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Abstract

The mysteries of the universe have always fascinated people on earth. Hence, methods
to observe and study it in details have been and are still being developed. Since the

rst detection of gravitational wave at LIGO (Laser Interferometer Gravitational-wave
Observatory) in 2015, a new tool to study the universe was added to the panel of existing
ones. It is called gravitational wave astronomy.

However, the detection of such waves is a technical challenge as their e ects are extremely
small. As a result, the detectors that aim to capture them must have a tremendous degree
of precision. The various noise sources to which they are subjected must then be drasti-
cally reduced. An important one is the vibration of the detector due to seismic motion.
Passive as well as active isolation systems are thus employed to isolate the detector from
the ground motion.

The goal of this work is to design a type of optimal controller called linear quadratic
Gaussian controller on an existing experimental isolation platform. The design is sepa-
rated into two main steps. The rst is the development of a full-state observer to estimate
the states of the isolation platform from its outputs. The second is the design of a linear
quadratic regulator to control the system. The two are then combined to form the com-
plete controller to be used as feedback in a closed-loop system with the initial plant.

The performances of this controller are nally analysed and discussed. From this analysis,
it emerged that the controller allows to increase the isolation performances of the platform
by about one order of magnitude between 0.1 Hz and 1 Hz and by two order of magnitudes
from 1 Hz to 10 Hz. Therefore, conclusion has been made that this type of controller were
appropriate to provide good isolation performances to the experimental platform in the
control bandwidth [0:1;10] Hz. The next step is now to implement it experimentally to
address its performances in real situations.
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1 Introduction

Since the dawn of time, men have been looking up to the sky and wondering what it was
made of. It began as a philosophical opinion in ancient times and elaborated into scienti ¢
studies by observing the movement of the visible stars and planets in the sky. The visible
light was the only way to observe the universe around the Earth for most part of hu-
manity. It is not until recently, over the last century, that new technologies have made it
possible to observe the sky in the whole range of the electromagnetic spectrum or through
particle detectors. Nowadays, many instruments, each exploiting a particular wavelength
range from gamma rays to radio waves, continuously scan the sky to unravel its myster-
ies. They picture the world in their own way and complement each other. In an e ort to
understand the world in its smallest details, people are always looking for new ways to ob-
serve the universe and new technologies to make existing ones more e cient and accurate.

In 2015, the detection at LIGO (Laser Interferometer Gravitational-wave Observatory) of
gravitational waves (G.W.) produced by the merger of two super massive black holes was
a breakthrough in the eld of observational cosmology. Two important outcomes emerged
from this discovery. On the one hand, it supports Einstein’s theory of general relativity
on which many actual theories and applications of physics are based. And on the other,
it gives mankind a whole new tool for studying the universe, through gravitational wave
astronomy.

1.1 Gravitational waves

To understand the concept of gravitational waves, the concept of gravity and space-time
as laid out in Einstein’s general relativity theory must rst be understood. In this theory,
the three dimensions of space and the single dimension of time are not distinct from each
other, as opposed to the classical theory of gravity proposed by Newton. Indeed, they
interact with each other to form the four-dimensional space-time continuum conception
of the universe. Moreover, this space-time is no longer at nor immutable. Instead, it is
distorted by the presence of matter and energy as illustrated in Fig. 1 [1].

This new conception of the universe was motivated by the direct contradiction between
the instantaneousness of the gravitational force in Newton’s theory and his freshly re-
leased special relativity theory. Indeed, in the latter, the speed of light in a vacuum is
a nite invariant and is considered the maximum speed at which information can travel
through space [3]. In his theory of general relativity, Einstein gets around this problem by
proposing that gravity is no longer an instantaneous force acting between massive bodies.
Instead, he suggests that it is the consequence of the curvature of space-time. Gravity
is then seen as a dynamic eld in which bodies are immersed and which dictates the
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Figure 1: 2D schematic view of the deformation of the space-time continuum induced by
the presence of a massive body. Retrived from [2].

motion of matter and energy. This new formalism has solved several problems encoun-
tered by Newton’s theory, one being the instantaneous nature of the gravitational force [1].

The motion of massive bodies through space-time a ects its curvature. Hence, its geom-
etry is in constant evolution. However, as mentioned earlier, the evolution of space-time
curvature cannot be instantaneous to be consistent with Einstein’s relativity theory. The
theory therefore predicts that the information travels at the speed of light, which is nite,
in the form of waves called gravitational waves [1]. Any accelerating mass creates gravita-
tional waves whether it is a person, a plane, or a star. However, the principal sources, i.e.
those creating waves of highest amplitudes and energy, are either single spinning massive
objects, compact binaries made of two massive objects, the merger of two massive objects
or supernovae core collapse. The two massive objects mentioned are essentially black
holes or neutron stars [4].

When a gravitational wave passes through an object, it distorts the body in the transverse
plane to the direction of propagation. Its e ects are illustrated schematically in Fig. 2 for
an initially circular ring of particles spanned by a gravitational wave propagating in the
b direction. The wave induces alternative contractions and elongations along the % and ¥
directions for its rst polarization, noted +, and along the = x and $ = X directions
for the its second polarization, noted

The e ect of gravitational waves is however extremely small. Indeed, for an initial ring
size Lo, the length variation due to the gravitational wave amounts to

L ;hLo (1)

where the typical strain amplitude of gravitational waves from astrophysical sources is
h . 10 2%, Thus for a body of 1 km in length, it constitutes a maximum variation of
10 18 m [5]. The observation of gravitational waves is therefore a technical challenge and,
as of today, only tremendous events can be detected.
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Figure 2: A monochromatic gravitational wave of pulsation w =2 =T propagating along
the b direction. The lower panel shows the e ects of the + and  polarizations on a ring
of freely falling particles, in a local inertial frame. Retrieved from [5].

1.2 Gravitational wave detectors

There are three main possible methods for detecting and studying gravitational waves.
They will be listed in order of increasing detection frequency range. The rst method is
to study the cosmic microwave background polarization to learn about the gravitational
waves emitted in the early moments of the universe [6]. These G.W. have been estimated
to have a very low frequency spectrum in the range of [10 18;10 6] Hz [7]. The second
is to use pulsar timing arrays (PTA). A pulsar is an astronomical object that produces
a periodic signal ranging from milliseconds to tens of seconds. For instance, a neutron
star rotating very rapidly on itself and emitting strong electromagnetic radiation in the
direction of its magnetic axis. A PTA is a collection of pulsars that are continuously
monitored by various ground-based radio telescopes to record the time of arrival (ToA)
of the pulses they emit. Gravitational waves cause their ToA and thus their frequency to
vary. These variations are then collected on Earth and studied. This technique have a
sensitivity in the range of [10 2:10 ®] Hz [8]. The last one is performed using an optical
interferometer which can either be ground-based or space-based. The detection range is,
with the current technology, around [10 4;10*] Hz [9]. This is the technique of interest
for this thesis and is detailed hereafter. The gravitational wave frequency spectrum as
well as the range at which each type of detector is e ective is shown in Fig. 3.

To detect the extremely small distance variations caused by gravitational waves, an op-
tical interferometry technique based on the Michelson interferometer is used. The basic
principles of the latter are explained in the following and illustrated in Fig. 4.



1 INTRODUCTION 8/73
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Figure 3: The spectrum of gravitational waves with possible sources and detectors. Re-
trieved from [9].

Figure 4: Simpli ed layout of a Michelson interferometer. Retrieved from [10].

The detector basically consists of two mirrors, a beam splitter, a light source, and a
photodetector. The light source, typically a laser, emits a beam of light that, after passing
through the beam splitter, is split into two separate beams travelling in perpendicular
directions towards each mirror. After re ection, they recombine at the beam splitter and
produce an interference pattern incident on the photodetector. Under normal conditions,
the detector detects a beam of constant intensity dependent on the di erential path length
between the twoarms ( L=Lx Ly). But when a G.W. passes through, the detector’s
arms undergo length variations that produces a characteristic interference captured by
the photodetector [11]. This signal is then analysed and studied to understand what it
can reveal about its origin.
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1.3 Noises

Since the strain produced by gravitational waves to be detected are extremely small, the
guestion of induced noise on the detector arises. If the order of magnitude of the noise is
greater than that of the signal, then the detection is hopeless. A signi cant part of the
work of detecting gravitational wave is the assessment and reduction of all types of noise
hindering the measurements. There are numerous noise sources, the main ones being
photon shot noise, radiation pressure noise, the standard quantum limit, thermal noise,
and seismic noise. This thesis is particularly focused on seismic noise isolation, therefore,
only this type of noise will be addressed in details. Further discussion about the other
types of noise can be found in [12].

Seismic noise acts on the interferometer via two main channels. First, seismic excitation
can mechanically couple to the detector’s structure. Second, it can excite density uctu-
ations in the environment of the detector which couple to the test mass position through
gravitational attraction. This one is commonly called Newtonian noise. It is well known
that the ground is constantly in motion due to seismic activity on the one hand, and
human activity on the other. This greatly a ects ground-based G.W. detectors as the
ground motion exceeds the expected di erential displacement between the test masses
due to G.W. e ects by several orders of magnitude. For example, the ground motion
measured at the location of Virgo, A G.W. detector in Italy, reaches up to 10 °m=" Hz
at 10 Hz. If a detector was to detect gravitational waves with a strain of h * 10 22, it
should achieve a sensitivity at least as good. For a 1 km arm’s length detector, a strain
sensitivity of h 7 10 22 corresponds to a di erential displacement of | > 10 19m:pm.
Thus, in order to reach this sensitivity and capture the G.W. signal, the seismic motion
must be suppressed by a factor of 1019 [12]. The methods for controlling the ground
motion to reach the sensitivity desired for G.W. detection will be the main focus of this
thesis.

1.4 Motivations

Current_ground-based G.W. detectors have a strain sensitivity limited to the order of
10 23=pm with a frequency bandwidth of detection of [10;10%] Hz [12]. With these
speci cations, the sources of G.W. events that can be detected are very limited. Only
the most violent and closest to Earth can be observed as the G.W. fade away as they
travel through space. This is the reason why it is important to increase the sensitivity
of the detectors to detect smaller and further away events. An attempt to increase the
sensitivity of existing detectors has already been done but this improvement is limited
by their available infrastructure and only small improvements can be achieved. To make
signi cant sensitivity improvements compared to advanced detectors, new facilities with
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novel technologies must be built.

As it will be seen in Sec. 2.1, today’s detectors are very limited at low frequencies, below
10 Hz, due to seismic and Newtonian noises. There is therefore a need to develop more
e cient isolation systems. An important part of active isolation systems development
is the design of the control strategy. The controller links the sensors to the actuators.
It reads the information coming from the sensors and uses them to dictate the action
of the actuators. It has to be done in the most e cient way to isolate the payload as
well as possible. This thesis is focused on the controller design part of isolation systems.
There are many types of controller with their advantages and drawbacks. Here, a Linear
Quadratic Gaussian (LQG) regulator is developed for an existing passive-active isolation
system targeting the [0.1, 10] Hz frequency bandwidth.

1.5 Thesis outline

This works starts with a review of the existing gravitational wave detectors with their
isolation method against seismic motion as well as their achieved sensitivity, see Section 2.
Then, the principle of passive and active isolation are laid out. Section 3 focuses on the
basics of the control theory. The linear quadratic regulator (LQR), the Kalman Iter, and
the linear quadratic Gaussian controller are discussed. Next, in Section 4, the components
of the experimental isolation platform, for which the controller is designed, are presented.
Section 5 contains the details of the LQG controller development. Its performances are
then analysed in Section 6. Finally, Section 7 will conclude this work and present some
perspectives for improvement.
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2 State of the art

This section presents a review of the literature concerning gravitational wave detectors as
well as current methods of vibration isolation.

2.1 Gravitational wave detectors

There are four main ground-based gravitational wave detectors based on interferometry
currently in operation. They are part of a worldwide network of second generation detec-
tors joining forces in the quest for gravitational waves. Having a network of detectors is
crucial for two reasons [12]. The rst is for coincidence of detection. Measuring a grav-
itational wave simultaneously at several distant locations increases the con dence that
the signal comes from extraterrestrial source rather than technical glitches in the detector
outputs. The second is for sky localisation. In order to locate the position in the sky
of the G.W. source, a triangulation method is used based on the arrival times at the
various detectors. The more the detectors and the further away they are from each other,
the better is the accuracy of the localisation. Each detector has particular features and
di erent strain-sensitivity curves. An additional one is currently under study in order to
increase the sensitivity and detection bandwidth. It will be the rst of third generation
detectors and is called the Einstein Telescope.

Moreover, space-based laser interferometers for G.W. detection are being thought of.
Many mission proposals have been put forward with the main one being the Laser In-
terferometer Space Antenna (LISA)[13]. Space-based detectors are not submitted to the
same noise sources than those on Earth which allows them to reach a good sensitivity at
much lower frequencies. They can thus be complementary with the ones on Earth. In the
following, the sensitivity of each detector will be brie y discussed as well as the isolation
methods employed against seismic noise.

2.1.1 Advanced Virgo

The Advanced Virgo is the upgrade of the rst generation Virgo detector situated 15 km
southeast of Pisa in Italy. It is therefore said to be a second generation detector.

The Virgo isolation technique is essentially based on an hybrid (passive active) attenua-
tion system called the Superattenuator (SA), viewed in Fig. 5, to which each mirror of the
interferometer are attached [14]. It is composed of a ve-stage pendulum supported by a
three-leg elastic structure called Inverted Pendulum. It makes a chain of mechanical Iters
for which the transmitted horizontal displacement of the suspension point is decreased
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at each stage. In an N-stage pendulum, the displacement transmitted to the last stage,
at a frequency T higher than its normal modes, is reduced by a factor proportional to
2N The pendulum chain has been designed to con ne all the normal modes below 2 Hz,
in order to have an attenuation of the ground horizontal seismic noise by more than 10
orders of magnitude, starting from a few Hz.

excitation

2,

suspension wire

11
)1

[
Ol

mechanical filter

inverted pendulum

Figure 5: Schematic view of the Virgo Superattenuator. Retrieved from [14].

Regarding the seismic vibration in the vertical direction, the multi-stage pendulum in-
cludes cylindrical mechanical Iters with a set of concentric cantilever blade springs with
low sti ness. They are connected through an about one meter long steel wire forming a
chain of low frequency oscillators in the vertical direction. They work in parallel with a
magnetic anti-spring system to reduce its fundamental vertical frequency. This assembly
reduces all the vertical modes of the chain below 2 Hz and thus isolates well the mirror
from the vertical seismic noise above a few Hz. However, between 200 mHz and 2 Hz,
the seismic excitation is ampli ed by the normal modes of the Iter chain. This drives
a high amplitude swinging motion of the mirror (=10 m) which is not acceptable for
keeping the cavities at resonance (an accuracy of 10 2 10 19 m in the mirror position-
ing is necessary). This displacement must therefore be actively controlled to maintain the
interferometer in the working position. To this end, an inertial control system (Inertial
Damping), acting on the suspension top stage, is employed. For longitudinal direction
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isolation, it is based on the association of three high sensitivity accelerometers and three
coil-magnet actuators. The accelerometers monitor the suspension point acceleration in
the horizontal plane (two translations and one rotation about the vertical axis) and the
three actuators are used in feedback to keep the position of the top stage locked to an
inertial frame. Damping of the vertical resonances is achieved in a similar way with two
accelerometers and two coil-magnet actuators used in feedback. The considerable ultra-
low frequency mirror displacements (hundreds of microns below 10 mHz) are compensated
using the interferometer as sensor and the three coil-magnet pairs of the horizontal In-
ertial Damping as feedback actuators. The overall system is capable of reducing seismic
noise by more than 10 orders of magnitude in all six degrees of freedom (dof) above a few
Hz.

Since the SA performance already met the sensitivity requirement of AdV, no major
changes have been brought to it. Though, a new design of the payload has been de-
veloped in order to be able to suspend heavier mirrors [15]. Moreover, an upgraded
controller design has been developed and an active system to control the ground tilt has
been implemented. In Virgo, classical Nyquist-like techniques were used in order to diag-
onalize the multiple-input multiple-output (MIMO) system to obtain a set of single-input
single-output (SISO) systems. The upgraded detector now makes use of a multivariable
design approach based on optimal predictive regulators. This has the advantage to be
an automatic and optimal process which allows to optimize the feedback performance
for both the mixed and diagonal term elements of the sensor/actuator transfer function
matrix. During earthquakes or bad weather conditions, seismic motion can be drastically
increased in the [0:1;1] Hz band. Its angular component fully transmitted to the SA can,
as a result, reach high enough levels to compromise the duty cycle of the interferometer
optical con guration. To prevent this from happening, a set of piezo-electric actuators
coupled with sensors providing tilt measurements uncontaminated by translational com-
ponents are used in closed-loop As a result, thanks to the suspension chain, the seismic
noise is attenuated by 14 orders of magnitude above 10 Hz. The longitudinal and angular
motion control strategies are detailed in [16].

A graph representing the strain-sensitivity curve of Virgo and the target sensitivity of
advanced Virgo as a function of the frequency can be seen in Fig. 6. The initial Virgo
detector had achieved a sensitivity of 5 10 22=" Hz around 100 Hz and of 10 2'=" Hz in
the [20;1000] Hz bandwidth [17]. The advanced Virgo was designed to achieve a sensitivity
of one order of magnitude better and was successfully. It corresponds to a substantial
increase in the detection rate by about three orders of magnitude.
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Figure 6: The Virgo strain-sensitivity as a function of frequency compared to the Ad-
vanced Virgo target. Retrieved from [18].

2.1.2 Advanced LIGO

The advanced LIGO is the upgrade of the rst generation LIGO (Laser Interferometer
Gravitational-Wave Observatory). It operates two gravitational wave detectors in the
USA, one situated near Livingston, Louisiana, and the other near Hanford, Washington.
Moreover a collaborative project between a consortium of Indian research institutions
and the LIGO Laboratory is envisaged [19]. The project is to build an additional LIGO
detector, called LIGO-India, in India to expand its network.

As Virgo, the LIGO detector pro ts from passive-active isolation platforms to isolate the
payload from seismic noise [20]. Figure 7 shows the seismic isolation platforms used for the
auxiliary optics and for the core optics. The former is called the Horizontal Access Mod-
ules (HAM) and the latter the Basic Symmetric Chambers (BSC). They each feature a
pre-isolation stage externally to the vacuum chamber containing the payloads. It is called
Hydraulic External Pre-Isolator platforms (HEPIs) and provides one stage of active iso-
lation. Then, for the isolation of auxiliary optics, a single-stage Internal Seismic Isolators
(IS1) mounted on the HEPI inside the vacuum chamber (HAM-ISI) is used. This adds one
stage of passive-active isolation. Finally, the auxiliary optics components are suspended
by up to the three stages of passive suspensions, inspired by GEO600 suspensions. As for
the isolation of the more critical core optics, two-stage seismic isolators mounted on the
HEPI (BSC-ISI) are used. They add two stages of passive-active isolation. At last, the
core optics are mounted on the down-facing BSC-ISI optical table and are suspended at
the last stage of quadruple pendulum suspension.

A graph representing the strain-sensitivity curve of LIGO and the target sensitivity of
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(@) HAM chamber (b) BSC chamber

Figure 7: Schematic view of the passive-active isolation systems of LIGO. a) represents
the Horizontal Access module chamber responsible for isolating the auxiliary optics from
ground motion. b) represents the Basic Symmetric Chamber responsible for isolating the
core optics from ground motion Retrieved from [20]

advanced LIGO as a function of the frequency can be seen in Fig. 8. As the Virgo detector,
the initial LIGO had reached a sensitivity of the order of 10 23:pm around 100 Hz
[18]. Its upgrade (Advanced LIGO) presents a similar target strain-sensitivity curve as
Advanced Virgo, cfr Fig. 6, with a little improvement especially at low frequency. The
design sensitivity of 2 10 23 around 200 Hz was eventually reached by the 4 km detectors
[12]. This sensitivity achieved at LIGO allowed the rst ever detection of a gravitational
wave signal in 2015.

2.1.3 GEO600

GEOG600 is a smaller detector with arm lengths of 600 m located south of Hanover in
Germany. It doesn’t have as good performances as the bigger ones mainly caused by a
signi cantly limited budget. It thus often tried to compensate this issue with the imple-
mentation of novel techniques that were risky and not extensively tested. In this way, it
serves as a kind of test bed for new technologies from which advanced detectors can bene-

t later on. Though, it actually achieved fairly good sensitivities as the new technologies
has been successfully implemented.

Concerning the seismic motion isolation of the payload, GEO600 employs a multiple-stage
suspensions as Virgo has already been using. However, it integrated the design of multiple-
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Figure 8. The LIGO strain-sensitivity as a function of frequency compared to the Ad-
vanced LIGO target. retrieved from [18].

stage suspensions with a monolithic last stage, electrostatic actuators and a reaction chain
that has been the precursor of very similar suspension in advanced LIGO. Further details
about these systems can be found in [21]. It also has bene ted from an upgrade during
the last decade, called GEO-HF, principally aimed at improving the detector’s sensitivity
at high frequency (> 500 Hz). Since the shot noise was the limiting parameter at high
frequencies, a series of improvements, described in [22], seeking to lower it have been im-
plemented. Improvement by up to a factor of 4 of shot-noise-limited sensitivity has been
achieved. For lower frequencies (below 500 Hz), the limiting parameter is thermal noises,
mainly thermo-refractive noise at the beam splitter and coating Brownian noise. Reduc-
tion of these noise sources were not investigated as it was not the goal of this upgrade [23].

A graph representing the target strain-sensitivity curve of GE0600-HF compared to the
sensitivity curves after completion of signi cant upgrades to the initial GEO600 can be
seen in Fig. 9. In addition, the major noise sources and the sensitivity of the VIRGO
S6e science run from 2010 are also depicted. From this, it can be seen that the targeted
frequency bandwidth is [10%;10%] Hz with a sensitivity around 10 22. Also, the limiting
noise of GEO-HF is thermal noise at low frequency and shot noise at high frequency.

2.1.4 KAGRA

The latest kilometer-scale detector built is the 3 km Japanese Kamioka Gravitational
Wave Detector (KAGRA). It has implemented two major technologies valuable for the
next generation of detectors. The rst is to build the entire facility completely under-
ground to reduce seismic and Newtonian noises. The second is to cool the interferometer’s
mirrors down to cryogenic temperatures (< 20 K) to decrease the amount of thermal noise
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Figure 9: Progression of strain-equivalent noise curves upon completion of major mile-
stones of the GEO-HF upgrade program compared to the GEO-HF design noise curve.
Retrieved from [23]

limiting the sensitivity around 100 Hz.

It is built deep underground in the Kamioka mine in Gifu Prefecture, Japan, a seismically
quiet site. The wise choice of KAGRA building site has allowed to lower the seismic noise
level in the sub-Hz domain for being isolated from anthropological activities as well as
above 10 Hz for being built underground [24]. Indeed, at ground level above the detector’s
location, the level of seismic noise above 10 Hz is raised by a factor of 100 or more in
comparison. Moreover, being underground allows to be further away from any anthropo-
logical activity which has been the main source of seismic Newtonian noise for detectors
built on Earth surface. As a result, this type of noise has been reduced by approximately
one order of magnitude above 10 Hz in comparison to LIGO .

Regarding the seismic noise cancellation systems, the detector employs four types of
system depending on the residual displacement requirements of each mirror [25]. They
are called Type-A, -B, -Bp, and -C systems. The overview of the detector with the type
of system used for each optic component is presented in Fig. 10(a). The most critical
payloads for G.W. detection are isolated with the type A systems, showed in Fig. 10(b).
It will be brie y discussed here but further details about the four system types are given
in [26].
The type A isolation system is a 14 m 9-stage pendulum operating inside a vacuum cham-
ber from which is suspended the test mass [26]. The rst is a pre-isolator unit made of
inverted pendulums (IPs) for horizontal isolation and a geometrical anti-spring (GAS)
Iter for vertical isolation. The four following stages are equipped with a GAS Iter. The
rst ve stages operate at room temperature whereas the last four operate at cryogenic
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Figure 10: (a): Schematic of the optical components of KAGRA and the type of vibration
isolation system for each of them. ITMX(Y): input test mass X(Y), ETMX(Y): end test
mass X(Y). Retrieved from [25]. (b): Schematic of the type A vibration isolation system.
MN: marionette, IM: intermediate mass, OP: optic. Black dots represent the location of
coil-magnet actuators. Type-A systems are located inside a vacuum tower and the legs of
the inverted pendulum table is xed onto the ground of the second oor. Retrieved from
[26]

temperature. The mirror is cooled down to 20 K and the cryogenic payloads are cooled
down to 16 K except the sapphire mirror which is only maintained at 20 K because of the
heat absorption from the laser beam. Since the resonant frequency of the IP is as low as
80 mHz, it manages to e ectively reduce the micro seismic motion that has large ampli-
tude at low frequencies. The seismic attenuation rate achieved by the type-A system has
been measured to be below 10 ® at 1.7 Hz and of 10 2! at 10 Hz for a carefully modeled
suspension chain [25].

A graph representing the design strain-sensitivity curve of KAGRA as well as the major
noise sources is found in Fig. 11. The predominant limiting parameter above 10 Hz is
guantum noise apart from the peaks corresponding to suspension thermal noise. At low
frequency (below 6 Hz), seismic noise limits the detector’s sensitivity. This detector hasn’t
yet reached its target sensitivity and is therefore not as e ective as Advanced LIGO or
Advanced Virgo. Though, comparable sensitivity is expected within the next few years
[24].
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Figure 11: Design sensitivity of the KAGRA detector and the major limiting noise sources.
"Suspension” and "mirror" are thermal noises originating respectively from the suspensions
and the mirrors. Retrieved from [24].

2.1.5 Einstein Telescope

The Einstein Telescope (ET) is the next generation of gravitational wave detector cur-
rently under study. It aims to improve the sensitivity by more than one order of magnitude
over second generation advanced detectors and to extend the detection bandwidth in the
low frequency range to 1 Hz.

Low frequency sensitivity detectors make it possible to observe intermediate mass black
holes (IMBHSs), with masses in the range of [10%;10%] solar mass. Moreover, it allows to
study coalescing binary systems for a much longer period before their merger. Indeed,
they spend long periods at lower frequencies before rapidly chirping up in the nal in-
stants. Studying this period would help in measuring the parameters of the source very
accurately. Many other scienti ¢ potential of ET are discussed in [27].

Although all currently active G.W. detectors are L-shaped since this geometry maximizes
the sensitivity with respect to the arm length, ET will be composed of three nested de-
tectors in a triangular shape as shown in Fig. 12. The major drawback is the sensitivity
reduction of each detector due to the more acute angle between their arms (60 ). How-
ever, this is compensated by combining the results obtained at each detector which are
complementary [28]. Moreover, a multiple detector facility presents additional advantages
in terms of redundancy, signal reconstruction and cost/bene t minimisation [29].

Another innovative concept of ET is to operate two di erent interferometers in each detec-
tor, one optimised for low frequency detection (ET-LF) and the other for high frequency
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Figure 12: Einstein Telescope triangular con guration with three nested detectors with
arms length of 10 km. Retrieved from [12].

detection (ET-HF) [28]. This is the so-called xylophone con guration. This decision was
made given the di culty to increase the sensitivity of both high and low frequencies at
the same time. This is a consequence of the di erent noise sources that come into play
at high and low frequencies. For instance, at high frequency, dominant shot noise can be
suppressed by high laser power but at the cost of high thermal noise at lower frequencies.
In such manner, the xylophone design allows to extend the detection bandwidth by com-
bining the low-frequency-specialised detector and the high-frequency one.

Although seismic noise can be reduced by development of complex isolation systems, the
only guaranteed way to reduce the gravity gradient noise is to reduce the initial seismic
excitation. Thus, as KAGRA, ET will be built underground to undergo lower seismic
activity at its location. Then, the isolation system implemented for the test masses of
the interferometer will be an upgraded version of the Superattenuator of Virgo [28]. In
order to achieve a lower cut-o frequency, the height of the individual pendulum stages
of the Superattenuator will each be increased by 2 m. The overall modi ed Superattenua-
tor consisting of six pendulum stages (each stage providing horizontal as well as vertical
isolation) will attain a height of 17 m.

The strain-sensitivity curves of ET-LF and ET-HF are seen in the two graphs of Fig. 13
along with the principal noise sources a ecting them.

At low frequencies, seismic noise limits the sensitivity below 1.7 Hz while gravity gradient
noise is dominant between 1.7 and 6 Hz. Above 6 Hz, quantum noise becomes the limiting
parameter. The crossover frequency of the two interferometers’ sensitivity is around 35 Hz.
At higher frequencies, mirror thermal noise limits the sensitivity up to 200 Hz, then
guantum noise takes over for the remaining part of the frequency spectrum. If reached,
the target design of ET would increase the sensitivity of one order of magnitude at high
frequency compared to the second generation of detectors and extend the lower end of
the detection bandwidth from 10 Hz to less than 2 Hz [28].
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Figure 13: Left: proposed noise budget for Einstein Telescope’s low frequency interferom-
eter. Right: proposed noise budget for Einstein Telescope’s high frequency interferometer.
Retrieved from [28]

2.1.6 LISA

The Laser Interferometer Space Antenna (LISA) is a joint ESA NASA project to conceive
a space-based gravitational wave detector [30]. The reason to develop a space detector
is to increase the frequency range of detectable G.W. On the one hand, LISA can avoid
noise sources that limit the sensitivity of ground-based detectors at low frequency, and on
the other hand, the vastness of space allows an interferometer with extremely long arms
which amplify the e ect of low frequency gravitational waves. It will be based on the same
detection method as the ground-based telescopes i.e. a Michelson interferometer. It will
be formed by three spacecrafts in orbit in an approximately equilateral triangle formation
with arms of ve million kilometres. They will be on an Earth-trailing, heliocentric orbit
approximately 20 behind Earth.

The micro-gravity environment of space is naturally suited to freely oating masses.
Therefore, there is no need for very complex seismic isolation system as on Earth. The
spacecraft needs however to shield the test masses from unwanted forces such as the solar
wind or unbalanced gravitational acceleration due to th