservative proxy for the unknown space of all terrestrial correlated signals that
might impact the search for an isotropic GWB. This enables us to make quantitative
statistical statements and false alarm probabilities concerning the origin of the
observed signal. The framework was applied to a SNR=1.25 excess for an α =2/3-
power-law , observed by the LIGO and Virgo collaborations during their second
observing run. Based on this analysis there was not enough evidence to prefer a
GWB-signal over terrestrial correlated noise. However, Schumann resonances were
effectively ruled out as possible source.
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In this section we discussed how this GW geodesy tool can be used in the future
as well as the assumptions used in the current work and the possibilities for future
improvements.

The primary use for this tool is to apply it to the observed cross-correlation spectrum
when (a hint of) a power-law isotropic GWB is observed. From analyzing the data
three estimated parameters will be needed as input for the GW Geodesy tool we
are describing here: the power-law index α, the observed SNR and the log-Bayes
factor between HFree and Hγ for the observed signal. The observed α will be used
to re-optimize the kernel parameters to get the most conservative scenario for this
specific power-law. The SNR will dictate the injection strength of our data. This
will lead to a figure equivalent to Fig. 10.2 in this work and log-Bayes factors
linked to a certain FAP as in Tab. 10.1. If the observed log-Bayes factor is larger or
equal than the log-Bayes factor linked to the desired FAPdesired (fixed beforehand)
we can state that the correlated noise hypothesis is excluded with the confidence
1-FAPobservation.

Both in its current and previous form [106], the GW Geodesy tool can only be used
to validate an isotropic GWB. We are currently working to extend this analysis for
use with anisotropic GWB searches.

In this chapter we have only demonstrated the tool for the HL-baseline, since this
is currently the most sensitive detector-pair for an isotropic GWB. It is however
very easy to apply this technique to any preferred detector pair. At some point the
ever increasing detector sensitivities and long observation times may enable the
detection of a GWB by more than one detector pair. The current tool is able to make
statements on all the baselines separately, but one can imagine extending the tool to
get one overall figure of merit to make statements for the entire detector network.

It is important to note that the framework demonstrated in this chapter is only tested
when there is either a power-law GW signal present or a globally coherent noise
source. The separation between a true GW signal and correlated noise becomes
less straightforward if they are both present at the same time with similar strengths.
In case of a known noise background a technique as proposed in [267] (see also
Chapter 5) could be used to search for both sources at the same time.

When applying this tool to a signal coming from Schumann resonances we assumed
the magnetic Schumann spectrum to have a positive cross-power, since the (possibly
frequency-dependent) sign is not known for the Hanford-Livingston baseline. In
the future the departure from this assumption could be investigated by relying on
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analytical models describing Schumann resonances and their global cross-power
[203, 204].

Instead of only considering power-law signals, one could also investigate more
complex models. In the earlier implementation of the GW Geodesy framework [106]
it was shown that the tool is quite robust against modeling a broken power-law with
a single power-law. This could mean the framework is mainly sensitive to the zero
crossings of the overlap reduction function.
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The null channel: a tool for
power spectral density
estimation

11

In Chapter 8 and Chapter 9 we highlighted how magnetic, seismic, and Newtonian
noise could seriously endanger the science potential of the Einstein Telescope. The
potential danger of correlated seismic and Newtonian noise is a direct consequence of
the design in which three interferometers are organised in a(n) (almost) co-located
equilateral triangular configuration. Even though this configuration clearly comes
at a cost, it also comes with advantages, which where already briefly mentioned in
Chapter 2. In this chapter we will focus on the sky-independent null channel (Sec.
11.1) and how it can be used for PSD estimation in an idealized scenario. In Sec.
11.2 we will formulate a more complicated scenario which takes into account the
complexity of correlated and non-identical noise sources in the different detectors.
This will be demonstrated using several examples in Sec. 11.3. Finally we will
discuss how this formalism can be used in a Bayesian framework to estimate noise
PSDs as well as the contributions from correlated noise (Sec. 11.4).

11.1 The sky independent null channel: a
gravitational-wave insensitive channel for a
triangular configuration of interferometers

11.1.1 Motivation

Given the expected sensitivities for ET, CE and LISA, it is predicted they will observe
a large number of overlapping signals [57, 294, 297]. The constant presence of
numerous signals will make the estimation of the noise PSD of the these interferome-
ters challenging, while unbiased noise PSD estimation is a key ingredient for all GW
detection pipelines. A first method to deal with this is to perform a joint estimation
of noise and signal parameters [119, 152]. However, in the case of a triangular
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configuration of interferometers one can also use the so-called (sky independent)
null channel (also know as null stream or symmetrized Sagnac) [297, 332, 351]. For
a network consisting of N detectors one can construct N − 2 sky location dependent
null streams [187, 338, 363–365], i.e. a null channel which depends on the sky
position of the GW source it is insensitive to. However, in the case of a triangular
configuration of three interferometers, there is a unique null channel which is insen-
sitive to GWs from every direction simultaneously. In the context of the GWB, which
targets unresolved sources with an isotropic or extended sky location, one can only
use this unique null channel of a triangular configuration of interferometers. In the
remainder of this chapter we refer to the sky-location-independent null channel as
the ‘null channel’.

As explained in Chapter 2, the proposal of the third generation ET interferometric
GW detector – as well as the space-based LISA – uses an equilateral triangular
composition. For the ET [297], the null channel and its PSD estimation capabilities
have been demonstrated in the case of identical and uncorrelated noise for the
three different interferometers. A more recent study investigates the effectiveness of
the null channel in the presence of noise transients, also known as glitches [182].
Also the authors of [366] describe the benefit of using a null and signal space for
parameter estimation in the context of the ET. The consideration of using signal
and null space is more extensively discussed in the context of LISA [40, 41, 79,
93–95]. Some of these works investigate the possibility of correlated noise [40,
41, 93–95] and other work, non-identical noise [79]. To a smaller extent the null
channel was also discussed in context of the space-based TianQin detector [240].
However, especially in the context of the ET, more work is needed to go from the
relatively simple example used in [297] to more complex and realistic situations.

While the null channel might be a necessary tool for PSD estimation, it might
also be valuable for data quality and the identification and characterisation of
correlated noise sources. Correlated noise is particularly problematic for unmodeled
sources of GWs which depend on cross-correlation methods, i.e. the search for a
GWB and searches for poorly known transient signals, called GW bursts, such as
core collapse supernovae. The basic search method for the GWB relies on cross-
correlations between detectors. However, correlated noise can limit the sensitivity
of these searches. A large distance between the detectors of the baseline can greatly
reduce the amount of correlated noise. Only some global sources as explained
in Chapters 5, 7 and 8 remain correlated on the scale of thousands of kilometers.
When using (nearly) co-located detectors, cross-correlating data from the detectors
no longer suppresses the same amount of noise source, since both detectors are
to a large extent affected by the same local noise sources. Such searches were
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conducted in the past using the two co-located LIGO Hanford detectors: H1 and H2
[2, 175]. During the analysis of the H1-H2 data from the fifth science run of initial
LIGO [2], the frequency band 40Hz to 460Hz was not used in the analysis for an
isotropic GWB due to insufficient mitigation of correlated noise. Several methods,
such as time shifting the data and computing coherence with environmental noise
monitoring channels were used to ensure as best as possible that the other frequency
regions were not significantly affected [2, 175]. For the ET there have been several
studies investigating correlated noise as described in Chapters 8 and Chapter 9
for correlated magnetic and correlated seismic and Newtonian noise. Based on
LISA pathfinder data, some preliminary noise correlation studies have also been
performed [92]. Correlated effects from micro-thrusters, the magnetic field and
temperature variations on the test-mass system can be expected [92].

This implies the three interferometers of the ET and LISA configurations might have
many (local) correlated noise sources, which will lead to a non-negligible impact of
these noise sources on the cross-correlation spectrum used in searches for a GWB.
For ET, one could use a similar technique as used for the H1-H2 analysis [2, 175]
and rely on environmental and instrumental monitors. However, as was the case
for the H1-H2 analysis [2, 175], this method might be insufficient to ensure a clean
spectrum in the entire sensitive frequency range of the ET detector. Furthermore,
noise that couples non-linearly to the detector (e.g. scattered light) would not
be taken into account by these methods [2, 175]. While the environmental and
instrumental monitoring will be very important, one should aim to do better by
using additional techniques.

In this chapter we expand on previous studies by presenting how to perform PSD
estimation in the case of correlated and non-identical noise. Whereas earlier work
has investigated non identical [40, 41, 93–95, 182] and correlated noise [79]
separately, we present one formalism to address both non-identical and correlated
noise simultaneously. While such a formalism is needed to achieve unbiased PSD
estimations, it also provides further information on the correlated noise sources,
which is interesting in its own right, particularly for GWB and burst searches.

11.1 The sky independent null channel: a gravitational-wave
insensitive channel for a triangular configuration of

interferometers
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11.1.2 Formalism

If one formulates an equilateral triangular formation of three interferometers, their
detector response functions, first introduced in Chapter 2 (Eq. 2.3), are given by

d̂X = 1
2(ê1 ⊗ ê1 − ê2 ⊗ ê2),

d̂Y = 1
2(ê2 ⊗ ê2 − ê3 ⊗ ê3),

d̂Z = 1
2(ê3 ⊗ ê3 − ê1 ⊗ ê1).

(11.1)

The null channel is the sum of the strain output of three interferometers in an
equilateral triangle, which we will call X, Y and Z. Each detector measures a strain
time series sI(t), which consists both of noise nI(t) as well as a GW component
hI(t),

sI(t) ≡ nI(t) + hI(t), (11.2)

where I runs over X, Y and Z. The null channel is given by the sum of the output
of the three interferometers [93, 297]:

snull(t) ≡
Z∑

I=X

sI(t)

=
Z∑

I=X

nI(t) +
Z∑

I=X

∑
A

dI
ijeij

AhI
A(t)

=
Z∑

I=X

nI(t) +
∑
A

(
Z∑

I=X

dI
ij

)
eij

AhI
A(t)

=
Z∑

I=X

nI(t),

(11.3)

since from Eq. (11.1) follows
∑Z

I=X d̂I = 0̂. Regardless of the waveforms and polar-
ization A of the GWs, the sum of three interferometers which form an equilateral
triangle, as is the case for ET and LISA, becomes insensitive to GWs. Since this sum,
the null channel, is insensitive to any GW signal, one can use it to estimate the
noise sources present in the detectors. However the calculation assumes the arms of
the different interferometers are exactly co-located. For the ET, deviations can be
expected since the terminal and central stations of two different ET interferometers
are separated by about 300–500 m [161]. In this chapter we do not consider any
such deviations and assume the interferometers to be exactly co-located, leading
to a perfect null channel. Furthermore, the null channel deteriorates for higher
frequencies in an interferometric gravitational-wave detector. This is due to finite
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arm length effects. There are further imperfections when the arm lengths are not
exactly equal, as will be the case for LISA [40]

We introduce the PSD of the strain of interferometer I, SI
s ,

⟨sI(f)sI,∗(f ′)⟩ = 1
2δ(f − f ′)SI

s (f)

= 1
2δ(f − f ′)

[
SI

n(f) + SI
h(f)

]
,

(11.4)

where SI
n(f) and SI

h(f) are respectively the noise and GW PSDs for interferometer I.
The CSD of the strain of interferometers I and J , SIJ

s (f), is given by

⟨sI(f)sJ,∗(f ′)⟩ = 1
2δ(f − f ′)SIJ

s (f)

= 1
2δ(f − f ′)

[
SIJ

n (f) + SIJ
h (f)

]
,

(11.5)

where SIJ
n (f) and SIJ

h (f) are respectively the noise and GW CSDs for interferometers
I and J .

The quantities SI
h(f) and SIJ

h (f) depend on the response of the interferometer(s)
I and I and J respectively, whereas one typically is interested in Sh(f) of the
source regardless of the observing interferometer. In this chapter, we focus on an
isotropic GWB with equal levels of tensor cross- and plus- polarization. However,
the formalism we will present in Sec. 11.2 can be used to estimate noise PSDs in the
presence of any other GW signal. In Appendix A of [215] the following equalities are
derived for an isotropic GWB with equal levels of tensor cross- and plus- polarization,

SI
h(f) = 3

10Sh(f)

SIJ
h (f) = − 3

20Sh(f).
(11.6)

Note these calculations rely on the detector response of the ET as well as a fully
isotropic GW signal. In Appendix B of [215] the equivalent terms in case of the
presence of an isotropic GWB with scalar or vector polarizations are also derived,
which are predicted by several extensions of general relativity [107].

One can already use the null channel for getting information on the detector noise,
but even more information can be extracted using a set of three channels A, E and
T . These three channels are often used in the context of LISA and are defined as the

11.1 The sky independent null channel: a gravitational-wave
insensitive channel for a triangular configuration of
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following linear combinations of the three X, Y and Z interferometers [332, 351]:

A = 1√
2

(Z − X)

E = 1√
6

(X − 2Y + Z)

T = 1√
3

(X + Y + Z).

(11.7)

The T channel is a normalized version of the null channel as first defined in Eq. 11.3
and is insensitive to GWs, whereas the A and E channels contain the GW signal
[332]. Under the assumption of identical noise sources in X, Y and Z, the A, E and
T channels are orthogonal with respect to one another, implying that their noise
PSDs are uncorrelated.

Note that the use of the A, E and T channels as used by the LISA community
is equivalent to the description of the null and signal space in the context of the
ET [366]. The signal space considered in [366] consists of two channels which
correspond to −A and −E in this work and the null space corresponds to T .
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11.2 Null channel in a complex environment

In this section, we introduce a formalism to expand on the null channel by using the
A, E and T channels. First, we discuss the presence of identical correlated noise,
which already has been studied in the context of LISA [287]. Afterwards, we relax
this assumption and describe the most general case describing non-identical and
correlated noise sources.

11.2.1 Formalism in the presence of identical correlated noise

In the presence of correlated noise, identical in all interferometers – SXY
n (f) =

SXZ
n (f) = SY Z

n (f) ≡ SIJ
n (f) – as well as assuming identical noise PSDs – SX

n (f) =
SY

n (f) = SZ
n (f) ≡ SI

n(f) – the following equalities hold for the A, E and T channels

⟨T (f)T ∗(f ′)⟩ = 1
2δ(f − f ′)

[
SI

n(f) + 2SIJ
n (f)

]
⟨A(f)A∗(f ′)⟩ = 1

2δ(f − f ′)
[
SI

n(f) − SIJ
n (f) + O (Sh(f))

]
⟨E(f)E∗(f ′)⟩ = 1

2δ(f − f ′)
[
SI

n(f) − SIJ
n (f) + O (Sh(f))

]
⟨T (f)A∗(f ′)⟩ = ⟨A(f)T ∗(f ′)⟩ = 0

⟨T (f)E∗(f ′)⟩ = ⟨E(f)T ∗(f ′)⟩ = 0

⟨E(f)A∗(f ′)⟩ = ⟨A(f)E∗(f ′)⟩ = O (Sh(f)) .

(11.8)

The normalized null channel, i.e. the T channel, can be used for noise PSD estimation
since it is independent of the GW signal.

We note there is no correlation between the A and T as well as E and T channels,
since the channels were constructed to form independent signal and null space [332,
351, 366]. The exact value of the GW term O (Sh(f)) for an isotropic GWB is derived
in Appendix A and Appendix B of [215] for respectively Tensor and Scalar-Vector
polarized GWs. However, here we only focus on the noise terms as they are our
primary interest in this study.
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11.2.2 Formalism in the presence of non-identical and correlated
noise

In the more general scenario where the correlated noise as well as the noise PSDs
are unique for each interferometer, Eq. 11.8 changes to,

⟨T (f)T ∗(f ′)⟩ = 1
2δ(f − f ′)

[1
3(SX

n (f) + SY
n (f) + SZ

n (f))

+2
3(SXY

n (f) + SXZ
n (f) + SY Z

n (f))
]

⟨A(f)A∗(f ′)⟩ = 1
2δ(f − f ′)

[1
2(SX

n (f) + SZ
n (f)) − SXZ

n (f) + O (Sh(f))
]

⟨E(f)E∗(f ′)⟩ = 1
2δ(f − f ′)

[1
6(SX

n (f) + 4SY
n (f) + SZ

n (f)) + 1
3SXZ

n (f)

− 2
3(SXY

n (f) + SY Z
n (f)) + O (Sh(f))

]
⟨T (f)A∗(f ′)⟩ = ⟨A(f)T ∗(f ′)⟩ = 1

2δ(f − f ′)
[ 1√

6
(SZ

n (f) − SX
n (f) + SY Z

n (f) − SXY
n (f))

]
⟨T (f)E∗(f ′)⟩ = ⟨E(f)T ∗(f ′)⟩ = 1

2δ(f − f ′)
[ 1

3
√

2
(SX

n (f) − 2SY
n (f) + SZ

n (f)

− SXY
n (f) + 2SXZ

n (f) − SY Z
n (f))

]
⟨E(f)A∗(f ′)⟩ = ⟨A(f)E∗(f ′)⟩ = 1

2δ(f − f ′)
[ 1

2
√

3
(−SX

n (f) + SZ
n (f) − 2SY Z

n (f)

+ 2SXY
n (f)) + O (Sh(f))

]
,

(11.9)

whereas just as in Eq. 11.8 the exact contribution of the GW term O (Sh(f)) is
derived in Appendix A and B of [215] for an isotropic GWB with different polari-
sation’s. Eq. 11.9 presents six independent equations for seven unknowns (SX

n (f),
SY

n (f), SZ
n (f)), SXY

n (f), SXZ
n (f), SY Z

n (f) and Sh(f)). We want to point out that
the frequency behaviour of each of these unknowns is typically parameterized by
multiple parameters and therefore the total number of parameters can become very
large.

Of these six equations only three are independent of any GW signal and can yield
a noise PSD estimate without the need to rely on the knowledge of the present
GW signals. That is, ⟨T (f)T ∗(f ′)⟩, ⟨T (f)A∗(f ′)⟩ and ⟨T (f)E∗(f ′)⟩. This shows the
advantage of using the A, E, T channels over using only the T -channel, namely the
gain of two additional independent equations which are free of any GW signal.
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Alternatively, one can use another set of three independent equations, free of GWs,
given by,

⟨T (f)X∗(f ′)⟩ = ⟨X(f)T ∗(f ′)⟩ = 1
2δ(f − f ′)

[ 1√
3

(SX
n (f) + SXY

n (f) + SXZ
n (f))

]
⟨T (f)Y ∗(f ′)⟩ = ⟨Y (f)T ∗(f ′)⟩ = 1

2δ(f − f ′)
[ 1√

3
(SY

n (f) + SY X
n (f) + SY Z

n (f))
]

⟨T (f)Z∗(f ′)⟩ = ⟨Z(f)T ∗(f ′)⟩ = 1
2δ(f − f ′)

[ 1√
3

(SZ
n (f) + SZX

n (f) + SZY
n (f))

]
.

(11.10)
The use of ⟨T (f)X∗(f ′)⟩, ⟨T (f)Y ∗(f ′)⟩ and ⟨T (f)Z∗(f ′)⟩ was proposed in [182],
mainly in the context of glitch mitigation in compact binary coalescence (CBC)
searches and assuming non-correlated noise. In Eq. 11.10 we show how one can
correctly include correlated noise terms such that an unbiased estimate of the X, Y

and Z interferometers’ PSDs can be achieved.

The equations describing ⟨T (f)X∗(f ′)⟩, ⟨T (f)Y ∗(f ′)⟩ and ⟨T (f)Z∗(f ′)⟩ are not inde-
pendent of the equations describing ⟨T (f)T ∗(f ′)⟩, ⟨T (f)A∗(f ′)⟩ and ⟨T (f)E∗(f ′)⟩,
since the A, E and T channels are linear combinations of the X, Y and Z channels.
However, the two different sets of equations present a different representation of
the same problem and depending on the situation, one or the other might be more
or less useful. As an example, Eq. 11.9 gives a set of six independent equations that
can be used to jointly estimate signal and noise terms. Furthermore, the coherence
between the T and A and/or E channels can be used as a simple diagnostic tool.
In case the coherence is consistent with Gaussian noise this indicates the noise is
identical between the X, Y and Z interferometers. By correlating the T and A

and/or E channels over long timescales, one might also gain additional information
on non-identical correlated noise sources which do not directly affect the detectors
noise PSD, but might be affecting correlation based searches, such as the search for
a GWB. On the other hand, Eq. 11.10, might be easier to use if one is just interested
in the noise quantities of the X, Y and Z interferometers.

In Sec. 11.3 we illustrate the formalism using two examples of noise for the ET,
whereas in Sec. 11.4 we outline the next steps needed to use this formalism in a
Bayesian estimation framework.
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11.3 Examples in the context of the Einstein Telescope

In this section, we show how Eq. 11.9 and Eq. 11.10 are used to provide unbiased
PSD estimates considering two examples of noise in the Einstein Telescope. Both
examples contain a GWB signal coming from the superposition of CBC events.
The first example additionally contains correlated noise sources having a Gaussian
spectrum at three different frequencies. Furthermore, to simulate the case of non
identical noise spectra in X, Y and Z, each of the 3 Gaussian noise sources is injected
in only two interferometers. The second example presents a more realistic scenario
where the same GWB is present as well as correlated magnetic and Newtonian noise.
The data sets used are described in Sec. 11.3.1.

The two examples also demonstrate that, although it is insensitive to GWs, the T

channel PSD ST
n

1, as well as the cross-correlated power between the null channel
and each interferometer ST X

n , ST Y
n and ST Z

n yield biased estimates of SX
n , SY

n and SZ
n

in the case of non-identical and correlated noise as stated in [182]. We demonstrate
how the formalism described in this chapter can be used to properly take the non-
identical and correlated noise into account, such that unbiased estimates can be
defined.

We would like to note that whereas ST
n = SX

n in case of identical and non correlated
noise in the three interferometers, this is not the case for ST X

n , ST Y
n and ST Z

n

due to the used normalisation. Therefore we use in the remainder of the chapter
S′

n
T X =

√
3ST X

n and equivalent for the other channels.

11.3.1 Data sets

Model of a GWB

As signal, we use a background formed by the superposition of a population of BNS
distributed isotropically in the sky and up to a redshift of z = 10. For the genera-
tion of this GWB, we rely on Monte Carlo techniques using the MDC_Generation
code [297] that randomly selects the set of parameters for each individual BNS
(coalescence time, position in the sky, merger redshift, component masses and spins,
orientation) and produces the corresponding gravitational-wave polarizations h+(t)
and h×(t). The interferometer response hJ(t) = h+(t)F J

+(t) + h×(t)F J
×(t) is added

to the time-domain strain amplitude of the three ET detectors in a frequency band

1Note that we have chosen to also give a lower index n to the spectral density of the T channel to
explicitly indicate it only depends on noise terms and is insensitive to GWs.
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5 Hz - 2048 Hz. For simplicity we assume identical component masses of 1.4 M⊙

and no spin. We also assume that sources are on average separated by a short time
interval of ∆t=1.5 s. Although unrealistic, this short interval has the advantage
to give a continuous and Gaussian background that is detectable within a short
observation period.

The energy density ΩGW(f) of the GWB, as introduced in Eq. 4.4, coming from
unresolved CBC events is predicted to behave as a power-law, with a slope of
α = 2/3, at lower frequencies where all the sources contribute in their inspiral
phase [295, 296]. We assume the GW signal consists of equal parts tensorial plus-
and cross-polarization, as expected by general relativity. Given the normalization
constant S0(f) contains a factor f−3, this implies Re[s̃∗

I(f)s̃J(f)] ∝ f−7/3.

The strain PSD amplitude of the injected signal at the reference frequency fref=25
Hz is ∼ 2.14 × 10−49 1/Hz. This corresponds to ΩGW ∼ 2.03 × 10−8. This amplitude
is about two orders of magnitude larger than the value predicted by the LVK colab-
oration based on the results of their third observing run 2.1+2.9

−1.6 × 10−10 [30]. The
amplitude is chosen such that the signal is clearly visible in a limited amount of data
for illustrative purposes.

Gaussian peaks

Gaussian peaks in the frequency domain are used to simulate correlated noise
sources. The Gaussian peaks are defined with the following PSD

SGP
n (f) =

(
A√
2π

e
−(f−µ)2

2σ2

)2
, (11.11)

where the amplitude A, the peak frequency µ and its variance σ are the free
parameters. In our first example we use three peaks which have a peak frequency of
µ=10Hz, µ=50Hz and µ=90Hz. Their respective amplitudes are AGP,10 = 4×10−24,
AGP,50 = 2 × 10−24 and AGP,90 = 1.5 × 10−24. For all three frequencies we use
σ = 1.

Correlated magnetic noise

We use the magnetic noise spectrum described in Fig. 7.3 of Chapter 7. This
low-frequency spectrum (< 100Hz) is based on measurements at the ET candidate
site in the Sos Enattos mine in Sardegna, Italy [56, 275, 305]. The measurements
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focus mainly on the Schumann resonances [318, 319]. 10% of the measured
magnetic spectrum at Sos Ennatos are used to get a clean measurement of the
Schumann resonances. The amplitude of the fundamental mode is then rescaled to
the amplitude of the 95% percentile to get a conservative estimate.

Due to the long distance correlations of the Schumann resonances it is safe to
assume all interferometers of the ET are affected by this noise coherently. We thus
assume this noise source to be identical, and fully correlated, among the three
interferometers.

A final aspect one needs to understand is to which extent these ambient magnetic
fields couple to the ET interferometers. In Chapter 8 we placed upper limits on the
maximal allowed coupling such that correlated magnetic noise would not impact
GWB searches. Here we assume a coupling function which is proportional to f−2,
as is measured at Virgo during the third observing run for frequencies below ∼
100Hz [170]. The amplitude is chosen to match the weekly-average of the magnetic
coupling measured at Virgo [170, 218]. This yields an amplitude of 0.4 × 10−10m/T
at 100Hz.

The power spectral density of this noise source will be referred to as SMag
n in the rest

of this chapter.

Correlated Newtonian noise from body waves

For the correlated NN from body waves, we rely on the results discussed in Chapter
9. In this chapter we assume the correlated NN from body waves is only present in
one vertex, which consists of the central station of the X interferometer and the end
station of the Y interferometer. This implies that whereas in Chapter 9 a factor of
5 for the number of independent couplings is considered, we assume a factor of 2.
This reduces the noise spectrum used in this chapter by a factor of 2/5 with respect
to the results presented in Fig. 9.16 in Chapter 9 from which we used the median
estimates.

The power spectral density of this noise source will be referred to as SNN
n in the rest

of the chapter.
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Total data set

For the first example we use 2000s of data containing Gaussian noise colored with
the design sensitivity of the ET-D xylophone configuration2. In the rest of the chapter
we refer to this colored Gaussian noise as ‘ET noise’ and use SET

n
3 for its PSD.

Note that despite the fact that we use identical noise, the X, Y and Z data are
different Gaussian noise realisations. On top of the detector noise we inject in the
time domain an artificially enhanced GWB coming from CBC events, as introduced
earlier in this section. Furthermore, two Gaussian peaks are injected in the time
domain data of each interferometer. The injected peaks are correlated, such that
every pair of interferometers has one correlated peak. More specifically we inject a
Gaussian peak at 10Hz and 50Hz in the X interferometer, at 10Hz and 90Hz in the
Y interferometer and at 50Hz and 90Hz in the Z interferometer.

If we refer to the PSD of the Gaussian peak at 10Hz by SGP,10
n , and equivalent

for the other Gaussian peaks, we can write the PSD and CSD of the X, Y and Z

interferometers as follow

SX
n (f) = SET

n (f) + SGP,10
n (f) + SGP,50

n (f)

SY
n (f) = SET

n (f) + SGP,10
n (f) + SGP,90

n (f)

SZ
n (f) = SET

n (f) + SGP,50
n (f) + SGP,90

n (f)

SXY
n (f) = SGP,10

n (f)

SXZ
n (f) = SGP,50

n (f)

SY Z
n (f) = SGP,90

n (f).

(11.12)

For the second example, we use 2000s of ET noise data on top of which we inject
the same GWB as in previous example. We also add the correlated magnetic
and Newtonian noise as introduced earlier in this section. The magnetic noise is
correlated and identical among the X, Y and Z interferometers. The Newtonian
noise is also correlated but only present in the X and Y interferometers, leading to
non-identical noise sources in the three different ET interferometers.

With the introduced notations for the different spectral densities we can write the
spectral densities as follow:

2As discussed in Chapter 2 this sensitivity is by now deprecated. However it is very similar to the
latest HFLF-cryo sensitivity as shown in Fig. 2.7.

3The PSD of the ET noise SET
n is not to be confused with the CSD of correlating the T and E channels,

i.e. ST E
n .
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SX
n (f) = SET

n (f) + SMag
n (f) + SNN

n (f)

SY
n (f) = SET

n (f) + SMag
n (f) + SNN

n (f)

SZ
n (f) = SET

n (f) + SMag
n (f)

SXY
n (f) = SMag

n (f) + SNN
n (f)

SXZ
n (f) = SMag

n (f)

SY Z
n (f) = SMag

n (f).

(11.13)

11.3.2 Demonstration

Toy example with correlated Gaussian peaks

Fig. 11.1 shows the PSD for the X, Y and Z interferometers. All the separate
components are also shown as to compare their relative contributions. Due to the
continuous presence of CBC signals it is impossible to directly estimate the noise
spectral density from the observed spectrum.

Fig. 11.1.: The PSDs of the X, Y , Z channels, the ET noise and the injected correlated
noise SGP,10

n , SGP,50
n and SGP,90

n (see text for a more detailed description). The
contribution of the injected GWB SGWB

h is also shown. We point out that at high
frequencies the X, Y and Z PSDs seem to not match the ET noise curve. This is
due to the small but non-negligble contribution of the GW signal, as can be seen
by the perfect match for the T channel PSD in Fig. 11.2.

The top panel of Fig. 11.2 shows the spectral densities of the A, E and T channels.
This figure illustrates that the null channel is indeed free of GWs. Therefore, as
pointed out by [182], one could hope to use ST

n as an estimate for the noise PSD of
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e.g. the X interferometer SX
n , or alternatively, use S′

n
T X in case non-identical noise

in the different X, Y and Z interferometers is suspected. However, as shown by the
bottom panel of Fig. 11.2, both ST

n and S′
n

T X are biased for our dataset. To be more
specific two biases are present.

Fig. 11.2.: Top: The PSDs of the A, E, T channels and the ET noise. Bottom: The PSD of
the null channel T , the CSD of the T and X channels, normalised such that it
can serve as an estimate of SX

n . The expected PSD of X as shown in Eq. 11.12
and the estimated PSD as calculated in Eq. 11.14 and Eq. 11.15 are shown
in dark orange and black respectively. The equivalent figures for the Y and Z
channels are shown in Appendix C, Fig. C.1.

First, the PSD of the T channel includes all noise features present in any of the 3
interferometers. Whereas the X interferometer only contains the Gaussian peaks
at 10Hz and 50Hz, ST

n includes all three Gaussian peaks. ST
n is thus a biased

estimate of the X interferometer. A similar statement is applicable to the two other
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interferometers, where respectively the 50Hz and 10Hz peak are not present in the
Y and Z interferometers, but they are in ST

n .

This bias can be addressed by using the cross-correlation between the null channel
and the interferometer of interest, i.e. S′

n
T X , as it has been first proposed in [182].

However, this also yields a biased estimate since it does not take into account the
fact that some of the noise sources are correlated. This is reflected in a general
overestimate due to not properly taking the correlation into account. As shown in
Eq. 11.9 and Eq. 11.10, these non zero correlations imply that the cross-correlation
between e.g. the T and X channel differs from the noise PSD SX

n . Only by taking
both elements, i.e. non-identical and correlated noise, into account can one build an
unbiased PSD estimator for the different interferometers as explained below.

We now build an unbiased PSD estimator SX
n,est using Eq. 11.10 as follows

S′
n

T X =
√

(3) ∗ ST X
n

= SX
n + SXY

n + SXZ
n

= SX
n,est + SGP,10

n + SGP,50
n

⇓

SX
n,est = S′

n
T X − SGP,10

n − SGP,50
n .

(11.14)

Equivalently we find

SY
n,est = S′

n
T Y − SGP,10

n − SGP,90
n

SZ
n,est = S′

n
T Z − SGP,50

n − SGP,90
n .

(11.15)

The spectral densities S′
n

T X , S′
n

T Y and S′
n

T Z can be extracted from the data. For
this, we use the entire stretch of 2000s of data, split it in 10s long segments over
which FFT’s are calculated using 50% overlapping Hann-windows. We average over
the different segments. We assume to know perfectly SGP,10

n , SGP,50
n and SGP,90

n

that are subtracted from S′
n

T X , S′
n

T X and S′
n

T Z . In Sec. 11.4 we discuss how this
assumption can be dropped by developing a Bayesian estimation framework.

The bottom panel of Fig 11.2 compare the estimated PSDs to the expected ones for
the X interferometer. The expected PSD Sn,exp is given by Eq. 11.12 where we have
used the simulated data. The agreement is excellent and much better than with the
other estimators ST

n or S′ T X
n . The equivalent figures for the Y and Z channels are

shown in Appendix C, Fig. C.1.
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As mentioned in Sec. 11.2, the cross-correlation between the T and A, E channels
(ST A

n and ST E
n ) contains additional information on the non-identical character of

the correlated noise. The left panel of Fig. 11.3 shows the coherence between the T

channel and the A and E channels. This coherence is consistent with a Gaussian
noise origin4 apart from the Gaussian peaks. This indicates, correctly, that the
only parts of the noise in the X, Y and Z channels which is not identical, are the
Gaussian peaks. The bottom panel of Fig. 11.3 shows the modulus of the cross
spectral densities estimated from the data on top of the expected quantities which
are given by,

|ST A
n,exp| = 1√

6
|SZ

n (f) − SX
n (f) + SY Z

n (f) − SXY
n (f)|

⇓ Eq. 11.12

= 1√
6

|SET
n + SGP,50

n + SGP,90
n − (SET

n + SGP,10
n + SGP,50

n ) + SGP,90
n − SGP,10

n |

= 2√
6

| − SGP,10
n + SGP,90

n |

= 2√
6

√
Re

(
−SGP,10

n + SGP,90
n

)2
+ Im

(
−SGP,10

n + SGP,90
n

)2

⇓ All the quantities involved are real; (A − B)2 = (A + B)2 − 4AB

= 2√
6

√(
SGP,10

n + SGP,90
n

)2
− 4SGP,10

n SGP,90
n

⇓ SGP,i
n SGP,j

n ≪
(
SGP,k

n

)2
, where i ̸= j and i,j,k ∈ [‘10’,‘50’,‘90’]

≈ 2√
6

(
SGP,10

n + SGP,90
n

)
(11.16)

4The expected coherence for uncorrelated data goes approximately as 1/N, where N is the number of
time segments over which the coherence is averaged, as discussed in Chapter 6.
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|ST E
n,exp| = 1

3
√

2
|SX

n (f) − 2SY
n (f) + SZ

n (f) − SXY
n (f) + 2SXZ

n (f) − SY Z
n (f)|

= 1
3
√

2
|SET

n + SGP,10
n + SGP,50

n − 2(SET
n + SGP,10

n + SGP,90
n )

+ SET
n + SGP,50

n + SGP,90
n − SGP,10

n + 2SGP,50
n − SGP,90

n |

= 2
3
√

2
| − SGP,10

n + 2SGP,50
n − SGP,90

n |

= 2
3
√

2

√
Re

(
−SGP,10

n + 2SGP,50
n − SGP,90

n

)2
+ Im

(
−SGP,10

n + 2SGP,50
n − SGP,90

n

)2

⇓ All the quantities involved are real; (A − B)2 = (A + B)2 − 4AB

= 2
3
√

2

√(
SGP,10

n + 2SGP,50
n + SGP,90

n

)2
− 8SGP,50

n

(
SGP,10

n + SGP,90
n

)
⇓ SGP,i

n SGP,j
n ≪

(
SGP,k

n

)2
, where i ̸= j and i,j,k ∈ [‘10’,‘50’,‘90’]

= 2
3
√

2
(SGP,10

n + 2SGP,50
n + SGP,90

n ),
(11.17)

As one can see in the bottom panel of Fig. 11.3 the expected quantities calculated in
Eq. 11.16 and Eq. 11.17 are consistent with the CSD estimated from the data.

Superposition of GWB, correlated magnetic and correlated Newtonian noise

Fig. 11.4 shows the power spectral density spectrum for the X, Y and Z inter-
ferometers with the second data-set composed of Gaussian noise on top of which
correlated magnetic, Newtonian noise and GWB signal have been added. All the
separate components are shown as to compare their relative contributions.

The top panel of Fig. 11.5 shows the spectral densities of the A, E and T channels.
Compared to the previous example it is slightly more difficult to immediately see the
T channel is indeed free of GW due to the presences of the magnetic and Newtonian
noise. However, based on Fig. 11.4 one could expect a negligible effect from either
the magnetic or Newtonian noise above 20Hz, apart from the magnetic resonance at
50Hz.

In the previous example we showed how ST
n as well as S′

n
T X yielded a biased

estimate for the noise PSD of the X interferometer SX
n , due to the presence of non-

identical and correlated noise. Afterwards we showed that one can build unbiased
estimators of the interferometers’ PSD using Eq. 11.9 and Eq. 11.10. We now

232 Chapter 11 The null channel: a tool for power spectral density estimation



Fig. 11.3.: Top: the coherence between the T and A, E channels. The black dashed line
represents the level of coherence expected from independent Gaussian data,
which goes approximately as 1/N , where N is the number of time segments
over which was averaged. Bottom: the modulus of the CSD between the T and
A, E channels. The expected cross spectral densities associated with the T and
A channels, and T and E channels given by Eq. 11.16 and Eq. 11.17 for the toy
model example are shown in black. The expected CSD is in agreement with the
observed CSD.

provide another demonstration with a more realistic scenario where correlated
magnetic and Newtonian noise are present.

Similar to the previous example we compare our estimators with the expected
quantities given by Eq. 11.13. The estimated PSDs for this example are given by:
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Fig. 11.4.: The PSDs of the X, Y , Z channels, the ET noise and the injected correlated
Newtonian noise from body waves (NN BW) and magnetic noise (Mag). The
contribution of the injected GWB SGWB

h is also shown.

SX
n,est = S′

n
T X − 2 ∗ SMag

n − SNN
n

SY
n,est = S′

n
T Y − 2 ∗ SMag

n − SNN
n

SZ
n,est = S′

n
T Z − 2 ∗ SMag

n .

(11.18)

SMag
n and SNN

n can be measured for instance using witness sensors. In a more
realistic scenario the knowledge of each individual noise sources might be inaccurate
because of inefficiencies introduced by the witness sensors. This source of inaccuracy
should be more thoroughly investigated in future work.

The bottom panel of Fig 11.5 shows a good agreement between Sn,exp and Sn,est for
respectively the X interferometer. The equivalent figures for the Y and Z channels
are shown in Appendix C, Fig. C.2.

The previous two examples have shown how one can build unbiased PSD estimators
based on the T channel and an estimate of the correlated noise present in the data.
In the next section we discuss the following steps to develop a PSD estimation
framework.
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Fig. 11.5.: Top: The PSDs of the A, E, T channels and the ET noise. Bottem: The PSD of
the null channel T , the CSD of the T and X channels, normalised such that it
can serve as an estimate of SX

n . The expected PSD of X, as shown in Eq. 11.13
and the estimated PSD as calculated in Eq. 11.18. As explained in the text,
ST

n and S′
n

T X/S′
n

T Y /S′
n

T Z yield a biased PSD estimate and one needs to use
SX

n,est/SY
n,est/SZ

n,est, derived in Eq. 11.18 using Eq. 11.10. The equivalent figures
for the Y and Z channels are shown in Appendix C, Fig. C.2.
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11.4 Recipe to transform the null channel formalism into
a power spectral density estimation framework

In previous sections, we have shown how one can construct the sky-location-
independent null channel for an equilateral triangular GW interferometer con-
figuration in a situation where there is correlated noise unique to each detector pair,
as well as where all the interferometers have different noise levels. However, the
examples assumed one has perfect knowledge of the correlated and individual noise
sources. In the example one could get an estimation of SMag

n (SNN
n ) from e.g. witness

sensors measuring the magnetic (seismic) fields, combined with a measurement of
the magnetic coupling function (formula to predict NN based on seismic fields). In
a real scenario for the ET, this knowledge will never be perfect. Furthermore, it is
very likely that some part of the noise is not properly understood. In this section, we
propose further investigations so that one can estimate the noise PSDs as well as
correlated noise levels for ET (or LISA) to observe GWs.

After the proof of concept of the A, E and T channels for the ET in earlier sections,
one should develop a Bayesian framework to enable parameter estimation [119,
152] of the noise PSDs as well as correlated noise PSDs, that is SI

n and SIJ
n or

in the more general scenario SX
n , SY

n , SZ
n , SXY

n , SXZ
n and SY Z

n . Here one should
consider multiple scenarios such as identical noise sources, unique noise sources
for each X, Y and Z interferometer, absence/presence of correlated noise. In the
case of non-identical noise sources for the different interferometers it is beneficial
to use the cross-correlation of the null channel T with the X, Y and Z channels
(ST X

n (f), ST Y
n (f) and ST Z

n (f)) rather than using the PSD of T (ST
n (f)) to estimate

the noise sources in the different interferometers. Alternatively one can also extract
this information on the non-identical noise components in the X, Y and Z channels
by using the cross spectral density of the null channel with the A and E channels
(ST A

n (f) and ST E
n (f)), together with the null channel (ST

n ). Furthermore, one should
understand the effect of knowledge of (un)correlated noise sources, from possible
witness sensors observing the noise sources (e.g. magnetometers, seismometeres,
etc.), and how this can improve the final parameter estimation of the noise PSDs.
Given the high dimensional problem, estimations of all the parameters with the
desired accuracy might prove difficult in the most general scenario and more work is
needed to achieve such a goal. To this extent, one should also take the non-stationary
character of real data into account. This implies that it is not trivial to just extend
the duration of the data used to compute the different noise contributions using the
null channel formalism, presented in this chapter.
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Third and finally, the knowledge of correlated noise sources and their properties
should be understood and studied further if one wants to simulate a realistic scenario
for the above techniques. In the context of the search for a GWB using Earth-based
interferometers there have already been significant investigations concerning the
effects of correlated magnetic fields, e.g. Schumann resonances [133, 134, 203, 204,
267, 346, 348], also in the context of ET as discussed in Chapter 8. As discussed
in Chapter 9, correlated seismic and Newtonian noise over distances of several
hundreds of meters can impact GWB searches using the ET. These results form
the ideal starting point for studying correlated noise in the formalism described in
this chapter but more dedicated follow-up studies could look into the effect from
earthquakes, the possibility of correlated seismic fields on the scale of 10km and
the interplay between different coupling locations, and to which extent there is
constructive or destructive interference between e.g. correlated magnetic fields
coupling to both input and end mirrors of the interferometers.

For LISA, noise correlation studies resulting from the spatial environment can benefit
from more detailed noise characterisation. These noises include for example the
effect of micro-thrusters, the magnetic field and the temperature variations on the
test-mass system [92].

These research topics pose fundamental questions for understanding the data anal-
ysis environment at the ET and LISA, and should be studied in significantly more
detail over the course of the coming years before the instruments become operational
to ensure they can fulfill their scientific goals. This is especially true for correlated
noise, which would seriously affect the search for a GWB.

11.5 Conclusion

Future GW interferometers such as ET, CE and LISA will have sensitivities allowing
them to resolve many transient sources to such an extent that they are expected to
observe a large amount of overlapping signals [57, 294, 297]. This makes it difficult
to estimate the noise PSD of the interferometers needed to perform GW searches.

A first method is to simultaneously model noise and signals using for instance a joint
Bayesian parameter estimation framework [119, 152]. This chapter is investigating
a different approach relying on the sky-location-independent null channel which
can be constructed for triangular configurations of interferometers, such as the ET
and LISA. This sky-location-independent null channel is insensitive to GWs from any
direction.
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We introduce a formalism which is able to not only address correlated noise between
the different interferometers, but also allow for non-identical noise both correlated
and uncorrelated. The formalism goes beyond using the sky-location-independent
null channel and relies on three linear combinations A, E and T of the three
interferometers X, Y and Z, which have been used in LISA before [332, 351]. The
advantage of relying on the A, E and T channels, of which the T channel is a
normalized version of the null channel, is that their cross-correlation spectra contain
additional information in the case of non-identical noise sources. Alternatively one
can correlate the null channel with the X, Y and Z channels which allows for the
estimation of the noise PSDs and CSDs in the case of non-identical noise. The later
was also investigated in [182], however, although mentioning the possible bias
coming from correlated noise, the authors did not take it into account.

We illustrate the formalism considering simplified but realistic noise realisations
for the ET on top of which a GWB signal is added. We have shown that the T

channel is indeed insensitive to GWs. Furthermore, we show that our formalism
enables an unbiased estimation of the noise spectral densities of the X, Y and Z

channels, even in the presence of correlated and non-identical noise. These examples
use knowledge of the noise sources to prove the mathematical consistency of this
formalism, which in future research should be used as an ingredient for a Bayesian
estimation framework, as discussed in Sec. 11.4.
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Conclusion and outlook 12
In this thesis I have investigated the data quality for the search for an isotropic
gravitational-wave background (GWB), with Earth-based interferometric detectors.
We started in Chapter 1 with the introduction of Einstein’s theory of general relativity
and its prediction of the production of gravitational waves (GWs). In Chapter 2
various detection methods for GWs were discussed, which are sensitive to GWs
with frequencies ranging from nHz to kHz. Earth-based interferometric detectors
were described in more detail, where the Virgo instrument was used as an example.
Chapter 3 contains a review of a wide variety of astrophysical objects and cosmo-
logical processes that are predicted to produce GWs. I also highlighted some of
the recent achievements, such as the first direct observations of GWs from binary
black hole, binary neutron star and black hole neutron star systems by the Laser
Interferometer Gravitational wave Observatory (LIGO) and Virgo. Another, very
recent, achievement in the field of GW observations, is the strong evidence for a
nHz GWB signal found by multiple pulsar timing arrays. Chapter 4 reviews the
analysis methods used to search for a GWB signal using Earth-based interferometric
detectors, with a focus on the search for a Gaussian, stationary and isotropic signal.
Finally, in Chapter 5, I present what was the state of the art on noise sources for
a GWB at the start of my PhD. This includes a discussion on non-stationary noise
features, spectral artefacts and correlated noise. I also discuss previously developed
methods that aim to address (some of) these data quality issues.

In Chapter 6 I explained the data quality procedures to identify spectral artefacts. I
highlight the work I have performed after O3, both for the search for an isotropic
GWB as well as for more general noise lines in the Virgo detector. This chapter also
contains a discussion of the implementation of the notch-list and the new version I
have implemented as part of ‘pygwb’, the new python-based isotropic GWB analysis
pipeline. Finally, I describe the more proactive data quality procedure which is being
implemented in O4. This involves weekly shifts following up the data quality on
time-shifted data and a full analysis every ∼ 2 months.

Chapter 7 contains a description of Earth-scale distance correlations in magnetic field
fluctuations between 1Hz and 1kHz. Between 5Hz and several tens of Hz these Earth-
scale correlations are dominated by the Schumann resonances. They are standing
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electromagnetic waves in the cavity formed by the Earth’s surface and the ionosphere
and are sourced by lightning strikes. Above 100Hz the correlations are dominated
by the incoherent superposition of individual lightning strikes, i.e. a ‘stochastic
background of lightning strikes’. Afterwards, I introduce the measurement of the
magnetic coupling function, which describes the extent to which magnetic fields
couple to our strain measurements in the GW detectors. For this, magnetic fields
are created or ‘injected’ in the experimental buildings and enable us to understand
the magnetic coupling for our instruments. Apart from measurements during O3,
I highlight my contributions for deploying larger, better performing injection coils
at Virgo to allow for louder and more broadband magnetic injections in the future.
Finally, I present the proposal to perform magnetic injections correlated across
GW detectors. These injections will enable us to gain further understanding in
how correlations in magnetic field fluctuations affect GW detectors. I also present
preliminary results of the first attempt of a correlated injection between LIGO
Hanford and LIGO Livingston. The injection was successful and with this proof of
concept we can plan the final injection which will have a colored magnetic spectrum
similar to the Schumann resonances, however with a larger magnitude.

The observed Earth-scale correlations in magnetic field fluctuations and the magnetic
coupling function from the previous chapter are the key ingredients used to construct
the magnetic noise budget discussed in Chapter 8. The magnetic budget provides an
order of magnitude estimate of the level at which (correlated) magnetic noise will
limit GW searches. I show that ambient magnetic fields will have only a limited effect
on Virgo’s design strain sensitivity. However, if the next generation detector, the
Einstein Telescope (ET), has similar magnetic coupling as current detectors, the ET
will be dominated by magnetic noise below ∼ 15Hz. The coupling of magnetic fields
to the ET below 15Hz has to be lower by up to two to three orders of magnitude
to achieve ET’s design strain sensitivity. Given the (slightly) less ambitious low-
frequency sensitivity aimed for by Comic Explorer (CE), the constraints are less
stringent. However, CE also still needs to have reduced magnetic coupling by up to
two orders of magnitude. In the second part of this chapter, I present the impact of
correlated magnetic noise for the search for an isotropic GWB. This includes the first
budget for Advanced LIGO and Advanced Virgo looking at the effect of correlated
magnetic noise above 100Hz. Below 50Hz, the search for an isotropic GWB with
LIGO and Virgo at design sensitivity could be affected by correlated magnetic noise.
This is also the case for frequencies above ∼ 150Hz, however in this frequency band
the magnetic coupling function is dominated by upper limits rather than measured
values. More detailed investigations in the future should provide a definite answer.
We end this chapter by presenting the impact of correlated magnetic noise on the ET.
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I show how the search for an isotropic GWB places even more stringent constraints
on the maximally allowed magnetic coupling function by about an additional order
of magnitude compared to the earlier results focusing on the strain sensitivity.
Furthermore, I show that ET’s triangular configuration of detectors could also be
prone to electromagnetic noise from the detector infrastructure. This should be
further investigated, since it could seriously hamper all ET’s science goals.

In Chapter 9 I describe observed correlations in seismic noise between sensors with a
horizontal separation of several hundreds of meters. I also show the relevance of this
distance scale as the test masses of one ET detector are situated on similar distances
of the test masses of another ET interferometer. More specifically, we can identify
five such pairs, i.e. five possible coupling locations for correlated noise to enter
the detectors. Afterwards we use those measurements to project the impact on the
search for an isotropic GWB. I show that the effect of seismic noise coupling will be
minimal if a seismic isolation is achieved similar to the preliminary design. However,
Newtonian noise (NN), and more specifically NN originating from seismic body
waves, could seriously hamper the search for an isotropic GWB below ∼40Hz by
many orders of magnitude. Whereas the effect of magnetic noise could be reduced by
decreasing the coupling of magnetic fields to the detector, this is not the case for NN
as it exerts a direct force on the test masses, which cannot be shielded. The reduction
of this noise source by subtraction methods such as Wiener filters is expected to
be limited compared to the magnitude of the noise coupling. However, one could
effectively eliminate this source of correlated noise by building the different ET
detectors in separate locations rather than having them co-located in a triangular
configuration.

In Chapter 10 I discuss my extension on the GW Geodesy tool. In this framework
we treat the detector overlap reduction function as a free parameter and infer
the separation between the two observing detectors as well as their respective
orientation. Whereas a GW signal would favor the true geometry, this is not the case
for a fake signal from e.g. correlated noise. Here I present how one can construct
a false alarm probability describing the likelihood of the signal to be from GW or
rather from correlated noise origin. To form an agnostic model of possible, unknown
terrestrial noise sources, I model a conservative scenario using Gaussian processes.
However, the tool has limited power due to the conservative approach. When
comparing to a signal of Schumann resonances the tool performs well, however
some assumptions were made for the simulated Schumann resonance spectrum
which should be further validated.
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Chapter 11 explains how the sky-localisation independent null channel could be
useful for the estimation of detector noise with a triangular configuration of inte-
ferometric GW detectors such as the ET and Laser Interferometer Space Antenna
(LISA). Due to the large number of overlapping signals, estimation of the detector
noise with these next generation instruments will not be as trivial as currently is
the case with LIGO, Virgo and KAGRA. I present a new addition to the null channel
formalism by allowing for non-identical and correlated noise among the different
detectors forming up the triangle. Including these terms is crucial to ensure an
unbiased estimate of the detector noise, however they could also further inform us
on correlated noise contributions.

Future work

I believe that the work I performed as part of my thesis significantly contributed
to the state of the art on data quality for GWB searches with Earth-based GW
interferometric detectors. However, at the same time there still seems to be a never-
ending list of worthwhile research endeavours to address knowledge gaps in this
domain. I will try to address some of them, but this summary is not exhaustive.

During my PhD I strongly focused on the search for an isotropic GWB. More broadly,
one finds that potential data quality issues and methods to address these for an
anisotropic GWB are less well investigated. A first example is the projection of the
effect of correlated noise for the search for an anisotropic GWB. To the best of my
knowledge no such studies exist at the time of writing this thesis. Together with S.
Venikoudis, J. Suresh and F. Delillo from UCLouvain, Belgium we are in the process
of creating an anisotropic magnetic budget similar to the isotropic results presented
in Chapter 8. Secondly, the GW Geodesy tool presented in Chapter 10 should also
be extended for anisotropic searches. This is something that I was looking into with
I. Michaloliakos from the University of Florida and others. Other improvements
of the GW geodesy tool could be to: further verify the used Schumann resonance
model, extend the usability of the tool to more than two detectors and address the
very conservative nature of the false alarm probability when constructed using the
Gaussian processes as introduced in Chapter 10.

In the last years, more efficient analysis methods have been developed for a GWB
of intermittent nature. These searches are predicted to significantly outperform
traditional search methods when looking for a GWB from binary black hole mergers.
Whereas these analysis methods are very promising, further validation on non-
Gaussian and non-stationary detector noise has to be performed. Also the effect from
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correlated noise on these algorithms should be understood. With respect to this,
it will be crucial to understand whether the superposition of correlated lightning
glitches as presented in Chapter 7 could ‘fake’ an intermittent GWB signal.

As part of my PhD I investigated the effect of correlated magnetic noise on the search
for an isotropic GWB above 100Hz. I also presented how correlated magnetic, seis-
mic and Newtonian noise could seriously hamper the ET. Even though these results,
achieved by making noise budgets, are important, there are also a large number of
approximations involved. Therefore one should regard these noise budgets as order
of magnitude estimates.
A first approximation is that we only use the amplitude of the magnetic coupling
function and neglect its potential phase component. Furthermore, we assume the
injections used to determine the magnetic coupling function are a fully homoge-
neous, far-field noise injection, which we know is not the case. Earlier work has
demonstrated that this introduces an intrinsic uncertainty of a factor two. To address
some of these concerns I did propose to coherently inject magnetic noise in multiple
GW detectors. This proposal and some of the preliminary results are introduced in
Chapter 7. The results of the final injection and the planned follow-up studies of this
should provide us a more fundamental insight in how correlations in magnetic field
fluctuations could affect Earth-based GW interferometers. This correlated injection
could also help verify the Schumann resonance model used in the GW Geodesy tool.
More broadly, additional investigations are needed to understand the effect of (corre-
lated) magnetic noise on third generation detectors such as the ET and CE. My thesis
contains predictions with respect to ET, as well as some (unpublished) additional
work for CE, but further research efforts could for instance focus on the following
topics: the effect of correlated noise on GWB searches using CE and CE+ET, the
effect of the distance to active thunderstorm regions for a candidate detector site,
and the effect of magnetic noise caused by infrastructure. The investigation of
magnetic noise on GWB searches for a CE-CE or CE-ET detector pair is strongly
related to the overlap reduction function for the observing baseline and thus the
sensitivity of your baseline to a GWB. I have started some preliminary investigations
on probing these relations for a variety of distances as well as orientations of the
detectors in collaboration with J. Romano and N. Christensen.

The work focusing on the effect of seismic and Newtonian noise for the ET was
limited in its scope by considering only one underground location, which is not one
of the ET candidate sites. Furthermore, we did not probe the effect of local seismic
transients and how they would impact our results. A paper addressing some of
these issues is under preparation. In this work we also aim to include the effect of
correlated seismic and Newtonian noise on atom interferometers. The effect of NN
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from seismic body waves both correlated and uncorrelated is not yet investigated
for atom interferometers and such addition would yield crucial information for
future atom interferometers. Additionally, we are also in the process of setting up a
dedicated seismic measurement campaign at the Laboratoire Souterrain à Bas Bruit
in France. In this set-up we would be able to control for several dependent variables
such as sensor depth, sensor distance and orientation between two sensors forming
a pair in a much more systematic way compared to existing seismic data.
Finally, one could also look to investigate the effect of correlations in magnetic field
fluctuations on atom interferometers. In earlier studies, it was assumed the observed
magnetic field fluctuations are uncorrelated over long distances. However, we know
this assumption to break down, at least for the Schumann resonances (∼5Hz-60Hz).
Therefore more accurate investigations are needed, taking the coherent nature of
low frequency, environmental magnetic field fluctuations into account with respect
to their impact on atom interferometers.

Apart from searches for a GWB, also searches looking for continuous gravitational
waves (CWs) use long stretches of data typically spanning one to multiple year(s).
Since these CW signals have a more characteristic and narrowband signal mor-
phology, it is less likely correlated noise sources could ‘fake’ a CW signal, whereas
this could be the case for a GWB. However, one could imagine that high levels of
correlated noise among GW detectors could reduce the sensitivity achieved by CW
analyses. To the best of my knowledge, this has not yet been studied and might be a
worthwhile research project to pursue in the future.

Mental well-being survey

As a concluding remark I would like to comment on the mental well-being survey
I have been conducting the last two years. In appendix A, I presented the results
of the survey’s first edition, which took place in 2021. Some of the interesting
findings are that early career or young scientists, as well as people who struggle
with job security and people who do not feel properly recognised for their work have
worse mental health and are also considering more often to leave academia or the
collaborations. On the other hand the majority (62.7%) of participants find their
work very meaningful.

When setting up the survey my goal was threefold. First of all, I wanted to normalize
talking about mental well-being, in which I believe the survey (at least partially)
succeeded, given the numerous presentations I gave at collaboration meetings and
conferences as well as the two articles I wrote for the LIGO magazine. Secondly,
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the survey enables us to gauge the mental well-being as well as the demographics
from our collaborations. This data can provide us insights which are critical for the
third goal of this effort: taking action. I believe there are a number of structural
flaws in the academic system such as short term contracts leading to job insecurity
and unwritten rules ‘forcing’ early career scientists to move to distant institutes,
regardless of the potential impact on their well-being. My idealistic self hopes that
in the future we could improve some of these issues and I believe that having data to
back certain changes is crucial. Therefore I am excited to keep on pushing forward
the mental well-being survey in the domain of GW and High Energy astrophysics and
associated fields. This does not only include having a (yearly) recurring survey, but
also further optimizing the questions, broadening the pool of possible participants
and increasing the participation rate. Finally, we should also try to include relevant
control groups such as people in academia outside large, international collaborations
and highly educated people outside academia.
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Appendix





Probing depressive symptoms
and the desire to leave
academia among scientists in
large, international
collaborations in STEM

A

Please note that the results in this appendix have not yet been published, nor peer
reviewed. The paper is submitted for peer review and a preprint is available at [219].

In this appendix we will present some of the key results of the first mental well-
being survey, distributed in the LVK collaborations during the summer of 2021. We
introduce our work with respect to the state of the art in Sec. A.1. Afterwards, in
Sec. A.2 we introduce the used methods and the scope of the survey. The results are
presented in Sec. A.3 and in Sec. A.4 some of the key findings are discussed. In Sec.
A.5 some additional results are supplied.

A.1 Introduction

Many present-day research projects in STEM (Science, Technology, Engineering, and
Mathematics) require large investments both concerning funding as well as person
power. Therefore it is often no longer feasible for a single institution to conduct
such research. Instead, a large number of institutions join effort in a scientific
collaboration to which they contribute with financial resources and/or person power
[98]. In addition to their large membership size, members of these collaborations
are typically scattered across multiple continents and time zones. This creates
unique working conditions in terms of working hours, work-related pressure, and
recognition for individual efforts. Some of these factors could potentially contribute
to additional stress on mental health. For instance, in large collaborations, published
papers are often attributed to the entire collaboration, involving hundreds or even
thousands of authors, without specifically identifying individual contributions. This
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may impact members’ sense of recognition for their individual efforts within the
collaboration. Additionally, due to the global nature of these collaborations, online
meetings often fall outside regular office hours. Furthermore, these international
collaborations can encompass a culturally diverse group of members, presenting
challenges in creating a safe, culturally sensitive, and inclusive work environment
[249]. On the other hand, these collaborations can also foster an active network
where individuals closely work with a large number of colleagues. For instance, in
the scientific collaborations examined in this study, social events for early-career
researchers are actively organized during large internal meetings held twice a year.
These networks of collaborators can foster a sense of solidarity among scientists in
these collaborations, which may not be available to scientists who are not part of
such collaborative projects.

To the best of our knowledge, no study has examined the well-being and desire
to leave academia among members of large, international scientific collaborations.
However, previous studies have indicated that certain groups within the scientific
community are prone to experiencing mental health challenges. For instance, earlier
research has shown that PhD students often face poor mental health [158, 163,
179]. Evans et al. [163] reported high levels of depressive and anxiety symptoms
among graduate students (both doctoral and master’s students) in STEM and other
academic domains. The unfavorable work-life balance and compromised mental
well-being can result in young researchers leaving the academic environment shortly
after completing their PhD, as demonstrated by various previous studies [125, 190,
264]. The significant outflow of young researchers could potentially impact the
quality of future research.

Another study examined how the research culture affects the mental health of
STEM researchers and highlighted the detrimental effects of job insecurity and
the competitive academic environment [247]. Moss et al. [272] investigated the
relationship between mental health literacy, help-seeking behavior, and levels of
psychological distress among postgraduate researchers at two UK universities. They
found that lower levels of well-being were associated with higher levels of distress
and decreased help-seeking [272].

Furthermore, there is evidence suggesting that the psychological well-being of
researchers is worse than that of the general population or other highly educated
populations. Researchers commonly experience higher levels of burnout compared
to the general population, aligning more closely with ‘high-risk’ employees such as
healthcare workers [188]. Moreover, the study found that a greater proportion of
researchers self-report mental health problems compared to the general population.
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A study conducted in the United Kingdom found that doctoral researchers reported
significantly higher levels of depressive and anxiety symptoms compared to similarly
highly educated individuals in non-academic positions, even after controlling for
various confounding factors [197]. Additionally, Leveque et al. [239] demonstrated
that PhD students in Belgium exhibit a higher prevalence of mental health problems
compared to comparable groups of highly educated individuals.

Furthermore, the COVID-19 pandemic disrupted the daily lives of many individuals
and had a significant impact on their mental well-being [158, 164, 280, 290,
325]. The pandemic may have exacerbated the existing inequalities observed in
academia. Emerging evidence indicates that the pandemic had a negative impact on
the productivity of early-career and female researchers across various disciplines,
including STEM [91, 199, 334].

In this study, our objective is to investigate the reported levels of depressive symptoms
and the desire to leave academia among researchers involved in large, international
collaborations in the STEM field. To achieve this, we conducted an online survey
during the summer of 2021, which can be considered as the post-COVID-19 pan-
demic period in many member countries, including the United States. However,
for certain countries in the collaboration, notably Japan, COVID-related restrictions
were not fully relaxed until May 2023, making them still in the midst of the ongoing
pandemic during the survey. Specifically, our survey targeted scientists in the field of
gravitational-wave astrophysics who are members of the LIGO (Laser Interferometer
Gravitational-Wave Observatory), Virgo, and KAGRA (Kamioka Gravitational Wave
Detector) collaborations. These collaborations operate gravitational-wave detectors
located in the United States, Europe, and Japan, respectively. The respective sizes
of the different collaborations are: LIGO ∼ 1450 members, Virgo ∼ 470 members
and KAGRA ∼ 450 members. Although the collaborations represent three separate
entities, each with their own gravitational-wave detector(s), they have come to-
gether through a memorandum of agreement due to their shared scientific goals
and challenges, namely, the detection of gravitational waves. The exploration of the
scientific data is therefore conducted jointly.

By conducting this first well-being survey focused on large and international col-
laborations in the STEM field, our aim is to explore the prevalence of depressive
symptoms and the intention to leave academia or the collaboration among its mem-
bers. In particular, we investigate whether early-career scientists, who often face
uncertain job prospects, experience different levels of depressive symptoms and
exhibit a greater inclination to leave academia compared to senior, tenured faculty
members who enjoy relatively secure positions and possibly greater work flexibility.

A.1 Introduction 251



Additionally, this project examines whether members who identify themselves as
belonging to minoritized groups, either within the collaboration or the country of
their residence, experience distinct levels of psychological well-being and a differing
willingness to leave academia or collaborative efforts compared to their peers who
do not identify as belonging to minoritized groups. Lastly, we aim to understand the
relationship between the high levels of job insecurity that might be experienced by
early-career scientists and their mental health, as well as their desire to leave the
academic field.

A.2 Methods

A.2.1 Recruitment and participants

Data collection for the survey started on 23rd August 2021 and concluded on 30th
September 2021. An initial email to announce the survey was sent at the start
of data collection to all members of the collaborations through the general email
lists of the LIGO, Virgo, and KAGRA collaborations, to which all active members
are expected to be subscribed. Additionally, the survey was announced during two
collaboration meetings: a KAGRA internal meeting (27 - 29 August 2021) and a
joint LIGO-Virgo-KAGRA collaboration meeting (6 - 10 September 2021). Finally, a
reminder email was distributed to the same mailing lists several days before the end
of the data collection period.

The survey was conducted online and maintained complete anonymity. This is the
first well-being survey conducted by these collaborations. Participation in the survey
was voluntary, and no monetary compensation was provided to the participants.
To ensure confidentiality and create a safe environment for freely expressing their
opinions, it was clearly stated at the beginning of the survey that only the research
team would have access to the data. Furthermore, it was explicitly mentioned
that participation in the survey would not have any effect on participants’ current
or future careers. All participants (N = 417) included in the analysis explicitly
provided their informed consent. However, five participants were excluded from the
subsequent analysis as they had skipped one or more crucial questions necessary
for the analysis. An additional 15 participants were excluded because they were
not actively engaged in research (e.g. administrative staff, retired professors). As
a result, our final sample consisted of 397 participants. Ethical approval for the
study was obtained from the ethical review committee of the University of Antwerp
(reference number: SHW_21_75).
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The survey was initially created in English. To increase participation rates from
members in Asia, we also made the survey available in Japanese, Chinese (both
traditional and simplified characters), and Korean. The distribution of respondents
across the languages is as follows: English: 339 (82.3% of all participants), Japanese:
65 (15.8%), Chinese (Simplified and Traditional combined): 5 (1.2%), and Korean:
3 (0.7%).

Participants indicated their primary affiliation, and the sample sizes for each collabo-
ration were as follows: LIGO: 202 (49.0% of all participants), Virgo: 109 (26.5%),
and KAGRA: 89 (21.6%). Some participants’ primary affiliations were not one of
the three targeted collaborations in this survey, and they were mainly affiliated with
different collaborations in related research fields. This group accounted for the
remaining 12 (2.9%) participants.

The response rate for each collaboration can be estimated using two different
methods. One approach would be to consider the number of individuals subscribed
to the mailing lists through which the survey was distributed. However, it should
be noted that these lists may include individuals with varying levels of activity
within the collaboration, thus providing a lower limit for the participation rate.
Another method involves focusing solely on individuals listed as authors within the
collaboration, as this represents a more restricted and active group of members. The
lower (upper) limits of the participation rates are as follows: LIGO: 14.2% (21.3%),
Virgo: 23.2% (24.4%), and KAGRA: 20.2% (41.7%), respectively.

A.2.2 Measures

Depressive symptoms

Depressive symptoms were measured by using the Patient Health Questionaire
(PHQ-9), which is a validated 9-item set of questions used for diagnosing depressive
symptoms [230]. Participants respond to the questions using a four-point Likert scale
ranging from 0 (not at all) to 3 (nearly every day), focusing on their experiences
of the last two weeks. The total score is ranged between 0 and 27, where high
scores indicate higher levels of depressive symptoms. An often used criteria for
people experiencing depressive symptoms is a cut-off score of 10 [230]. The internal
consistency between the different questions of PHQ-9 was good with a Cronbach’s
alpha value of 0.89 (95% confidence interval (CI): [0.87 ; 0.90]).
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Leaving academia/collaboration

Participants were asked how often they considered to leave academia/the collabora-
tion in the last 9 months. They could choose one of the following options: (1) Never,
(2) Once or twice, (3) Several times per month, (4) Several times per week, (5)
Every day, and (6) Prefer not to answer. We created an indicator variable that takes a
value of 1 if they indicated that they considered leaving academia/the collaboration
more than several times per week (i.e. those who chose (4) and (5)), which captures
their desire to leave academia/the collaboration.

Demographics

Self reported age was recorded and divided in four categories. The age 50+ category
will be used as the reference group to which different age categories are compared.
As for gender identity, respondents could indicate one or multiple of the following
categories: (1) male, (2) female, (3) cisgender, (4) transgender, (5) non-binary,
(6) non-queer, (7) other, and (8) prefer not to answer. For the subsequent analysis,
people indicating (fe)male or (fe)male + cisgender were categorized as ‘(Fe)male’.
Other participants were grouped in the ‘Other’ category. In the regression analysis,
male respondents are used as the reference group, to which female and those whose
gender identify is ‘other’ will be compared.

Career level

Participants were asked to indicate their career level, for which they could choose
from: (1) Bachelor (BA)/Master (MA) student, (2) PhD student, (3) post-doc, (4)
staff scientist/engineer, (5) tenure track professor, (6) tenured professor, (7) other.
As noted above, those who selected ‘other’ were excluded from the analysis. Tenured
professors are set as the reference group in the regression analysis.

Working location

Participants were asked whether they primarily work on-site at the detector or in an
office. Given the global measures to fight the spread of the COVID-19 virus, people
who were not working at the detector sites are considered to be more likely to have
been working from home due to the less crucial character of their ‘on-site’ presence.
In the regression analysis, those who primarily work on-site are set as the reference
group.
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Uneven workload

We asked ‘How often is the workload unevenly distributed so that it piles up?’.
Participants could answer: Never (1), Rarely (2), Sometimes (3), Often (4) and
Always (5). For the analysis, the first two options are coded as the ‘Low’ level of
uneven workload, the third item (‘Sometimes’) as ‘Medium’ and the last two as
‘High’. Those who reported a low level of uneven workload are set as the reference
group in the regression analysis.

Work-life interference

We asked two questions pertaining work-life balance/interference. ‘How often do
you feel that the demands of your work interfere with your private or family life?’
and ‘How often do you feel the irregular meeting times interfere with your private
or family life?’ The latter question was asked as meeting times often can fall outside
the regular office hours due to the global character of the joined research performed
in collaboration between LIGO, Virgo and KAGRA. Participants could answer: Never
(1), Rarely (2), Sometimes (3), Often (4) and Always (5). Both question were
summed to get one overall parameter which serves as an indicator for work-life
interference and can take values between 2 (low levels of interference) and 10 (high
levels of interference). The two questions had a Cronbach’s alpha of 0.76 (95% CI:
[0.71 ; 0.83]), indicating a decent internal consistency. For the analysis, a combined
score of 2-4 was categorized as the ‘Low’ level of work-life interference, a score of
5-7 as ‘Medium’ and a score of 8-10 as ‘High’. Those who reported a low level of
work-life interference are set as the reference group in the regression analysis.

Job influence

Participants were asked whether they have a large degree of influence on the
decisions concerning their work and could answer with one of the following options:
(1) Never, (2) Rarely, (3) Sometimes, (4) Often, and (5) Always. Items (1) and
(2) were grouped as ‘Low’, (3) as ‘Medium’ and (4) and (5) as ‘High’ levels of job
influence in the analysis. Those who reported ‘High’ level of influence in their work
are set as the reference group in the regression analysis.
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Recognition for work

Participants were asked whether they think their work as being part of the collabora-
tion is properly recognised. They could respond with one of the following options:
(1) Yes, both inside and outside the collaboration, (2) Only inside the collaboration,
(3) Only outside the collaboration, (4) Neither inside nor outside the collaboration.
We coded (1)-(3) as ‘Yes’ and (4) as ‘No’ with respect to recognition, where the
former is used as reference group in the subsequent analysis.

Meaningfulness of work

Participants were asked how meaningful they find their work and were able to
choose between one of the following options: (1) To a very large extent, (2) To a
large extent, (3) Somewhat, (4) To a small extent and (5) To a very small extent. For
the analysis, the first two options are coded as the ‘High’ level of meaningfulness, the
third item (‘Somewhat’) as ‘Medium’ and the last two as ‘Low’. Those who reported
a high level of meaningfulness are set as the reference group in the regression
analysis.

Job insecurity

Participants were asked whether they felt insecure about the future of their job
and could answer with one of the following options: (1) Never, (2) Rarely, (3)
Sometimes, (4) Often and (5) Always. Options (1) and (2) were grouped in ‘Low’,
(3) in ‘Medium’ and (4) and (5) in ‘High’ levels of job insecurity for the subsequent
analysis. The ‘Low’ group will be used as reference category.

Minoritized groups

Participants were asked whether they considered themselves as part of a minoritized
group and could answer (1) Yes, in my country of residence, as well as the collabora-
tion, (2) Yes, in the collaboration, (3) No and (4) Prefer not to answer. People who
indicated to consider themselves to be part of a minoritized group were subsequently
asked several additional questions, which are discussed in A.5.2. Non-minoritized
participants are the reference group in the regression analysis.
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A.3 Results

The prevalence of depressive symptoms and the proportion of individuals seriously
contemplating leaving academia or the collaboration are presented in Table A.1,
alongside the corresponding number of respondents in each category. Among the
participants in this survey, the prevalence of depressive symptoms, as indicated by a
PHQ-9 cut-off score of 10 or higher (indicating moderate to severe symptoms), was
found to be 22.92% (95% CI: 18.88%-27.38%). The mean PHQ-9 score was 6.69
with a standard deviation of 5.86. Furthermore, 18.90% (95% CI: 15.16%-23.09%)
of the participants reported considering leaving academia or the collaboration several
times a week or more.

The results presented in Table A.1 indicate notable variations in the prevalence of
depressive symptoms based on participants’ career stages, with early-career scien-
tists exhibiting higher levels of depressive symptoms compared to their more senior
counterparts. To explicitly examine this difference, we further analyzed the preva-
lence of depressive symptoms separately for early-career scientists (BA/MA students,
PhD students, and post-docs) and more senior scientists (staff scientists/engineers,
tenure-track professors, and tenured professors). The prevalence among early-career
scientists was found to be 32.8% (95% CI: 26.45%-39.75%), while among more
senior scientists, it was 12.4%(95% CI: 8.13%-17.94%). This difference between
the two groups was statistically significant, with t=5.02 (p-value=8.15e-7), as
determined by a two-sided Welch’s t-test (α = 0.05).

Regarding the desire to leave academia or the collaboration, the findings in Table
A.1 indicate that individuals who report a lack of recognition, influence, and mean-
ingfulness in their work are more likely to seriously consider leaving. Furthermore,
the results also suggest that those who face challenges in achieving a satisfactory
work-life balance tend to contemplate exploring alternative career paths.

As previously mentioned, participants had the option to indicate whether they
considered leaving only the collaboration, only academia, or both. Among the
62.7% of participants (N=249) who stated that they had considered leaving the
collaboration and/or academia at least once, 47.8% expressed thoughts of leaving
both academia and the collaboration, 27.7% considered leaving only academia,
20.1% contemplated leaving only the collaboration, and 4.4% preferred not to
specify whether they wanted to leave academia or the collaboration.

Participants were also asked to indicate the reason(s) why they wanted to leave
academia or the collaboration, with the option to select multiple reasons. The
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Fig. A.1.: Histogram indicating the different reasons why people consider leaving the
collaboration/academia (filled bins). 249 people considered at least once to
leave the collaboration/academia. On average each respondent gave about 2.7
reasons, leading to a total of 674 answers to the reasons for leaving shown
here. The shown percentages are with respect to the number of people who
responded to this question. The dashed bin edges represent the response rates
of the 75 participants who consider leaving at least several times a week. These
participants gave on average 3.4 reasons for considering to leave academia/the
collaboration.

distribution of the 674 indicated reasons is illustrated in Fig. A.1 (filled bins), where
the percentages are calculated based on the number of participants considering
leaving academia or the collaboration. As participants could choose more than one
reason, the sum of the percentages exceeds 100%. As shown in Fig. A.1, the two
most common reasons selected were ‘The uncertainty of my career prospects’ and
‘The difficulty of maintaining work-life balance’, which were cited by over half of the
participants who contemplated leaving academia or the collaboration. In Fig. A.1 we
also show the response for a subset of participants who consider regularly (at least
several times a week) to leave academia/the collaboration (dashed bin edges).

While the results presented in Table A.1 indicate that certain groups are more likely
to experience depressive symptoms and contemplate leaving their current position
than others, it is important to consider other potential factors that may explain these
observed patterns. To account for these factors, we conducted a multivariate linear
regression analysis with the PHQ-9 score as the dependent variable to examine
the correlates of depressive symptoms. Additionally, we estimated a multivariate
logit model with a binary indicator capturing the participants’ desire to leave the
collaboration/academia as the dependent variable. Both models included the same

258 Appendix A Probing depressive symptoms and the desire to leave academia
among scientists in large, international collaborations in STEM



set of demographic, career-related, and work-related variables as independent
variables. To account for potential heteroskedasticity, we used robust standard errors
in all estimations [252].

Table A.2 reports the regression results when the score for PHQ-9 was used as the
dependent variable. The estimated coefficients are shown with the 95% CI and the
associated p-values. We consider predictor variables to be statistically significant if
their p-value is ≤ 0.05, in which case they are shown in bold in Table A.2 and A.3.
In Sec. A.5.1, we present the estimation results for a logistic regression model in
which the dichotomous dependent variable that captures the existence of depressive
symptoms was used as the dependent variable. As in Table A.1, we used a cutoff
score of ≥10 for the PHQ-9 as an indication of moderate to severe depressive
symptoms.

As reported in Table A.2, we find that having high levels of job insecurity and being
an early career scientist are strongly associated with higher levels of depressive
symptoms. On average, the PHQ-9 score of people who feel insecure about their
future job prospects tend to be higher by 3.71 (95% CI: 2.22-5.19) compared to the
reference group, even after controlling for other confounding factors. As reported
above, the mean PHQ-9 score for all samples was 6.69 and the range of the score
is between 0 and 27. In addition, the average PHQ-9 score for BA/MA students
(3.67; 95% CI: 0.68-6.65) as well as for PhD students (2.38; 95% CI: 0.26-4.50) and
staff scientists/engineers (1.52; 95% CI: 0.06-2.98) are higher than the reference
group, and these differences are all statistically significant. Furthermore, people
who reported highly uneven workload tend to a have higher scores (3.52, 95%
CI: 1.97-5.07) as well as those who reported high levels of work-life interference
(2.05, 95% CI: 0.14-3.97), compared to the reference group who did not have any
issues related to workload or work-life balance. Moreover, those that feel they lack
recognition for their work tend to report higher PHQ-9 score (2.40; 95% CI: 0.52-
4.29), indicating stronger depressive symptoms. Finally, participants who indicate
to be part of a minoritized group both within their country of residence and the
collaboration tend to record higher PHQ-9 scores (1.93, 95% CI: 0.39-3.47). The
breakdown of the minoritized status is shown in Sec. A.5.2. At the same time, we
did not find any evidence that female members and those who identify themselves as
‘other’ gender exhibit higher depressive symptoms compared to male counterparts.
Further investigation revealed that post-docs and to a lesser extent PhD students
and staff scientists, engineers struggle most for recognition, as well as participants
from a minoritized group (see Sec. A.5.3).
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As for their desire to leave academia/the collaboration, Table A.3 reports the odds
ratios (ORs) when we estimated a logit model with an indicator variable for the
participants’ desire to leave the collaboration/academia as the dependent variable.

Relatively young scientists (age 18-29) and staff scientists/engineers are the most
likely to regularly consider leaving academia/the collaboration. Participants who are
less than 30 years old are 21.57 times (95% CI: 2.39-194.59) more likely to think
weekly or daily about leaving academia/the collaboration, compared to their more
senior counterparts. Staff scientists/engineers are 4.02 times (95% CI: 1.22-13.24)
more likely to think regularly about leaving the collaboration compared to tenured
professors. In addition, scientists who feel high levels of insecurity about their
future job prospects (OR=3.87; 95% CI: 1.62-9.26) and those do not feel properly
recognized for their work (OR=2.90; 95% CI: 1.33-6.31) are more likely to think
about leaving academia/the collaboration. Participants who have little influence on
work-related decisions are 2.64 times (95% CI: 1.11-6.26) more likely to consider
leaving academia compared to their peers who can exercise a larger influence in
their work.
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Prevalence
N (%) Depressed (PHQ-9≥

10)
Leaving (>several times a
week)

Total 397 (100%) 22.92% 18.90%
Age

18-29 114 (28.7%) 35.09% 28.07%
30-39 109 (27.5%) 23.85% 22.02%
40-49 59 (14.9%) 11.86% 10.17%
50+ 55 (13.9%) 12.73% 1.82%
Unknown 60 (15.1%) 18.33% 20.00%

Gender
Male 273 (68.8%) 21.25% 17.58%
Female 101 (25.4%) 26.73% 21.78%
Other 23 (5.8%) 26.09% 21.74%

Career
BA/MA student 21 (5.3%) 42.86% 23.81%
PhD 96 (24.2%) 35.42% 22.92%
Post-doc 87 (21.9%) 27.59% 31.03%
Staff scientist, engineer 65 (16.4%) 18.46% 18.46%
Tenure track professor 28 (7.1%) 14.29% 14.29%
Tenured professor 100 (25.2%) 8.00% 5.00%

Working location: onsite
Yes 65 (16.4%) 16.92% 12.31%
No 332 (83.6%) 24.10% 20.18%

Uneven workload
Low 60 (15.1%) 10.00% 16.67%
Medium 133 (33.5%) 18.80% 15.79%
High 204 (51.4%) 29.41% 21.57%

Work-life interference
Low 82 (20.7%) 14.63% 14.63%
Medium 208 (52.4%) 20.67% 14.90%
High 107 (27.0%) 33.64% 29.91%

Job influence
Low 53 (13.4%) 37.74% 33.96%
Medium 117 (29.5%) 31.62% 25.64%
High 227 (57.2%) 14.98% 11.89%

Recognition
Yes 345 (86.9%) 18.84% 14.20%
No 52 (13.1%) 50.00% 50.00%

Job meaningfulness
Low 35 (8.8%) 40.00% 40.00%
Medium 113 (28.5%) 30.97% 25.66%
High 249 (62.7%) 16.87% 12.85%

Job insecurity
Low 165 (41.6%) 9.09% 7.27%
Medium 85 (21.4%) 16.47% 10.59%
High 147 (37.0%) 42.18% 36.73%

Minority status
No 271 (68.3%) 22.51% 15.13%
Country & collabora-

tion
66 (16.6%) 28.79% 24.24%

Collaboration 40 (10.1%) 20.00% 30.00%
Unknown 20 (5.0%) 15.00% 30.00%

Tab. A.1.: Prevalence of depressive symptoms as measured by PHQ-9 (Patient Health
Questionnaire-9) and the desire to leave academia by sample characteristics.
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Multivariate regression
Coeff 95% CI p

Age
18-29 0.40 [-1.80, 2.60] 0.721
30-39 -0.02 [-1.59, 1.55] 0.980
40-49 -0.60 [-2.35, 1.15] 0.502
50+ Ref. Ref. Ref.
Unknown -0.00 [-1.80, 1.79] 0.997

Gender
Male Ref. Ref. Ref.
Female -0.06 [-1.26, 1.14] 0.917
Other 1.21 [-1.55, 3.97] 0.390

Career
BA/MA student 3.67 [ 0.68, 6.65] 0.016
PhD 2.38 [ 0.26, 4.50] 0.028
Post-doc -0.06 [-1.86, 1.74] 0.951
Staff scientist, engineer 1.52 [ 0.06, 2.98] 0.041
Tenure track professor 0.09 [-2.10, 2.28] 0.937
Tenured professor Ref. Ref. Ref.

Working location: onsite
Yes Ref. Ref. Ref.
No 1.10 [ 0.00, 2.20] 0.050

Uneven workload
Low Ref. Ref. Ref.
Medium 1.34 [-0.15, 2.84] 0.078
High 3.52 [ 1.97, 5.07] 0.000

Work-life interference
Low Ref. Ref. Ref.
Medium 1.15 [-0.32, 2.62] 0.125
High 2.05 [ 0.14, 3.97] 0.036

Job influence
Low 1.61 [-0.03, 3.26] 0.055
Medium 0.84 [-0.46, 2.15] 0.204
High Ref. Ref. Ref.

Recognition
Yes Ref. Ref. Ref.
No 2.40 [ 0.52, 4.29] 0.012

Job meaningfulness
Low 1.49 [-0.68, 3.65] 0.178
Medium 0.08 [-1.14, 1.30] 0.899
High Ref. Ref. Ref.

Job insecurity
Low Ref. Ref. Ref.
Medium 0.83 [-0.52, 2.18] 0.231
High 3.71 [ 2.22, 5.19] 0.000

Minority status
No Ref. Ref. Ref.
Country & collaboration 1.93 [ 0.39, 3.47] 0.014
Collaboration -0.65 [-2.43, 1.13] 0.476
Unknown -0.74 [-3.61, 2.13] 0.612

Tab. A.2.: Estimated coefficients and the confidence intervals (CIs) when the level of
depressive symptoms, as measured by the PHQ-9 score, is used as the dependent
variable . Bold values indicates p-values ≤ 0.05.
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Multivariate regression
Odds ratio 95% CI p

Age
18-29 21.57 [2.39, 194.59] 0.006
30-39 7.83 [0.96, 64.01] 0.055
40-49 5.73 [0.70, 47.24] 0.105
50+ Ref. Ref. Ref.
Unknown 8.18 [0.94, 71.40] 0.057

Gender
Male Ref. Ref. Ref.
Female 0.84 [0.42, 1.68] 0.615
Other 1.14 [0.22, 5.78] 0.876

Career
BA/MA student 1.01 [0.13, 7.65] 0.994
PhD 0.79 [0.18, 3.43] 0.749
Post-doc 1.42 [0.38, 5.31] 0.602
Staff scientist, engineer 4.02 [1.22, 13.24] 0.022
Tenure track professor 1.49 [0.30, 7.45] 0.627
Tenured professor Ref. Ref. Ref.

Working location: onsite
Yes Ref. Ref. Ref.
No 2.22 [0.89, 5.57] 0.089

Uneven workload
Low Ref. Ref. Ref.
Medium 0.65 [0.24, 1.75] 0.393
High 1.00 [0.38, 2.63] 0.995

Work-life interference
Low Ref. Ref. Ref.
Medium 1.02 [0.42, 2.46] 0.963
High 1.97 [0.74, 5.28] 0.176

Job influence
Low 2.64 [1.11, 6.26] 0.028
Medium 1.85 [0.95, 3.61] 0.072
High Ref. Ref. Ref.

Recognition
Yes Ref. Ref. Ref.
No 2.90 [1.33, 6.31] 0.007

Job meaningfulness
Low 1.38 [0.49, 3.88] 0.539
Medium 1.09 [0.56, 2.15] 0.792
High Ref. Ref. Ref.

Job insecurity
Low Ref. Ref. Ref.
Medium 1.13 [0.43, 2.99] 0.808
High 3.87 [1.62, 9.26] 0.002

Minority status
No Ref. Ref. Ref.
Country & collaboration 1.24 [0.53, 2.88] 0.621
Collaboration 1.87 [0.83, 4.20] 0.130
Unknown 1.78 [0.51, 6.17] 0.364

Tab. A.3.: Estimated odds ratios and confidence intervals (CIs) when an indicator variable
for high desire to leave academia/collaboration (i.e. consider leaving on a
weekly/daily basis) is used as the dependent variable. Bold values indicates
p-values ≤ 0.05.
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A.4 Discussion

To the best of our knowledge, the present study constitutes the first survey that
investigated the prevalence of depressive symptoms as well as the desire to leave
academia/the collaboration among scientists in large, international collaborations
in STEM fields.

The findings from our multivariate regression analyses indicate that several fac-
tors are associated with a higher prevalence of depressive symptoms. Specifically,
early-career scientists, individuals belonging to minoritized groups, and those who
experience high levels of job insecurity, uneven workload, work-life interference, and
lack of recognition are more likely to exhibit higher rates of depressive symptoms
compared to their more senior counterparts and those without work-related issues.
Additionally, our analysis reveals that younger scientists, individuals who perceive a
lack of influence and recognition in their work, and those who experience high job
insecurity are more inclined to consider leaving academia or the collaboration on a
regular basis. It is worth noting that our model controls for the effect of age, and
thus that these results cannot be attributed solely to the fact that young individuals
often report poorer mental health, particularly during and following the pandemic
period.

The prevalence of depressive symptoms in our sample for BA/MA and PhD students
is similar to prevalence reported before the pandemic by Evans et al [163]. The
prevalence is slightly lower compared to the one reported for BA/MA during the
peak of the pandemic by Essadek et al [158]. However, the results might have
been affected by the limited sample sizes for BA/MA students in our sample. The
prevalence of depressive symptoms for a sub-population with graduate or higher
levels of education in the United States before the pandemic was reported to be
significantly lower compared to our sample [283]. Even when we factor in the
fact that the age composition of our sample is relatively young compared to the
general population, this seems insufficient to explain the observed difference in the
prevalence of depressive symptoms. Two possible reasons for the higher prevalence
in our sample could be the timing of the survey during the (aftermath of the) COVID-
19 pandemic and/or the nature of the academic work environment. However, further
research is needed to gain more insights in these aspects.

The results of this study highlight the potential negative implications of the lack of
recognition experienced by some members working in ‘big science’ collaborations,
particularly for early-career scientists. This lack of recognition can contribute to a
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sense of job insecurity among these researchers, as they may struggle to demon-
strate their past achievements when seeking positions outside of the collaboration.
Furthermore, due to the large scale of these collaborations, the number of tenure-
track faculty positions is typically limited in comparison to the number of post-docs,
graduate students, and other scientists involved. As demonstrated earlier, feelings of
job insecurity also emerge as a significant determinant of depressive symptoms and
the inclination to leave academia or the collaboration.

Furthermore, these large scientific collaborations also have unique features that can
have detrimental effects on working conditions and work-life balance. The nature
and scale of collaboration networks necessitate extensive coordination among multi-
ple sites and institutions, resulting in a substantial number of meetings. Moreover,
these meetings often take place outside regular business hours due to the interna-
tional and multi-institutional nature of these collaborations, involving scientists from
different continents. For instance, during the academic year, typically more than ten
meetings are scheduled per week. Although members are not obligated to attend all
scheduled meetings, the frequency and inconvenient timing of these meetings are
highlighted as concerns in the open-ended responses provided in the survey.

As reported in Fig. A.1, the two dominant reasons that they consider leaving
academia/the collaboration are ‘uncertain career prospects’ and ‘the difficulty to
maintain work-life balance’. This is true for all participants including those who
consider leaving academia/the collaboration only occasionally (filled bins) as well
as the subgroup of participants who think about leaving more than several times
a week (dashed bin-edges). While the act of contemplating leaving academia/the
collaboration is a priori neither positive nor negative, the reasons most often indi-
cated by participants for their inclination to leave academia/the collaboration tend
to have a more negative connotation. The response ‘No longer interested in this type
of (academic) work’, which is of a more neutral or positive nature, was selected the
least often compared to other reasons.

At the same time, it is also worth noting that a majority of the respondents expressed
a sense of meaningfulness in their work (62.7% of all respondents) and reported a
high level of influence in their work (57.2%). Additionally, a vast majority (more
than 80 percent) of the respondents did not regularly consider leaving academia
or the collaboration. These findings suggest that a significant number of scientists
involved in the detection of gravitational waves perceive their work as valuable and
worthwhile endeavors. Nevertheless, our study results also indicate that specific
groups, particularly early-career researchers and those who lack a sense of recog-
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nition, could benefit from proactive efforts by the collaborations to address their
concerns.

Regarding minoritized groups, our findings reveal that individuals who identify
themselves as belonging to minoritized groups in both the collaboration and their
country of residence exhibit a higher prevalence of depressive symptoms. How-
ever, we did not find statistically significant evidence indicating that scientists who
identify themselves as part of minoritized groups solely within the collaboration
have a higher prevalence of depressive symptoms. Similarly, there was no evidence
suggesting that minoritized groups display a higher propensity to leave academia
or the collaboration after controlling for confounding factors. These findings may
seem somewhat counter-intuitive, considering past studies that have demonstrated
the negative experiences of traditionally underrepresented minorities in STEM fields
[113, 286]. Several potential reasons could explain the lack of a strong associ-
ation between minoritized status and well-being as well as the desire to change
career paths. As reported in Sec. A.5.2, a majority of those who identify as part
of minoritized groups within these collaborations responded ‘No’ (65.1%) when
asked if they felt excluded because of their minority status. Similarly, 38.7% of
these individuals reported that their minority status did not affect their career, and
26.4% stated that their status influenced their career both positively and negatively.
Furthermore, our findings indicate that not all respondents who could identify as
part of a minoritized group actually consider themselves as such. Considering the
underrepresentation of women in STEM fields, including physics, it is highly likely
that the majority of our female respondents can be considered part of a minoritized
group, at least within the collaboration. However, only about one third of partici-
pants identifying with the ‘Female’ and ‘Other’ gender categories perceive themselves
as part of a ‘Gender minority’. This suggests that some individuals within these
gender categories may not necessarily feel minoritized based on their gender. Thus,
within the specific collaborations examined in this study, individuals belonging to
certain minoritized groups may not have had universally overwhelmingly negative
experiences associated with their minority status.

This study has several limitations. First, it is important to note that this was the
first well-being survey conducted by the collaborations, resulting in a relatively
low response rate among collaboration members. Furthermore, participation in the
survey was voluntary, which introduces the potential for self-selection bias in our
sample. It is possible that individuals with work-related issues or mental health
conditions were more inclined to participate, leading to an overrepresentation of
such individuals in our sample. As a result, our small sample may not be fully
representative of all members within the three collaborations examined in this study.
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Second, the lack of a comparison group limits our ability to assess how the conditions
experienced by the scientists in this study compare to those of comparable groups.
Ideally, we would have included scientists in academia who are not part of large
international collaborations, as well as highly educated individuals outside academia,
for meaningful comparisons. However, sampling these populations may present
challenges as they may not have the same internal structures and connections
as the large collaborations, such as LIGO, Virgo, and KAGRA. Third, all survey
items, including depressive symptoms, relied on self-report measures, and thus
might be subject to measurement errors. Additionally, the concept of minoritized
status reflects the subjective perception of participants, which might differ from the
traditional conceptualization of minority status, as discussed above. Nevertheless,
we believe that understanding participants’ subjective perception of belonging to
a minoritized group is valuable in predicting its associations with our outcome
variables that are also subjective in nature. Finally, it is important to note that this
study is cross-sectional, limiting our ability to establish causal relationships between
variables.

Despite these limitations, this study offers a significant and valuable contribution to
the existing literature by shedding light on the challenges and opportunities associ-
ated with working in large and international collaborations. We have conducted a
follow-up well-being survey in 2022, extending the invitation to scientists in eleven
additional collaborations within the field of High Energy and gravitational-wave
astrophysics, in addition to the three collaborations examined in this study. By
monitoring the well-being of scientists engaged in these ‘big science’ projects on an
annual basis, we aim to accumulate a more comprehensive understanding of their
experiences. Furthermore, future surveys will help us assess the extent to which the
results of the present study may have been influenced by the COVID-19 pandemic,
as some countries were still under COVID-related restrictions during the survey
period, potentially impacting the psychological well-being of certain participants.
In conclusion, our findings underscore the importance of improving recognition
and providing clearer job prospects, not only in reducing reported depressive symp-
toms but also in mitigating the likelihood of a substantial proportion of the next
generation of scientists leaving academia or collaborative endeavors.
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A.5 Additional results

In Sec. A.5.1, Sec. A.5.2 and Sec. A.5.3 we discuss some additional results which
were presented as an appendix in [219]. Sec. A.5.4 contains data which is not
included in any earlier work.

A.5.1 Logistic regression for depressive symptoms

BA/MA students and participants with high levels of insecurity about future job
prospects are the strongest associated with the prevalence of people with depressive
symptoms (PHQ-9 ≥ 10). BA/MA students are 11.98 times (95% CI: 2.37-60.53)
more likely to have depressive symptoms compared to tenured professors. Also
PhD students are more likely to experience depressive symptoms (OR= 4.49; 95%
CI: 1.23-16.45). Feeling insecure about future job prospects increases the odds on
depressive symptoms by 5.33 times (95% CI: 2.35-12.08). Also high levels of uneven
workload distribution (OR= 4.05; 95% CI: 1.13-14.52) and lack of recognition
(OR= 2.40; 95% CI: 1.08-5.34) are linked to higher odds of depressive symptoms.

Whereas staff scientists/engineers, people not working onsite, participants with high
levels of work-life interference and minoritized people (Country & collaboration)
did have significantly higher PHQ-9 scores in the multivariate linear regression in
Sec. A.3, we do not find they have increased odds at having depressive symptoms
(PHQ-9 ≥ 10).

A.5.2 Minority status

To gain further insight in the status of minoritized participants, they were asked to
which minoritized group they were belonging, which is represented in Fig. A.2. In
total 196 responses were collected for 106 participants whom indicated to belong to
a minoritized group. The answers from the 66 participants who belong to minoritized
groups both in their country of residence as well as the collaboration or indicated by
the dashed bin edges in Fig. A.2. Furthermore they were asked whether they felt that
being part of a minoritized group altered their career opportunities to which they
could answer (1) Yes, (mainly) negatively (29.2% of minoritized participants),(2)
Yes, (mainly) positively (1.9%),(3) Yes, sometimes negatively, sometimes positively
(26.4%), (4) No (38.7%) and (5) Prefer not to answer (3.8%). Finally they were
asked whether they felt excluded within the collaboration where people could
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Fig. A.2.: Histogram indicating the different minoritized groups people consider to be part
of. On average people belonging to minoritized groups belong to 1.8 minoritized
groups. The shown percentages are with respect to the number of people who
responded to this question. The dashed bin edges represent the response rates of
the 66 participants who consider themselves to be part of a minoritized groups
both in their country of residence as well as the collaboration. These participants
indicate to belong on average to 2.1 minoritized groups.

indicate multiple answers from the following options (1) Yes, work related (21.7%
of minoritized participants), (2) Yes, at social events at collaboration meetings or
with colleagues (17.0%), (3) No (65.1%) (4) Prefer not to answer (4.7%). Note that
the total percentage is larger than 100% since 9 participants responded with both
option (1) as well as (2).

A.5.3 Recognition

In Tab. A.5 we present the uncorrected fractions of participants who reported
a lack of recognition both inside as well as outside the collaboration by sample
characteristics. The fraction across all respondents is 13.10% (95% CI: 9.94%-
16.82%).
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A.5.4 Loneliness and harassment

As part of the survey presented in this appendix a number of other questions were
asked. In this section we will highlight some of these additional results which were
not included in [219].

Loneliness

A sense of loneliness was probed by using the UCLA loneliness scale with a set
of 3 questions [308]. Each question has a three-point scale with 1=Hardly Ever;
2=Some of the Time; 3=Often. A total score of 3-5 is often considered as being ‘not
lonely’and a score for 6-9 as ‘lonely’. Therefore a total score of 6 can be used as a
cut-off score for being lonely. The mean UCLA-3 score was 5.19 with a standard
deviation of 1.78.

Harassment

Participants were asked whether they experienced sexual or any other type of
harassment and could answer with one or more of the following options: (1) Yes
work-related, (2) Yes, at social events at collaboration meetings or with colleagues,
(3) No and (4) Prefer not to answer. In total 27 (73) participants indicated to
have experienced sexual (other) harassment. Of the respondents experiencing
harassment, 28.6%(19.2%) answered both option (1) as well as option (2) with
respect to sexual (other) harassment, whereas the other participants responded
either (1) or (2). 15 participants indicated they experienced both sexual as well as
other types of harassment.

Sense of inclusiveness

Three questions were asked to gain insight into the inclusiveness of the collaboration.
First of all participants were asked whether they ‘ever felt uncomfortable due to
remarks targeting minorities in the collaboration?’. Participants could answer with
(1) Often (2.7% of all respondents), (2) Sometimes (23.5%), (3) Never (70.1%)
and (4) Prefer not to answer (3.6%). Secondly they were asked ‘Do you have the
feeling that the collaborations try to be as inclusive as possible?’, to which they
could respond with: (1) Yes, they do a (very) good job (36.9% of all participants),
(2) Yes, but not enough (44.2%), (3) No, they need to try harder (8.0%), (4) No,
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not at all (3.4%), (5) Prefer not to answer (7.5%). Finally they were asked ‘Have
you ever felt pressured to partake in activities you did not want to (e.g. go to the
pub, consume alcohol, take recreational drugs, pursue risky behavior, ...) with your
collaborators/superiors?’, to which they could respond with: (1) Yes (4.4% of all
respondents), (2) No (94.2%), (3) Prefer not to answer (1.5%).

Discussion

In Tab. A.6 we present the prevalence for loneliness (UCLA-3 ≥6) and the fraction
of participants who reported to have experienced harassment with respect to the
sample characteristics. For the harassment we did not make the distinction between
sexual or other types of harassment despite the different nature of both. This
choice was made as limited statistics are available, especially in the case of sexual
harassment. Providing too detailed information could jeopardize the anonymity of
the participants. As mentioned earlier, there are 15 participants who experienced
both sexual as well as other types of harassment, i.e. 85 participants (21.41%; 95%
CI: 17.48%-25.78%) have experienced at least one type of harassment on at least
one occasion as part of the collaboration.

The overall prevalence of loneliness is 45.09% (95% CI: 40.12%-50.13%). In a
review study including loneliness data for 113 countries or territories [337] it
was found that the prevalence of loneliness is somewhere between 10% and 20%
depending on country, age and other factors. There are a number of differences
that could impact the significantly different loneliness prevalence in our survey
compared to this review study [337]. First of all, our survey was conducted in the
aftermath of the COVID-19 pandemic. Secondly, the surveys used in [337] did not
focus on people in academia, nor highly educated people in general. People part
of these large collaborations often change country or even continent for successive
academic positions. This could also lead to higher levels of reported loneliness
due to higher isolation from their social network. Further investigations would be
needed to understand which of these (or other) factors is the dominant reason to
understand the stark difference in loneliness prevalence. Finally, one should also
try to understand whether the observed prevalence in our sample is affected by self
selection bias.
When looking at the uncorrected prevalences in Tab. A.6, we find that some of the
more important predictors are: age, career, uneven workload, work-life interference,
job influence, recognition, job meaningfulness, job insecurity and some of the
minoritized groups. We do not observe large difference across gender and working
location.
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With respect to harassment we find that important predictors for the uncorrected
prevalences in Tab. A.6 are: age, gender, career, uneven workload, work-life
interference, recognition, job insecurity and some of the minoritized groups. We
do not observe large difference across working location, job influence and job
meaningfulness. Interesting to note is that early career/young scientists report lower
(uncorrected) prevalences with respect to being harassed. More work is needed to
further understand the levels of harassment reported in this survey and the relation
to people’s mental well-being.

Finally we want to conclude this section with stating that even though the vast
majority of participants (81.1%) find the collaboration tries to be as inclusive as
possible, a smaller majority (55.6%) believes they could do more.
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Multivariate regression
Odds ratio 95% CI p

Age
18-29 0.78 [0.17, 3.65] 0.754
30-39 0.60 [0.16, 2.20] 0.441
40-49 0.72 [0.19, 2.75] 0.627
50+ Ref. Ref. Ref.
Unknown 0.61 [0.15, 2.54] 0.501

Gender
Male Ref. Ref. Ref.
Female 1.33 [0.69, 2.56] 0.401
Other 2.12 [0.54, 8.37] 0.285

Career
BA/MA student 11.98 [2.37, 60.53] 0.003
PhD 4.49 [1.23, 16.45] 0.023
Post-doc 1.39 [0.45, 4.34] 0.569
Staff scientist, engineer 2.28 [0.73, 7.09] 0.155
Tenure track professor 1.38 [0.28, 6.85] 0.694
Tenured professor Ref. Ref. Ref.

Working location: onsite
Yes Ref. Ref. Ref.
No 1.74 [0.71, 4.22] 0.224

Uneven workload
Low Ref. Ref. Ref.
Medium 2.01 [0.62, 6.53] 0.246
High 4.05 [1.13, 14.52] 0.032

Work-life interference
Low Ref. Ref. Ref.
Medium 1.33 [0.51, 3.44] 0.557
High 2.37 [0.78, 7.21] 0.130

Job influence
Low 2.28 [1.00, 5.22] 0.051
Medium 1.56 [0.78, 3.10] 0.206
High Ref. Ref. Ref.

Recognition
Yes Ref. Ref. Ref.
No 2.40 [1.08, 5.34] 0.032

Job meaningfulness
Low 0.77 [0.23, 2.50] 0.658
Medium 0.87 [0.45, 1.67] 0.672
High Ref. Ref. Ref.

Job insecurity
Low Ref. Ref. Ref.
Medium 1.33 [0.52, 3.43] 0.550
High 5.33 [2.35, 12.08] 0.000

Minority status
No Ref. Ref. Ref.
Country & collaboration 1.01 [0.50, 2.02] 0.977
Collaboration 0.56 [0.22, 1.46] 0.238
Unknown 0.31 [0.06, 1.69] 0.175

Tab. A.4.: Estimated odds ratios and confidence intervals (CIs) when an indicator variable
for the presence of depressive symptoms (PHQ-9 ≥ 10) is used as the dependent
variable. Bold values indicates p-values ≤ 0.05.
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Prevalence
Lack of recognition
(inside and outside collaboration)

Total 13.10%
Age

18-29 14.91%
30-39 15.60%
40-49 11.86%
50+ 5.45%
Unknown 13.33%

Gender
Male 13.19%
Female 13.86%
Other 8.70%

Career
BA/MA student 9.52%
PhD 15.62%
Post-doc 20.69%
Staff scientist, engineer 15.38%
Tenure track professor 10.71%
Tenured professor 4.00%

Working location: onsite
Yes 12.31%
No 13.25%

Uneven workload
Low 5.00%
Medium 12.03%
High 16.18%

Work-life interference
Low 6.10%
Medium 10.10%
High 24.30%

Job influence
Low 16.98%
Medium 19.66%
High 8.81%

Recognition
Yes -
No -

Job meaningfulness
Low 45.71%
Medium 19.47%
High 5.62%

Job insecurity
Low 5.45%
Medium 8.24%
High 24.49%

Minority status
No 9.96%
Country & collabora-

tion
22.73%

Collaboration 15.00%
Unknown 20.00%

Tab. A.5.: Fraction of respondents reporting a lack of recognition both inside as well as
outside the collaboration.
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Prevalence

N (%)
Lonely
(UCLA-3≥ 6)

Harassed
(Sexual, other
or both)

Total 397 (100%) 45.09% 21.41%
Age

18-29 114 (28.7%) 48.25% 7.89%
30-39 109 (27.5%) 54.13% 32.11%
40-49 59 (14.9%) 35.59% 23.73%
50+ 55 (13.9%) 38.18% 14.55%
Unknown 60 (15.1%) 38.33% 31.67%

Gender
Male 273 (68.8%) 45.05% 17.95%
Female 101 (25.4%) 44.55% 26.73%
Other 23 (5.8%) 47.83% 39.13%

Career
BA/MA student 21 (5.3%) 47.62% 9.52%
PhD 96 (24.2%) 45.83 % 6.25%
Post-doc 87 (21.9%) 59.77 % 29.89%
Staff scientist, engineer 65 (16.4%) 38.46% 27.69%
Tenure track professor 28 (7.1%) 57.14% 32.14%
Tenured professor 100 (25.2%) 32.00% 24.00%

Working location: onsite
Yes 65 (16.4%) 40.00% 24.62%
No 332 (83.6%) 46.08% 20.78%

Uneven workload
Low 60 (15.1%) 38.33% 15.00%
Medium 133 (33.5%) 41.35% 17.29%
High 204 (51.4%) 49.51% 25.98%

Work-life interference
Low 82 (20.7%) 28.05% 4.88%
Medium 208 (52.4%) 43.75% 22.60%
High 107 (27.0%) 60.75% 31.78%

Job influence
Low 53 (13.4%) 54.72% 16.98%
Medium 117 (29.5%) 53.85% 22.22%
High 227 (57.2%) 38.33% 22.03%

Recognition
Yes 345 (86.9%) 40.58% 20.00%
No 52 (13.1%) 75.00% 30.77%

Job meaningfulness
Low 35 (8.8%) 65.71% 22.86%
Medium 113 (28.5%) 52.21% 21.24%
High 249 (62.7%) 38.96% 21.29%

Job insecurity
Low 165 (41.6%) 28.48% 19.39%
Medium 85 (21.4%) 41.18% 12.94%
High 147 (37.0%) 65.99% 28.57%

Minority status
No 271 (68.3%) 40.59% 17.34%
Country & collaboration 66 (16.6%) 60.61% 24.24%
Collaboration 40 (10.1%) 50.00% 42.50%
Unknown 20 (5.0%) 45.00% 25.00%

Tab. A.6.: Prevalence of loneliness symptoms as measured by UCLA-3 and prevalence of
being harassed (either sexual, other or both) by sample characteristics.
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Impact of magnetic noise on
the Einstein Telescope with
the HFLF-cryo and HF-only
sensitivities

B

In this appendix we present the impact of magnetic noise on the ET using its latest
sensitivity curves HFLF-cryo and HF-only. These figures complement the figures and
discussion made in Chapter 8, where older design sensitivities ET-D and ET-B were
used. For further discussion on the implications of the results we refer to Chapter 8.
Note that in this appendix we do not consider the possible reduction in magnetic
coupling for heavier mirrors. This was only applied in Fig. 8.10, see Chapter 8 for
more details.

Fig. B.1.: ‘ASD’ and ‘GWB’ magnetic coupling function upper limits for the ET’s HFLF-cryo
design sensitivity. Also included are the average of the measurements of the
coupling functions at LIGO Hanford, LIGO Livingston and Virgo during the O3
run for comparison. This figure is the updated version of Fig. 8.2, where the ET-D
design sensitivity is replaced by the more recent HFLF-cryo sensitivity.
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Fig. B.2.: Needed improvement factor as a function of frequency for the ‘ASD’ upper limits
on the ET magnetic coupling function. The low-frequency (top panel) magnetic
coupling poses a greater challenge for the operation of ET compared to the high-
frequency (bottom panel) magnetic coupling. In both panels, the dash-dotted
blue line indicates the line where no improvement is necessary. This figure is the
updated version of Fig. 8.3, where the ET-B (ET-D) design sensitivity is replaced
by the more recent HF-only (HFLF-cryo) sensitivity.
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Fig. B.3.: ‘ASD’ and ‘GWB’ magnetic coupling function upper limits of the HF-only and HFLF-
cryo design sensitivities in the case the local magnetic noise is the same level as
the CEB at Virgo during O3. Also included are the average of the measurements
of coupling functions at LIGO Hanford, LIGO Livingston and Virgo during the
O3 run for comparison. This figure is the updated version of Fig. 8.4, where the
ET-B (ET-D) design sensitivity is replaced by the more recent HF-only (HFLF-cryo)
sensitivity.
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Fig. B.4.: Variation in the ‘GWB’ magnetic coupling function upper limits for the different
ET designs. Also included are the average of the measurements of coupling
functions at LIGO Hanford, LIGO Livingston and Virgo during the O3 run for
comparison. This figure is the updated version of Fig. 8.7, where the ET-B (ET-D)
design sensitivity is replaced by the more recent HF-only (HFLF-cryo) sensitivity.

Fig. B.5.: Upper limits on ‘GWB’ magnetic coupling function of the HF-only and HFLF-
cryo designs at high frequencies. Both designs have identical sensitivity in this
frequency range. Also included is the average of the measurements of coupling
functions at LIGO Hanford, LIGO Livingston and Virgo during the O3 run for
comparison. This figure is the updated version of Fig. 8.8, where the ET-B (ET-D)
design sensitivity is replaced by the more recent HF-only (HFLF-cryo) sensitivity.
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Fig. B.6.: Needed improvement factor as a function of frequency for the ‘GWB’ upper limits
on the ET magnetic coupling function. The low-frequency (top panel) magnetic
coupling poses a greater challenge for the operation of ET compared to the high-
frequency (bottom panel) magnetic coupling. In both panels, the dash-dotted
blue line indicates the line where no improvement is necessary. This figure is the
updated version of Fig. 8.9, where the ET-B (ET-D) design sensitivity is replaced
by the more recent HF-only (HFLF-cryo) sensitivity.
Note, the top panel of this figure differs from Fig. 8.10 as there a factor 5
reduction for Virgo was included, related to the heavier mass of the mirror. See
Chapter 8 for a further discussion on this subject.
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Complementary figures to
Chapter 11

C

Fig. C.1.: Top (bottom): The PSD of the null channel T , the CSD of the T and X/Y /Z
channels, normalised such that it can serve as an estimate of SX

n /SY
n /SZ

n . The
expected PSD of X/Y /Z, as shown in Eq. 11.12 and the estimated PSD as
calculated in Eq. 11.14 and Eq. 11.15. This figure complements Fig. 11.2 in the
main text.
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Fig. C.2.: Top (bottom): The PSD of the null channel T , the CSD of the T and Y (Z)
channels, normalised such that it can serve as an estimate of SY

n (SZ
n ). The

expected PSD of Y (Z), as shown in Eq. 11.13 and the estimated PSD as
calculated in Eq. 11.18. As explained in the text, ST

n and S′
n

T X/S′
n

T Y /S′
n

T Z

yield a biased PSD estimate and one needs to use SX
n,est/SY

n,est/SZ
n,est, derived in

Eq. 11.18 using Eq. 11.10. This figure complements Fig. 11.5 in the main text.
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