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Summary

For millennia mankind has admired and studied the skies and in doing so has learned
more and more about the nature of the cosmos. This led to the rejection of the Earth’s
central position in the Universe and the adoption of the heliocentric model in the
16th century, placing the Sun at the center of the Universe. With the advent of the
optical telescope, early-day astronomers could further refine their models and discover
new planets and even their moons. Finally these developments led, in the 19th century,
to the notion that our Sun was not at the center of the Universe but one of billions of
stars that make up the Milky Way.

By the middle of the 1900s astronomy was experiencing a golden age thanks to a range of
new technologies that expanded the observational scope beyond that of visible light. This
included radio and infrared astronomy which provided new ways of observing the skies.
Probing the entire spectrum of electromagnetic radiation, physicists continued to unravel
the mysteries of the cosmos and our existence within it. Yet a number of fundamental
questions still remain unanswered until today. To help solve these mysteries, scientists
are now poised to uncover a whole new spectrum, that of gravitational radiation. It is
linked to the gravitational forces associated with all matter and energy, and carries with
it a treasure trove of information about the dynamic behavior within the cosmos. It may
eventually allow revealing imprints of the earliest stages and evolution of the Universe
itself.

What is gravity?

Gravity plays a role in the dynamics of all matter and energy. At the beginning of last
century the reigning theory of gravity was that devised by Isaac Newton, first published
in 1687. Newton’s theory described gravity as an instantaneous force, acting on any two
objects, which is proportional to the masses of the two objects and decreasing with the
squared distance between them. In this way Newton was able to predict the motion
of most celestial bodies such as the Moon and the planets. Yet a number of mysteries
puzzled early-day astronomers. One of which was the notion that a force could act
instantaneously and over large distances through a vacuum, without the mediation of
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anything else. Another was the observation of the precession of Mercury’s elliptical orbit
which was unexplainable within Newton’s theory.

In 1915 Albert Einstein published the theory of general relativity that did away with all
conventional thinking of gravity. General relativity introduced compelling ideas about
the relationship between space, time, matter and energy. It describes gravity as the
curvature of spacetime, a type of flexible field that encompasses the entire Universe.
Einstein’s equations show how spacetime is curved by the presence of matter and energy,
while at the same time dictating the motion that matter and energy must undergo. Fig. 1
is an illustrative example of how spacetime is curved by the Sun and how the orbital
motion of Earth and all the other planets is governed by this warping of spacetime.
Einstein’s theory has been extremely successful in describing the observable effects of
gravity. It accurately describes the motion of the planets including the precession of
their orbits. It was also shown to accurately predict the deflection of light around the
Sun, and it is now used to model the evolution of the entire Universe.

Figure 1: Illustration of Einstein’s notion of gravity as the curvature of spacetime. The
Sun, depicted in the center, causes spacetime to warp and curve. The motion of the Earth
(and the other planets) is dictated by this dent in spacetime.

General relativity’s approach to describing gravity as a dynamic field, paved the way
to the notion of gravitational waves. These are one of the last predictions of general
relativity yet to be observed directly. Gravitational waves are minute ripples in the
curvature of spacetime that are produced by dynamic changes in the gravitational field.
They propagate through space much like the waves in a pond after a pebble is thrown
onto its surface. However, spacetime is extremely resilient to change and the interaction
between gravitational waves and matter is decidedly weak. Therefore, the first sources
of gravitational waves most likely to be detected, are expected to be huge astrophysical
events. Candidates for such events include the violent death of an aging star, and the
coalescence of two compact objects, such as neutron stars and black holes.

The study of gravitational waves will open a new window on the Universe to expose
it in a way never seen before. This will enable us to test general relativity under the
most extreme conditions and develop a firm understanding of the Universe. Furthermore,
entirely new discoveries and insights await us in this fledgling field of astronomy.
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Measuring gravitational waves

Because curvature of spacetime and gravity are interconnected, a gravitational wave
will change the way falling objects fall with respect to each other. Consider two freely
falling masses; as a gravitational wave passes, the distance between them will expand
and contract, similar to the relative height of two corks floating on the surface of a pond.
We can therefore measure gravitational waves by accurately monitoring the relative mo-
tion between several freely suspended test masses. This is done by using kilometer scale
laser interferometers. An interferometer splits coherent light from a laser into two beams
traveling in perpendicular directions, through vacuum tubes several kilometers long. The
beams are retro-reflected off highly reflective end mirrors, which subsequently act as test
masses. The beams then recombine at the beamsplitter. The resulting interference pat-
tern is a measure of the path-length-difference between the two beams. In this way, the
relative motion of the end mirrors caused by a passing gravitational wave can be de-
tected. However, due to the extremely weak gravitational interaction the measurements
need to be phenomenally precise. In fact, the required accuracy is equivalent to mea-
suring the distance between Earth and Moon with a precision of less than one millionth
the width of a human hair. To achieve these challenging requirements the noise sources
associated with the measurements as well as any external effects that may disrupt the
measurement, need to be controlled or suppressed by several orders of magnitude.

A global network of large-scale interferometric gravitational wave detectors has been
constructed. The first generation of these devices has successfully demonstrated the
technological feasibility of gravitational wave detection. Currently, the detectors are be-
ing upgraded to second generation configurations which will improve sensitivity by a
factor of ten, resulting in an expected number of detectable gravitational wave events of
roughly one every week. Several of these detectors are expected to come online in 2016.
These are Advanced Virgo, in Italy (see Fig. 2), and Advanced LIGO, two detectors, one
each in Louisiana and Hanford, USA. By 2018 other second generation detectors will
strengthen the world-wide network including KAGRA in Japan and a third LIGO de-
tector in India. In addition, future generation instruments that would improve on second
generation sensitivity by a further order of magnitude are already in conceptual design
phase. This thesis discusses Einstein Telescope, a proposed European future generation
gravitational wave observatory.

The gravitational wave signals from the sources described above are expected to span
the audio band, that is, from roughly 1 Hz to 1 kHz. A number of potential sources
from spinning stars are expected to exist at the lower end of this frequency range. Fur-
thermore, the information gained from coalescing star systems during the inspiral phase
is greatly improved when they can be studied from the lowest possible frequency. The
detection of gravitational waves at these frequencies is therefore crucial, and designing
detectors that are sensitive in this frequency range is a major experimental challenge
for next generation detectors.

Some of the key limitations to detector sensitivity at low frequencies are associated with
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Figure 2: Aerial photograph of the Virgo gravitational wave detector. The two 3 km arms
converge at the central building where the laser, and beamsplitter are housed.

seismic motion. This is due to two fundamental effects. Firstly, the ground motion which
couples mechanically to unwanted vibrations of the detector components. This is referred
to as seismic noise. Secondly, seismic motion produces fluctuating density variations in
the surrounding soil that result in minute variations in the local gravitational field.
These Newtonian forces act directly on the test masses and interfere with the detection
of gravitational waves. This is known as Newtonian noise. Understanding the nature of
seismic motion, the way it influences a gravitational wave detector and how to combat
its effects are the topic of this thesis.

Seismic motion

The ground is an elastic medium that is continuously moving. We may only feel the
displacements due to an earthquake or a passing train, yet the ground is in fact in con-
stant motion. The driving forces behind this seismic motion determine the characteristic
period with which the ground oscillates. At periods of roughly 10 down to 1 seconds
(frequencies of 0.1 - 1 Hz) seismic motion is driven by ocean waves pounding Earth’s
shores and pressing on the sea floors. This is known as microseismic activity. It pene-
trates the entire globe, yet proximity to the oceans determines how strongly it is felt. In
addition, seasonal variations produce annual trends in microseismic activity, as winter
storms in nearby seas aggravate its effects. Fig. 3a shows the level of seismic activity
at 0.5 Hz from sites throughout Europe on a winters day in 2011 (February 13). The
general trend is clear: locations furthest from the North Atlantic ocean exhibit lower
levels of ground motion.

At shorter periods, seismic motion is dominated by cultural noise. This is a term used
to describe all man-made seismic motion produced by, for example, traffic, industrial
practices and other human activity. It becomes most evident in the day and night varia-
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tions above 1 Hz. At night seismic activity drops and can be several orders of magnitude
smaller than during the day. Weekly patterns are also discernible with day time activity
typically dropping on Sundays. Fig. 3b shows the level of seismic activity over a number
of days from a site in the Black Forest, Germany. The horizontal axis shows the time,
in days, since midnight on a Friday in July 2010. The vertical axis shows the frequency,
while the color indicates the level of seismic activity. The microseismic peak is evident
in a relatively constant band between 0.1 and 1 Hz. Above 1 Hz the day and night time
variations become obvious, as well as the apparent lull in activity on Sunday. Seismic
noise from a nearby saw mill which is turned on at specific hours on weekdays, can be
identified at around 5 Hz. The heightened low-frequency activity after 1 day is due to
an earthquake of magnitude 7.6 that occurred near the Philippines.

(a) (b)

Figure 3: (a) Seismic activity levels at 0.5 Hz from seismic stations throughout Europe.
This illustrates that microseismic activity is stronger for locations closer to the North
Atlantic. (b) Evolution of seismic activity over the course of several days at a site in the
Black Forest, Germany. Human activity is evident in the day/night variations above 1 Hz.

Ground based interferometric gravitational wave detectors are most affected by seismic
motion in the 1 - 10 Hz range. We have seen that at these frequencies the main sources
of seismic motion are from cultural activity and therefore originate at the surface. In
addition, the resulting seismic waves propagate predominately along the surface, while
decreasing in amplitude with depth. Therefore, underground sites are expected to exhibit
the least amount of seismic motion in this crucial frequency range.

This thesis describes a study that set out to characterize seismic motion at various
surface and underground sites throughout Europe and around the globe. It aimed to
gain a better understanding of underground seismic motion and to define realistic seismic
noise requirements for Einstein Telescope. The study showed that there are a number of
sites in Europe that would provide a sufficiently seismically quiet environment. These
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sites proved to exhibit several orders of magnitude less seismic activity in comparison
to current detector sites.

What to do about seismic motion?

In order to mitigate the effects of seismic motion, measures are taken to isolate the
detector from these unwanted vibrations. All of the most sensitive components of the
interferometer are suspended from so called seismic attenuation systems. These are a
kind of advanced shock-dampers based on mechanical filters made of springs and pendu-
lums. An attenuation system designed to suspend optical benches in Advanced Virgo is
presented in this thesis. The system is coined MultiSAS, after ‘multi-stage seismic atten-
uation system’. In order to control the position and left-over motion of the suspended
benches, feedback systems are employed to actively manipulate the bench’s position.
Research presented here describes an innovative way of applying feedback for the verti-
cal control of MultiSAS. The system is based on a Kalman state observer that utilizes
sensors on different parts of the suspension system, to produce a feedback signal to a
single force actuator. This technique was shown to improve performance with respect to
conventional feedback systems.

Despite all efforts to reduce the mechanical coupling of seismic noise, the secondary
process of Newtonian forces caused by seismic density fluctuations, will by-pass all sus-
pension systems and spoil the measurement. These gravitational fluctuations act directly
on the test masses and cannot be shielded in any way. Instead, this thesis presents a
method to estimate and subsequently subtract the Newtonian noise from the interfer-
ometer output. To do this the seismic waves are monitored with an array of up to several
thousand sensors. Based on the correlation between each sensor and the interferometer
output, an optimal filtering process can be performed. Simulations have shown that for
typical seismic waves up to 90% of Newtonian noise could be subtracted with arrays of
roughly one hundred evenly spaced sensors at each test mass. Even better results could
be obtained by paying careful attention to the exact sensor positions.

Future research

The research presented in this thesis has led to a better understanding of seismic motion
and its effects on a gravitational wave detector. A global study of seismic noise presented
guidelines for site requirements of future generation detectors, but additional studies will
be carried out at a number of sites to further pinpoint the most suitable location for
Einstein Telescope. The seismic attenuation system MultiSAS will soon be installed in
Advanced Virgo and further development of the feedback control systems may provide
even better performance. The subtraction of Newtonian noise by using sensor arrays
will move from simulations to actual field tests once Advanced Virgo comes online. The
experience gained then, will be extremely valuable for future generation detectors such
as Einstein Telescope.
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