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Abstract

Direct detection of gravitational waves would not only validate Einstein’s theory of
General Relativity but also constitute an important new astronomical tool. Continuous
gravitational-wave (CW) signals are expected for instance from rapidly rotating neutron
stars. Most such stars are estimated to be electromagnetically invisible, but might be
detected and studied via gravitational waves.

This dissertation is concerned with the development, study and application of data-
analysis techniques to detect CW signals from previously unknown sources through all-
sky surveys over broadest possible ranges of putative source frequencies and frequency
time-derivatives.

An all-sky CW search is presented using 510 hours of data from the fourth science run
(S4) of the Laser Interferometer Gravitational-wave Observatory (LIGO), covering fre-
quencies of 50 to 1500 Hz and linear drifts in frequency. The main computational work
of the search is distributed over hundreds of thousands of computers via the public vol-
unteer computing project “Einstein@Home”. This enormous computing capacity allows
the exploration of a wide parameter space, despite of using comparably long coherent
integration times of 30 hours, subdividing the 510 hours of data into 17 segments. To
enhance the sensitivity of the search, in a post-processing stage the coherent-analysis
results from the 17 data segments are combined through a highly efficient coincidence
scheme. Moreover, the sensitivity of the search is estimated, along with the fraction of
parameter space vetoed because of contamination by instrumental artifacts.

In a further Einstein@Home CW search the previous S4 analysis is extended to use
840 hours of early fifth-science-run (S5) LIGO data, which are examined in 28 coherent
segments of 30 hours. The major part of the post-processing is again related to efficiently
combining the 28 coherently-analyzed segments. Despite probing a slightly larger pa-
rameter space, this analysis achieves 3 times better sensitivity over the antecedent S4
search. Over large parts of parameter space these are the most sensitive continuous
gravitational-wave search results to date.

Furthermore, the global parameter-space correlations in the coherent statistic for CW
detection are comprehensively studied. The novel insights I have obtained lead to further
important applications in CW data analysis. Among these is the construction of a veto
method which excludes false candidate events from instrumental noise artifacts.

The improved understanding of the global parameter-space correlations also leads to a
new hierarchical semi-coherent method for CW detection. For more than a decade, the
problem of how to best form the incoherent combination of coherent search statistics has
been addressed in creative, but ad hoc ways. This method removes the arbitrariness from
the incoherent step by finding the optimal solution through direct mathematical deriva-
tion for the first time. As a result, the technique I have invented shows drastic sensitivity
improvements over previously available methods, yielding an increase in the spatial vol-
ume probed by more than two orders of magnitude at even lower computational cost. It
is therefore a significant step toward the first detection of a prior unknown CW source.
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Kurzfassung

Der direkte Nachweis von Gravitationswellen wire nicht nur eine bedeutende Bestiiti-
gung von Einsteins allgemeiner Relativititstheorie, sondern auch der Beginn eines vollig
neuen Forschungszweigs der Astronomie. Als Paradebeispiel fiir astrophysikalische
Quellen kontinuierlicher Gravitationswellen (CW) gelten schnell rotierende Neutronen-
sterne. Die Mehrheit solcher Sterne ist moglichweise elektromagnetisch vollig unsicht-
bar, Gravitationswellen hingegen ermdoglichen deren Entdeckung und Untersuchung.

Die vorliegende Dissertation legt den Schwerpunkt auf die Entwicklung, Optimierung
und Anwendung von Techniken zur Detektion kontinuierlicher Gravitationswellen von
bislang unbekannten Quellen. Der Suchparameterraum erstreckt sich dabei iiber alle
Himmelsrichtungen, sowie iiber eine ausgedehnte Bandbreite moglicher Frequenzen und
potentielle zeitliche Frequenzédnderungen.

Zu Beginn wird eine Suche nach CW Signalen in 510 Stunden aus den S4 Daten der
LIGO Detektoren dargestellt. Diese Suche umfasst Frequenzen von 50 bis 1500 Hz
und lineare Frequenzinderungen. Den groften Teil des bendtigten Rechenaufwands
bewiltigt das Projekt “Einstein@Home” unter Beteiligung der Offentlichkeit. Die im-
mense Rechenleistung von iiber 100 000 Heimcomputern ermdglicht die Erforschung
eines dullerst weiten Parameterraums bei vergleichweise langen kohérenten Integrations-
zeiten iiber 17 Datensegmente zu je 30 Stunden. Zur Steigerung der Suchempfindlichkeit
werden die kohidrenten Detektionsstatistiken der 17 Segmente mithilfe einer hochef-
fizienten Koinzidenzanalyse kombiniert. Au3erdem wird eine Methode zur Beseitigung
stationirer, instrumenteller Rauschartefakte implementiert. Die Empfindlichkeit dieser
Suche wird per Monte-Carlo Methodik abgeschitzt.

In einer weiteren Einstein@Home CW Suche wird eine dreifach erhohte Empfindlich-
keit im Vergleich zur vorherigen S4 Datenanalyse erzielt. Diese Analyse verwendet 840
Stunden der LIGO S5 Daten in Form von 28 kohirent analysierten Segmenten zu je 30
Stunden. Im Anschlufl daran wird ebenfalls eine effiziente Kombinierung der kohérenten
Detektionsstatistiken dieser Segmente durch Koinzidenzanalyse durchgefiihrt. Uber wei-
te Regionen des abgesuchten Parameterraums sind die hier erzielten Ergebnisse die
empfindlichsten, welche jemals in CW Suchen erreicht wurden.

Des Weiteren wird eine umfassende Studie durchgefiihrt, welche die globalen Para-
meterkorrelationen in der kohdrenten Detektionstatistik fiir CW Signale untersucht. Aus
den dabei gewonnenen, neuartigen Erkenntnissen leiten sich bedeutende Anwendungen
fiir die CW Datenanalyse ab. Eine dieser Anwendungen beinhaltet eine Veto-Methode,
die vermeintliche Kandidaten infolge instrumenteller Artefakte eliminiert.

Ferner fiihrt der Erkenntnisgewinn hinsichtlich der globalen Parameterkorrelationen zu
einer neuen hierarchischen, semi-kohirenten Methode zur Detektion von CW Quellen.
Diese neuartige Technik liefert eine drastische Erhohung der Sensitivitit im Vergleich zu
bislang verfiigbaren Methoden. Konkret bedeutet das eine Vergroerung des Beobach-
tungsvolumens um mehr als zwei Groflenordnungen bei sogar niedrigerem Rechenauf-
wand. Daher begriindet dies einen mal3geblichen Fortschritt auf dem Weg zur ersten
direkten Detektion kontinuierlicher Gravitationswellen einer zuvor unbekannten Quelle.

Stichworte: Detektion kontinuierlicher Gravitationswellen, Datenanalyse, Ganzhimmelerfassung
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CHAPTER

Synopsis

1.1 Preface

This dissertation is based on four research publications [1, 2, 3, 4], which represent my
genuine contribution. Each of these papers have been published in Physical Review D,

except for [4] which has appeard in Physical Review Letters.
Chapter 3 of this dissertation refers to work published in:

[1] LIGO Scientific Collaboration, “Einstein@Home search for periodic gravitational
waves in LIGO S4 data”, Physical Review D 79, 022001, (2009).

Chapter 4 presents material that has appeared in:

[2] LIGO Scientific Collaboration, “Einstein@Home search for periodic gravitational
waves in early S5 LIGO data”, Physical Review D, 80, 042003, (2009).

Chapter 5 is based on the publication:

[3] H. J. Pletsch, “Parameter-space correlations of the optimal statistic for continuous
gravitational-wave detection”, Physical Review D, 78, 102005, (2008).

Chapter 6 discusses work referring to:

[4] H.J.Pletsch and B. Allen, “Exploiting global correlations to detect continuous grav-
itational waves”, Physical Review Letters, 103, 181102, (2009).

Further completed and ongoing projects, which I have also made significant direct con-

1



2 Synopsis

tributions to, are described in Appendices A and B, based on references [5] and [6],

respectively.

All software code developed in the course of this dissertation is released under the GNU
General Public License version 2 [7], as part of either LAL, LALApps [8] or the Ein-
stein@Home CVS archive [9]. The many computational tasks in the course of this
dissertation have been done on LIGO Scientific Collaboration computational and data
storage resources [10], while by far the largest fraction thereof has been carried out on
the high-performance Computing Cluster ATLAS [11] at the Albert-Einstein-Institut in

Hannover.

1.2 Dissertation outline

The central goal of this dissertation is the development and application of data analysis
techniques to detect continuous gravitational waves from previously unknown sources
through all-sky surveys, covering broadest possible ranges of the putative source para-

meter space.

Chapter 2 provides a basic introduction to the research area of gravitational-wave
phenomenology. In the context of General Relativity, gravitational waves are briefly
discussed in the linearized theory of gravity, along with a condensed description of the
most basic properties of gravitational radiation. In addition, gravitational-wave detector
technologies are summarized, which are currently in operation on Earth and planned for
the future. Furthermore, the different types of anticipated gravitational-wave sources

being searched for in data of current Earth-based detectors are compactly overviewed.

Chapter 3 presents an all-sky search for continuous gravitational waves in data from
the fourth LIGO science run (S4) using the public distributed volunteer-computing pro-
ject Einstein@Home [12]. The steps of data selection and preparation are discussed
and a detailed description of the data processing follows. The search parameter space is
described, followed by a detailed presentation of the different stages involved in the post-

processing. An estimate of the search sensitivity is illustrated based on Monte-Carlo sim-



1.2. Dissertation outline 3

ulations. Furthermore, a veto method is described which has been implemented to dis-
criminate parts of parameter space contaminated by instrumental-noise artifacts. More-
over, the results from analyzing narrow frequency bands containing hardware-injected
simulated CW signals for validation purposes are shown and discussed. Finally the com-

plete set of search results is presented and a brief conclusion is given.

Chapter 4 extends the search presented in the previous chapter based on similar meth-
ods while analyzing not only a larger volume, but also more sensitive data from LIGO’s
fifth science run (S5), in addition to using refined search setup. The data selection and
preparation are exposed before describing the data processing of the main search work
through Einstein@Home. This search deeply probes wide parts of parameter space with
unprecedented sensitivity. A detailed discussion elucidates the different aspects of the
post-processing methods developed and carried out in this analysis. As part of that, the
conducted sensitivity estimation yields an improvement of a factor of about 3 in compari-
son with the previous analysis of S4 LIGO data described in Chapter 3. Furthermore, the
discrimination of instrumental noise artifacts is explained and the final post-processing

results are presented, followed by a concluding section.

Chapter 5 presents a comprehensive study of the global parameter-space correlations
in the coherent detection statistic for continuous gravitational-wave searches. The ex-
perience accreted during the careful analysis of the search and post-processing results
(subject to the previous chapters) has taught me much about the underlying parameter-
space structure. This in turn has lead to the novel insights described in this chapter.
To investigate the global correlations in the coherent detection statistic, first simplified
statistic is considered. This lays the foundation for obtaining the family of so-called
“global-correlation equations”, describing the “global maximum structure” of the de-
tection statistic. The solution to each of these equations is a different hypersurface in
parameter space, which are further investigated and graphically visualized. In addition,
one direct application of these results is derived permitting the construction of a veto
method which excludes false candidate events from instrumental noise artifacts. This
veto technique is demonstrated using real detector data and has also been applied in the
Einstein@Home searches described in Chapters 3 and 4. Finally, a brief discussion on

the influence of the Earth’s spinning motion to global parameter-space correlations in



4 Synopsis

comparison to the orbital motion is investigated, followed by a brief conclusion.

Chapter 6 introduces a new semi-coherent technique for detecting continuous gravita-
tional-wave sources. In contrast to previous approaches, this method exploits the im-
proved understanding of the global parameter-space correlations in the coherent detec-
tion statistic (as described in Chapter 5), to optimally solve the subsequent incoherent
combination step. The advanced understanding of the global correlations yields new
coordinates which enable to obtain the first analytical solution for the incoherent-step
metric. Furthermore, an explicit implementation of the method is described and demon-
strated using simulated data. The results are compared to previously available tech-
niques, showing significant sensitivity improvements, which lead to an increase in the
volume of space probed by more than two orders of magnitude at lower computational
cost. Finally, a short concluding section outlines the future prospects of this search
method.

Chapter 7 gives a brief summary and compares the different search techniques pre-
sented in this dissertation in the overall context of search sensitivity. Finally, prospects

of ongoing and future work are sketched.

Appendices A and B describe further projects either directly concerning or closely
related to continuous gravitational-wave data analysis, and which I have made rele-
vant contributions to as a collaborative participant. In Appendix A, results from an
all-sky continuous-wave search of NAUTILUS bar detector data is presented. Thereby,
major aspects of the post-processing methods introduced in Chapter 3 have been ap-
plied. Appendix B outlines an ongoing effort to search for tight binary radio pulsars in
Arecibo telescope data using a subordinate fraction of Einstein@Home’s computational

resources.



CHAPTER

Introduction

Despite almost one century of history, the theory best-explaining gravitation — Einstein’s
theory of General Relativity —is comparably less well-tested than other physical theories.
The primary reason behind this is the fundamental weakness of the gravitational force.
In consequence, the precision measurements required to test the theory were not possible

at the time Einstein first published it [13] and even for many years later.

In the theory of General Relativity, gravitation has dynamical degrees of freedom
which can be excited by the motion of matter. General Relativity predicts [14, 15], thata
changing mass distribution can create perturbations in space-time which propagate away
from the source at the speed of light. These freely propagating ripples in space-time are

called gravitational waves.

Today, effects of the static relativistic gravitation beyond the Newtonian description
have been well-studied by means of precision measurements observing the motion of
the planets, their satellites and the principal asteroids. Dynamical gravitation has also
been tested indirectly by detailed observations of the slow, secular decay of the Hulse-
Taylor binary pulsar system PSR1913+16 [16, 17, 18]. The recent discovery of the
first double pulsar system PSR J0737-3039A,B [19] enables further indirect tests of
General Relativity to eventually higher precision [20]. However, the effects of dynamical
gravitation (gravitational waves) have so far eluded direct observation with a controlled

laboratory instrument.

The direct observation of gravitational radiation will provide a new astronomical
tool to explore our cosmos. Gravitational-wave astronomy 1s expected to complement

observations based on electromagnetic waves. While electromagnetic radiation couples

5



6 Introduction

strongly to charges and thus is easy to measure, it can also be easily scattered or absorbed
by matter between us and the emitting source. In contrast, gravitational waves couple
very weakly to matter, which makes it harder to detect them, but it also means that the
source information they carry reaches us substantially unaltered, even from the earliest

moments of the universe.

The gravitational-wave spectrum is completely different from the electromagnetic
spectrum. Electromagnetic waves are primarily emitted with short wavelength by indi-
vidual charged particles from small regions, whereas gravitational waves are produced
by an entire non-spherical bulk motion of mass, resulting in long wavelengths and imme-
diate information about large-scale regions. In particular, the wavelength of electromag-
netic waves is always smaller than the size of the emitter, while the gravitational-wave
source is usually larger than the emitted wavelength. This implies that one cannot di-
rectly reconstruct a source image from gravitational-wave data. Therefore, gravitational-

wave astronomy is much more like audio, “listening to sounds of the universe”.

2.1 Gravitational-wave phenomenology in General
Relativity

This section provides an extremely condensed introduction to the gravitational-wave
phenomenology in the framework of General Relativity. A more complete discussion
may be found in standard textbooks [21, 22, 23, 24] as well as numerous review articles
[25, 26, 27, 28, 29]. Henceforth, geometrized units G = ¢ = 1 are used, but in places
where numerical values are of interest, their SI values are considered to obtain order-of-

magnitude estimates.
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2.1.1 Linearized theory of gravitational waves

According to Wald [23] General Relativity is summarized as follows. Spacetime is
a manifold on which there is defined a metric g, of Lorentzian signature (—, +, +, +).
The curvature of g, is related to the matter distribution in spacetime by Einstein’s equa-
tion:

1
Guw =Ry — §g,WR = 81T, 2.1

where G, is the Einstein tensor, 7, the Ricci tensor (resulting from the Riemann
curvature tensor by contraction). The so-called curvature scalar R is the trace of the

Ricci tensor, and 7),, represents the stress-energy-momentum tensor.

In a situation, where the gravitational field is weak, spacetime is nearly flat. For ex-
ample this is the case for a gravitational wave propagating through the interstellar space
far away from the source. Correspondingly, the curvature tensor g, may be written as a

flat Minkowski metric 7),,,,, plus a “small” pertubation /,,,:

G = N + Iy - (2.2)

An adequate definition of “smallness” in this context is |k, | < 1, in coordinates where
nu = diag(—1,1,1,1). This ansatz leads to the formalism of linearized gravity, ap-
proximating General Relativity in the weak-field situation. In Einstein’s equation (2.1),
g, 1s substituted by Equation (2.2), and keeping only terms linear in /,,. Thus, the

linearized Einstein equation is found to be

1
g, = VR, - 5w DR = 87T, , (2.3)

where the linearized Ricci tensor is given by
1 an 71 le' A 1 « A
WR,, = =50 0ol + 0O hya = 50w 00 hog (2.4)

defining the trace reverse, l_zW =y — %nwh.
The line element ds, which describes the proper distance between nearby points in
spacetime whose coordinates separation is infinitesimal dz*, is given by

ds® = g,, de# da¥ = 1, da* da” + hy, da* da” . (2.5)

The metric g, describes how the proper distance between spacetime points is connected

to the choice of coordinate system. Small changes in the coordinate system leave the
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proper distance unchanged, one only changes the way of labeling the points. This free-
dom in the choice of coordinates (called gauge freedom) may be used to simplify the

expression for the pertubation /,,,,.

The propagation of gravitational waves is governed by the source-free (7, = 0),
linearized Einstein equation, which becomes a set of second-order, linear differential

equations

0%Ophy, = 0. (2.6)

To seek solutions thereof, the so-called transverse traceless (TT) gaugel, which is al-
ways possible for radiative perturbations about Minkowski space. Monochromatic plane

waves? is used,

hy, = Hj,y exp (i kaz®) (2.7)

v

where the amplitude HEE is some constant tensor field and k, is the wave vector, solve
the source-free linearized Einstein equation if and only if k%%, = 0, and requiring the

TT gauge conditions

k“HE =0 (4 equations) , (2.8)
Hyl =0 (4 equations) (2.9)
Hy, 6" =0 (1 equation) . (2.10)

T
v

. . . T .
On more physical grounds, the three constraints above imply, i, is purely transverse,

hlb is purely spatial, and A} is tracefree. Thus, in TT gauge /) = hll. there is no
T

difference between the metric perturbation hzy

and the gravitational field 1]

The tensor E is symmetric and thus has ten independent components. Thus, fixing
the coordinates (by choosing the TT gauge) yields eight conditions on the ten compo-
nents of A} (Equations (2.8) and (2.9) imply both that Hjk* = 0). Therefore, this
leaves two linearly independent solutions for HZE , which are two dynamical degrees of
freedom. These are identified as the two independent polarization states, h, and h,, of
plane gravitational waves. One may orient the spatial axes so that the wave is traveling

in the direction ko = w(1,0,0, 1). In this chosen frame the components of /] in matrix

'In the following, the superscript TT indicates that the TT gauge has been chosen.
2Here, the distance to the source is always assumed to be large compared to the wavelength; thus the
incident gravitational waves are effectively plane.
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form are
0 O 0O O
0 h h 0
HY = o (2.11)
0 hy —hy O
0 O 0O O

Any arbitrary well behaved solution of the vacuum linearized Einstein is a superposition
of these plane wave solutions. Thus any gravitational wave has only two independent
components h, and h, which correspond to the two independent gravitational-wave

polarization states.

2.1.2 Effect of gravitational waves on free particles

In General Relativity, the notion of “gravitational force” is replaced by the concept
that freely falling particles follow geodesics of spacetime. A geodesic of spacetime is
defined by a curve whose tangent vector is parallel propagated along itself. A property of
geodesics of a derivative operator arising from a metric is that they extremize the length

of curves connecting given points (“straightest possible lines”).

For a given spacetime metric and a set of coordinates x*, the geodesic equation
describes the geodesic trajectories by
d2z# dx? dz”

I — =0 2.12
dr2 o dr dr ’ (2.12)

where the curve is affinely parameterized by 7 and I'#_, denotes the affine connection
(or Christoffel symbol). The parameter 7 is the proper time as measured by an observer
who is traveling along the geodesic. Assuming that the test particle’s motion is non-
relativistic (much slower than the speed of light) implies dz*/dr ~ (1,0,0,0). Thus,

Equation (2.12) becomes
d2z#

dt?

+TH,=0. (2.13)

with coordinate time 20 = t.

In linearized gravity (cf. Section 2.1.1) the Christoffel symbol is given by

1
I, = 50 Oohun + Ouhor + Orhar) (2.14)
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and so the Riemann tensor takes the following gauge-independent form:

1
R 2= 3 (000ah,” + 0,0 hye — 0,0 hyua — 0,001,7) . (2.15)

nro
Thus, choosing the TT gauge yields (VT*,, = 0. Hence, one finds that d?z*/dt? = 0.
This means that in TT gauge the coordinate location of a slowly moving and freely
falling particle is unaffected by the passage of the gravitational wave, because the chosen

coordinates effectively move with the wave.

Therefore, to observe the effect of gravitational waves on freely falling test particles,
in General Relativity one has to relate gauge-invariant quantities to physical observables
[30]. Hence, at least two test particles have to be considered, because the incident grav-
itational wave causes the proper distance between them to oscillate, though leaving the

their coordinate distance constant.

So consider two freely falling nearby particles are described by neighboring geodesics.
If £ denotes the displacement to the infinitesimally nearby geodesic (called the devia-
tion vector), then its relative acceleration is related to curvature by the Riemann tensor,
leading to the equation of geodesic deviation:
2 A
d=¢r p dz? x

2~ fow ot (2.16)

Now consider a situation where the two particles are initially separated by £* and
nearly at rest. In this context “at rest” means staying at constant coordinate position,
which has itself no invariant geometrical meaning. By looking at their physical separa-
tion (proper distance) rather than the coordinate separation the metric has to be invoked.
If the distance & is significantly smaller than a wavelength (long-wavelength approxi-

mation), the equation of geodesic deviation may be used.

In linearized gravity, and assuming again the case of slowly moving particles, Equa-
tion (2.16) simplifies to
2
" _w
dt?

R, €. (2.17)

By choosing again the TT gauge, one obtains for the relevant components of the

linearized Riemann tensor,

(1) RTT 1 &

i00k T 5 a2 h]TIE (2.18)
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Taken together, Equation (2.17) and Equation (2.18) yield

d?gi _ lnjz ¢k

G
dgz 2

e (2.19)

This implies for a gravitational wave propagating along the 3-direction, the deviation
vector of two particles with initial separation L along the 1-axis, with £ = (0, L, 0, 0),

obeys
8_251:£8_2 N 8_252:£8_2 "
ot? 2 012 ot? 2 0t?

Likewise, two particles separated in the 2-direction, with £ = (0,0, L, 0), follow

(2.20)

L o?
2 0t?

82

L 92 d?
ot?

il Yo
2 o2 7 at2§

£ = hy. (2.21)

This tidal effect is the basis of all present detectors. Thus, in principle, it is possible to
detect gravitational radiation by carefully tracking the separation of the two test masses

suspended freely from supports, e.g. by the use of laser beams [31, 32, 33].

2.1.3 Polarization of gravitational waves

The previous section has described the effect to the gravitational wave on the sep-
aration between the two test particles: As th,I oscillates, the proper distance does, too.
Gravitational-wave detectors are designed to be sensitive to these tidal displacements of

their components caused by passing gravitational waves.

This effect of altering the proper distance between two free particles depends on the
direction of their separation. To illustrate the effect in all directions, consider a circular
ring of free test particles in the transverse plane, surrounding another free particle at the
center, as illustrated in Figure 2.1. As a plane gravitational wave with “+” polarization
(hy # 0, hy = 0) passes through, the ring, as measured initially in the proper reference
frame of the central particle, is tidally deformed into an ellipsoidal shape of the same
area, oscillating back and forth in the way shown in Figure 2.1a. In contrast, the tidal
deformation by a wave of “x” polarization (h = 0, hyx # 0) is shown in Figure 2.1b. If
hy = hy # 0, the waves are circularly polarized, and the case h # hy # 0 is referred

to as elliptical polarization.
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(a)

Phase  0° 90° 180° 270° 360°

(b)

Figure 2.1: Tidal deformation of a circular ring of free particles in the transverse plane of
an incident gravitational wave. In case (a), the effect of a gravitational wave with purely

13 2

“+” polarization (hy # 0, hy = 0), is shown and in (b) the wave has “x” polarization
(hy =0, hyx # 0). In both cases, the individual snapshots are taken at a step size of 90°
in phase.

From Figure 2.1 one can also see, that at any moment of time, a gravitational wave is
invariant under rotation of 180° about its direction of propagation. In fact, this symmetry
of the waves is related to the spin-2 character of the gravitational field. In general, a
classical radiation field of a spin-S particle is invariant under rotation of 360°/.S about
its direction of propagation. For comparison, in the case of electromagnetic waves the

analogous angle is 360°, because S = 1, being the spin of the photon.

2.1.4 Generation of gravitational waves

In presence of a source the solutions of the linearized Einstein equation can be ana-
lyzed in the slow-motion approximation. For any source of size R and velocity v inside
the source region, the wavelength A of the emitted radiation is approximately 27 R /v.
The slow-motion condition, v < 1, then requires that 2r R/\ < 1, confining the source
to a small region surrounding it. This condition is satisfied by all gravitationally bound
systems, which are the majority of astrophysical sources. The slow-motion limit allows

a multipole expansion, linking orders in the expanded metric with those in the expanded
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source terms. At leading order, the gravitational-wave amplitude th,f, at distance r (out-
side the source, r > R) is related to the matter distribution of the source according to the

“quadrupole formula” [22]:

S Q). (2.22)

where Q]T,f denotes the transverse-traceless part of the quadrupole moment,

h]T-,I(t, X) =

1
h = Pie Qi Pk = 5 Pit Qi Pem (2.23)
1
Qjr = /de p(t,x) (:l}jl’k — géj ) , (2.24)
Pig, = 8 — iy . (2.25)

Applying the projection operator P, to ();; recovers the TT gauge, transverse to the

direction of motion of the wave, whose unit vector is given by n; = x;/r.

Equation (2.22) shows that for spherically symmetric motions no gravitational-wave
emission takes place, because in such cases the quadrupole moment is constant. A
rapidly rotating neutron star only emits continuous gravitational waves if the star is
somewhat deformed from axial symmetry, for example having a small mountain. Pos-
sible mechanisms which could support the building of such neutron-star deformations

along with other continuous emission mechanisms are discussed in Section 2.3.4.

In electrodynamics, the lowest multipole radiating is an electric dipole moment and
there is no monopole radiation because of charge conservation. Analogously, in the
gravitational counterpart, there is no radiation from mass monopole, mass dipole and an-
gular momentum due to conservation laws of mass, momentum and angular momentum.
The quadrupolar nature of gravitational radiation in fact follows from a general theo-
rem [34] as a property of classical radiation fields whose quantum mechanical particles
have zero rest mass and integer spin S. When expanding the radiation field into multi-
pole moments, the lowest non-vanishing order moment is S. For slowly moving sources
the lowest non-vanishing multipoles dominate, thus gravitational radiation (S = 2) is

quadrupolar, and electromagnetic radiation (S = 1) is predominantly dipolar.

From Equation (2.22) a rough estimate of the gravitational-wave amplitude from an
astrophysical source may be obtained. Components of d?/dt? QJT,Z have a typical value

of E;"™ corresponding to twice the non spherically-symmetric part of the kinetic
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energy inside the source. Restoring G and c in Equation (2.22) yields the scale factor
G /c* in the right-hand side, thus:

2G En.()n-symm
pIt < Z——kin (2.26)
Jk o~ Ar
If one sets Ey; ™" equal to one solar mass, Eyo " /¢? &~ 1M, and if one assumes

the source location at an inter-galactic distance (e.g. the Virgo cluster, r ~ 18 Mpc),
the components of %j; are bound to values of order hJ; < 107*'. While this number

represents an upper-limit estimate, most sources will radiate with significantly smaller

gravitational-wave amplitudes.

Similarly, one may estimate an upper limit for gravitational-wave frequencies. The
Schwarzschild radius R = 2G M /c? (in SI units) represents a lower boundary on the size
R of a gravitational-wave source, because it would otherwise be smaller than the hori-
zon size for its mass. Arguing that a source cannot emit gravitational waves at periods
shorter than the light travel time around its circumference 47G M /c? yields a maximum

frequency of
3
c
<
RS ArGM

M,
~ 10*H —9 . 2.2
0 zx(M> (2.27)

As will be discussed later, Earth-based gravitational-wave detectors are in principle sen-
sitive to frequencies in the range of 1 — 10* Hz. Lower frequencies are only detectable
with spaceborne instruments. Thus, the above relation implies that no system with a
mass larger than about 10*M, is capable of generating gravitational quadrupole radia-

tion measurable in the sensitive frequency band of Earth-based detectors.

2.2 Direct observation of gravitational waves

Direct observation of gravitational waves relies on their tidal nature. As described
earlier in Section 2.1.2, for detection one has to measure the gravitational tidal force by
monitoring the relative acceleration of test masses, or the periodic tidal deformations of

extended bodies. A gravitational wave propagating in flat spacetime, generates periodic
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perturbations (as illustrated in Figure 2.1), which are described in terms of the Riemann

tensor measuring the curvature of spacetime.

In contrast to telescopes for electromagnetic radiation, gravitational-wave detectors
are practically omni-directional due to a wide quadrupolar antenna-pattern and they mea-
sure a single scalar function of time. Therefore, they are closely analogous to acoustic

microphones rather than optical telescopes.

2.2.1 Resonant-mass detectors

If the masses are not in free motion, but connected by a solid piece of matter, the
gravitational tidal forces then stress the material. Thus, a solid bar is set into oscillation
by these oscillating stresses. When the frequency of the gravitational wave is near the
resonant frequency of the bar, the oscillations produced by the wave can be detected.
The material used for bar detectors is typically material of high ()-factor (rate at which

a vibrating system dissipates energy).

This was the first ground-based detector scheme explored and pioneered by Joseph
Weber at the University of Maryland and at the Argonne National Laboratory in the
1960s [35]. He and his colleagues looked for tidal strains in cylindrical aluminum bars
(with resonant frequency near 1600 Hz) held at room temperature and well isolated from
ground vibrations and acoustic noise in the laboratory [36, 37]. Coincident excitations
of his detectors separated by about 10° km were reported at a rate of approximately
one event per day. Though similar experiments with improved sensitivity carried out
thereafter in other laboratories were unable to reproduce his results, which makes it

therefore seem unlikely that Weber had observed gravitational-wave signals [25].

Nonetheless, Weber’s bar-type detectors have been developed further [38] based on
improved bar materials and cryogenic technology. Current resonant-bar detectors in-
clude the ALLEGRO detector [39] in Louisiana, USA, the EXPLORER detector [40] in
Geneva, Switzerland, the ultra-cryogenic NAUTILUS detector [41] in Frascati, Italy, the
AURIGA detector [42] in Padova, Italy, NIOBE at the University of Western Australia
in Perth [43] and the spherical prototype called MiniGRAIL [44] in Leiden, Nether-

lands. However, resonant-mass detectors still have only a narrow detection bandwidth
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near their resonant frequency, which is mostly around 900 Hz.

The most important noise sources in bar detectors include thermal noise, sensor noise
and quantum noise. Thermal noise is due to Brownian motion of the detector atoms. The
sensor noise is related to the transducer employed to convert the bar’s mechanical energy
into electrical energy. An amplifier increases the signal level to record it. Both of these
components introduce additional noise, limiting the sensitivity to frequencies near the
resonance frequency. The quantum limiting noise is due to the uncertainty principle.
Alternative detector designs using nested cylinders or spheres, or masses designed to

sense multiple modes of vibration might help to improve sensitivity [45].

2.2.2 Laser-interferometric detectors

The idea of using a Michelson interferometer, consisting of a 50/50 beam splitter
and two end test masses (mirrors), to directly observe gravitational radiation has been
discovered by several groups independently [46, 47, 48], leading to the first prototype
detector [49, 50].

The laser-interferometric detector design [31, 32, 33] offers very high sensitivities
over a wide range of frequencies. It involves test masses that are widely separated and
freely suspended as pendulums to isolate against seismic noise and reduce the effects
of thermal noise. If the difference in arm length is held such that the light returning
from the end test masses destructively interferes at the beamsplitter (the dark fringe”
operating point) then nominally no light exits the beamsplitter in the direction of the
output photodiode. Gravitational waves incident normal to the interferometer plane will
produce differential changes in the distance between the corner and end mirrors. For
wavelengths much larger than an interferometer arm, the corresponding changes in the
fringes are proportional to the tidal effects of the impinging gravitational wave. Thus, a
differential strain A(t) on the two arms is produced and light exits the beamsplitter and

produces measurable current at the output photodiode.
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2.2.2.1 Detector response to gravitational waves

In the literature, the measured strain h(t) at the detector due to the effect of an incident
gravitational wave, is derived in two flavors (for example see [22, 24, 25, 51, 52, 27]).
The first one relies on the vanishing proper length along the null geodesic (of the light)
separating the ends of each detector arm. The second is based on geodesic deviation
to calculate the changing distance between the end mirrors and the beam splitter. Finn
[53] has recently pointed out some issues in these “standard” derivation of the interfer-
ometric detector response function, which however fortuitously leave the classic results
unchanged. As Section 2.1.2 has already introduced the concept of geodesic deviation,
hence the second approach to obtain the detector response is briefly summarized in the

following.

Although the interferometer arm length L is large (on a-few-km scale), it is small
compared to the wavelength of the gravitational radiation to be detected [54], fL < 1
(recall ¢ = 1), where f is the gravitational-wave frequency. Therefore, during a single

trip of a light ray in one arm, the components of /,,,, can be regarded as constant.

The deviation vector £ connecting the coordinate-fixed worldlines of the beam split-
ter and the end mirror, which are considered as nearby geodesics, satisfies the geodesic
deviation equation (2.16) (cf. Section 2.1.2). The change in the length of £# is identified
as the variations in the light travel time between the beam splitter and the end mirror.
Suppose, the beam splitter and the end mirror are at rest relative to each other before the

wave arrives, &/ = L7, when hj;l = 0. Then integrating Equation (2.19) twice yields

g= [k (5jk + %h}g) . (2.28)

Note that the gravitational wave acts as a “strain” (usually denoted h) on the detec-
tor, producing fractional length changes: h = 20L/L, where ¢ L is the distance change
between the beamsplitter and the end mirrors. In interferometric gravitational-wave de-
tectors the observable is the difference in phase of the light wavefronts inbound at the
beam splitter. The changes in the proper distance calculated above are directly related
to the phase shift J accumulated by a photon on a round trip in the interferometer arm
when a gravitational wave is present. This phase shift is d¢ = 47 §L/\, where ) is the

light wavelength.
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The gravitational wave induces antisymmetric length changes of the (usually right-
angled) interferometer arms. On the other hand, the laser-light phase noise will enter
symmetrically, simply because the same laser state is feed into the arms via the beam

splitter. This is the major reason for the L-shaped detector layout.

It is conventional to express the observable in terms of the differential changes of the
interferometer arms: The measured scalar strain h(t) due to the effect of a gravitational

TT . .
wave ;. is given by

(t) = 5 (leh — k) ni}
= F (t) h (t) + Fy (t) hx (t) ) (2.29)

where e{ and e}, represent the spatial unit vectors along the first and the second interfer-
ometer arm, respectively. F'; ,(t) € [—1, 1] are the so-called antenna-pattern functions,
which describe the sensitivity of the detector with respect to the + and x polarization.
They depend on the direction to the source, the polarization angle of the wave, and on
the detector’s orientation. For Earth-based detectors, F'. , are periodic functions over

one sidereal day, due to the spinning motion of the Earth [55].

2.2.2.2 Noise sources

A primary goal of the experimentalists involved in commissioning the laser-interferometric
detectors is the reduction of noise. The sensitivity at low frequencies ( < 50 Hz ) is lim-
ited by seismic noise, at intermediate frequencies (50 to 150 Hz) by thermal noise, and at
high frequencies ( > 150 Hz ) by laser shot noise. The most important noise sources for

the initial Earth-based interferometric detectors are described in the following.

Seismic noise mostly occurs at low frequencies and decreases with frequency as
1/f2. These influences occur also as the Earth is in motion because of seismic and
volcanic activities, because of ocean waves hitting the shores, because of the wind, and
because of tidal forces involving the moon. Multi-stage pendulums and other isolation

systems have been development to reduce the seismic noise [56].

Thermal noise occurs as vibrations of the suspension elements. The magnitude of
these motions depends on the temperature. The steel wire suspending the mirror is at

room temperature and thermal motion of the particles in the wire produce motion of the
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mirror and change the arm length. Thermal noise can also drive the normal modes of
the mirrors. By using high-() material for the suspension elements, one can restrict the
thermal-noise oscillations to a small bandwidth. Thermal noise can be also be produced
when (partly) transmissive components of the interferometer absorb small amounts of
light power, which raises their temperature and changes their refraction index (“thermal

lensing” effects).

Photon shot noise causes statistical fluctuations of the number of photons in the input
beams during the measurement. Using more photons (higher light power) improves the
signal error. As will be discussed below, currently employed light-recycling techniques
overcome this problem and allow to increase light power to build up in the interferometer

arms.

Quantum effects like shot noise also have a conjugate noise. When increasing the
laser power to reduce the shot noise, the position sensing precision improves and even-
tually approaches the Heisenberg principle. Modifying the quantum state of the light, by
so-called “squeezing” of the Heisenberg uncertainty ellipse to reduce the effect of this
uncertainty on the variable being measured, at the expense of its (unmeasured) conju-
gate. Recent progress in implementing the squeezing technique have been reported in
[57].

Gravity gradient noise 1s due to changes in the local Newtonian gravitational field on
time scales of the measurements. Environmental noise sources, such as seismic waves
are accompanied by changes in the gravitational field, and changes in air pressure are
accompanied by changes in air density. The gravity-gradient noise spectrum falls steeply
with increasing frequency, so for first-generation interferometers this is not a problem,

but may limit the performance of advanced detectors.

2.2.2.3 Current detectors

Today, laser-interferometric gravitational-wave detection is pursued with two comple-
mentary approaches: space-based and Earth-based detectors. A space-based detector
eludes the seismic excitations on Earth and can employ a long arm length of order 10'° m.
Thus it is most sensitive in the frequency band of about 10~* — 10~! Hz. In contrast, an
Earth-based detector is limited at low frequencies of a few Hertz by the gravity gradient

and seismic noise, the most sensitive frequency range of about 10 — 103 Hz. This thesis
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Figure 2.2: Aerial view of the 4-km LIGO detectors located in in Hanford, Washington,
USA and in Livingston, Louisiana, USA, the GEO 600 detector in Hannover, Germany,
and the 3-km VIRGO detector in Pisa, Italy.

is primarily devoted to the analysis of ground-based detector data, hence the following

elaborates on the laser-interferometric detectors on Earth.

All around the globe, a network of interferometer detectors is currently operational.
These include the three kilometer-scale instruments of LIGO [58, 54] (two with 4-km
and 2-km arm length are located in a common vacuum tube in Hanford, Washing-
ton, USA and one of 4-km arm length in Livingston, Louisiana, USA), the 3-km-long
VIRGO detector [59, 60] (operated by a French-Italian collaboration) in Pisa, Italy, the
GEO 600 detector [61, 62] (operated by a British-German collaboration) in Hannover,
Germany and the TAMA 300 detector [63] in Tokyo, Japan.

The optimal arm length is one quarter of the gravitational wavelength (so that the
light spends half a period in the arms). For instance, a gravitational wave at 150 Hz has a
2000-km wavelength. But the LIGO interferometers have only arms of 4-km length. The

detectors achieve a roughly 100 times longer effective arm length by using Fabry-Perot
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cavities. These are formed by the input test masses and end test masses, to store the light
longer in the arms. In addition, the power-recycling technique [64] makes use of the fact
that the interferometer, when operated at the dark fringe, acts as a compound mirror for
the input laser light. By installing a power recycling mirror before the beamsplitter an
optical cavity is formed which increases the input laser power by a factor of about 40.
This is important because the sensitivity of the detector in the shot-noise-limited regime

increases as the square root of the input laser power.

LIGO, VIRGO and TAMA 300 detectors are configured as power-recycled Michel-
son interferometers with Fabry-Perot arm cavities. The GEO 600 detector does not use
Fabry-Perot arm cavities, but instead a combination of folded arms and dual-recycling
(power recycling and signal recycling [65]). Due to the better seismic isolation system,
the VIRGO instrument has a better low-frequency sensitivity than the LIGO detectors,
and an overall sensitivity comparable to the LIGO detectors. Despite the shorter arm
length of 600 m of GEO 600, the employed advanced technologies (such as signal re-
cycling) enable to achieve a narrow-band sensitivity comparable to that of the km-scale
instruments. TAMA 300 has an arm length of 300 m and was the very first large-scale
interferometer in operation. To exclude acoustic disturbances and fluctuations in the lo-
cal refraction index, the interferometers operate in ultra-high vacuum at pressures below
about 10713 bar.

2.2.2.4 Future detectors

There are plans to construct further long-baseline instruments. The AIGO detector is
planned to be similar to LIGO and VIRGO, and should be located in Western Australia
[66]. This location, being far from the existing detectors, would improve global detector
network sensitivity with respect to sky position reconstruction [67] and help determining

the polarization of the gravitational-wave observations.

The initial LIGO detectors have recently finished a two-year-long data run during
which a full year of triple-coincidence data was collected at design sensitivity. A large
period of this run was also coincident with the data runs of GEO 600 and VIRGO. The
joint data analysis from this international network of detectors is ongoing. Currently,
the two 4-km LIGO detectors (H1 and L.1) were taken offline to implement a number

of incremental upgrades that, based on knowledge of the noise sources limiting initial
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LIGO, will improve their sensitivity by roughly a factor of two. This program is called
Enhanced LIGO [68, 69] and data recording is expected to start in July 2009.

In parallel, construction of Advanced LIGO [70], a major upgrade to LIGO, has
started. Installation and commissioning of Advanced LIGO hardware at the LIGO sites
will begin at the end of the Enhanced LIGO data run in 2011. Once fully commissioned,
the Advanced LIGO detectors should be ten times as sensitive as the initial LIGO de-
tectors. Therefore, Advanced LIGO is expected to guarantee gravitational wave detec-
tion [71]. Further second-generation interferometric detectors, such as Advanced LIGO,
comprise Advanced VIRGO [72] and GEO-HF [73] are also expected to be operational
in a few years with significantly improved sensitivity. Another km-scale cryogenic in-
terferometer, called LCGT [74], is also built in Japan.

2.3 Gravitational-wave sources searched for in the
data of Earth-based detectors

The idea of setting up a laboratory generator of gravitational waves for direct obser-
vations is a rather non-promising one. Following an example given in [24], consider a
man-made gravitational-wave generator consisting of two 10° kg masses held 10 m apart
by a light rigid beam rotating about its center with a frequency of 10 Hz. To estimate
the gravitational-wave amplitude based on Equation (2.26), all the motion is considered
non-spherical, such that E;"™"™" /c? is approximately 10%°kg. The source distance r
must be at least one wavelength in order to detect the gravitational waves rather than
the nearby Newtonian gravity field. The generator emission will be at twice the rotation
frequency of 20 Hz as the mass distribution is symmetric about the rotation axis, and the
corresponding wavelength will be 1.5 x 107 m. Given these values the gravitational wave
amplitude hJT,I is estimated as 10~*3, which is about 20 orders of magnitude below the
level current ground-based instruments are able to detect. This shows that human scale

objects are not promising sources of measurable gravitational radiation.

Candidates bearing good prospects for emission of gravitational waves detectable by
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an Earth-based observer can only be massive astrophysical objects. In the following a
brief summary is given of the most promising gravitational-wave source for Earth-based

detectors. A more extensive source overview may be found in [25].

The analysis efforts of ground-based detector data basically fall into four principal
categories based on the different class of gravitational-wave sources one searches for:
coalescing compact binaries, gravitational-wave burst sources, stochastic gravitational-
wave background, and continuous gravitational-wave sources. This thesis is primarily
concerned with searches for previously unknown continuous gravitational-wave sources.
However, in what follows a brief overview of all types of gravitational-wave signals
currently searched for in ground-based detector data is given. Only now technology has
reached a stage where the detectors are built with a sensitivity required to observe such

interesting sources can be envisaged [75].

2.3.1 Coalescing compact binaries

Compact binaries coalescence (CBC) sources are generated during the final evolution
stage of binary systems where the two compact objects merge into one. Several searches
for gravitational waves from coalescing compact binary systems have been performed
[76, 77,78, 79, 80, 81, 82, 83] for systems of two neutron stars (BNS), two black holes
(BBH), neutron star and black hole (NSBH), and primordial black holes (PBH). The
gravitational wave emission from some parts of the life cycle of compact binary systems
is relatively well-modeled, and the expected frequencies of some systems are near the
most sensitive frequency band of Earth-based interferometric gravitational-wave detec-
tors [84].

CBC sources are expected to emit gravitational radiation in three distinct stages: the
inspiral stage, the merger stage, and the ringdown stage. During the inspiral stage, both
objects of the binary system are well-separated in space and the system evolves in quasi-
circular orbits decaying due radiation reaction. If the orbits are eccentric initially, they
are cirularized quickly through gravitational-wave emission. In this evolution, the two
bodies merge into each other producing a single excited Kerr black hole. In the ring
down stage, the excited black hole looses energy via gravitational-wave emission and

finally forms a Kerr black hole. In the case of a BNS, a hypermassive neutron star might
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be created in the merger stage which eventually will collapse to a black hole [85].

When the binary-system objects spiral inward, their gravitational waves sweep up-
ward in frequency and amplitude. Such a waveform is referred to as a chirp. The wave-
forms at the merger stage can be more complex, depending on the details of the merger,
while the signal from the ring down stage can be decomposed as a superposition of

exponentially damped modes.

So-called “‘standard candles” are systems of known intrinsic luminosity. Therefore,
their distance can be deduced, so that the apparent luminosity of a particular system is
measured. Gravitationally radiating binaries have this property, if one can measure the
effects of radiation reaction on their orbits [86, 87]. Analog to the “standard candles”
of electromagnetic astronomy, these systems are named “standard sirens”. Any binary
(even with ellipticity and extreme mass ratio) encodes its distance in its gravitational
wave signal. This also permits to measure the Hubble constant [86] or other cosmo-
logical parameters from observing coalescing compact object binaries. However, this
becomes of more interest for the space-borne detectors such as LISA, because observa-
tions of BBH binaries could yield an independent measurement of the acceleration of
the universe [87, 88].

2.3.2 Gravitational-wave burst sources

Gravitational-wave burst sources emit a short-duration transient burst of gravitational
radiation. Possible mechanisms to generate such burst events are thought to happen
during the non-spherical core-collapse of highly evolved massive stars in a supernova,
accretion induced collapse of white dwarfs, and Gamma ray bursts (GRBs). As the
physics is largely unknown for these cases, or too complex as yet to allow computation
of detailed gravitational waveforms. Thus these sources are generally categorized as

“unmodeled burst sources”.

Simulations of gravitational collapse are of current interest in numerical astrophysics
[89], because in most cases predictions for the energy and spectral characteristics of the
emitted gravitational waves can be made [90, 91, 92, 93]. However, such predictions are

still far from the precision needed to build reliable signal template waveforms. Simula-
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tions suggest that the gravitational waves from a typical supernova are produced in the

frequency range of about 200 to 1000 Hz.

The collapse events are typically accompanied by electromagnetic and neutrino emis-
sion so some advantages of triggered searches can be reaped. However, the events often
go unnoticed until some point late in the light curve, which makes extrapolation back
to the collapse event difficult. Detection of gravitational waves from a supernova event
would shed light on these events, as it would provide information from the core impos-

sible to obtain otherwise, even from neutrino observations.

Searches for gravitational burst sources [94, 95, 96, 97, 98, 99, 100, 101, 102, 103,
104, 105] come in two fashions: all-sky searches and externally triggered searches. An
all-sky search is carried out over long stretches of data with no prior information. Ex-
ternally triggered searches use observations, from gamma ray satellites, telescopes or

neutrino detectors for example, to drastically reduce the parameter space of the search.

2.3.3 Stochastic gravitational-wave background

Stochastic gravitational waves are a superposition of numerous discrete systems
which can be either confusion noise stochastic backgrounds or primordial stochastic

backgrounds.

The primordial stochastic backgrounds are relic gravitational waves from the early
evolution of the universe [106]. The background radiation from the Big Bang is very
weak, but observing it is of great interest because it can shed light on the laws of physics
at extremely high energies as it comes nearly unaltered from as early as 1073? s. Whereas
photons began free streaming about 105 years after the Big Bang when electrons and pro-
tons condensed into atomic hydrogen, the last scattering of gravitational waves occurred
about 10~2° s after the Big Bang [107].

Alternatively, a number of deterministic signals from astrophysical sources can su-
perpose to generate an apparent stochastic background. This astrophysical stochastic
background can be due to a collection of various sources such as rotating neutron stars

[108], binary-neutron stars [109], supernovae [110] or low-mass X-ray binaries [111].

In a single detector, random radiation cannot be distinguished from instrumental
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noise, at least not for short observation times. But over the course of a year, as the de-
tector changes its orientation, the noise from this background should rise and fall in a
systematic way, allowing it to be identified in case the random field is produced by an
anisotropically-distributed set of astrophysical sources. A much better analysis strategy
is cross-correlation between two or more detectors after accounting for the different an-
tenna patterns [112, 113, 114, 115]. In doing cross-correlation one detector data stream
serves as a template for the other. So if the detector data match a correlation larger than
expected is obtained. This technique works well as long as the wavelength of the gravita-
tional waves is longer than the separation between the detectors. Otherwise time delays
for waves reaching one detector before the other degrade the correlation. Because one
detector has as much noise superimposed on its template as the other detector, the sen-
sitivity of this method (amplitude signal-to-noise ratio of the correlated field) increases
only with the fourth root of observing time, which is different from matched-filtering that
is characterized by the gain in signal-to-noise ratio with the square root of observation
time [116, 117].

2.3.4 Continuous gravitational-wave (CW) sources

Continuous gravitational-wave sources are defined by the emission of quasi-mono-
chromatic signals with a slowly varying intrinsic frequency over long periods of time.
CW emitters are thought to consist of compact objects, such as neutron stars, in isolated
or (more rare) binary systems. However, gravitational radiation from the binary motion
is anticipated to come in a lower frequency range where space-based detectors are sen-
sitive, such as the planned LISA mission [118, 119, 120]. Therefore, in the following,
CW emission from spinning stars are discussed, because these are expected to produce
CW signals in the most sensitive frequency band of Earth-based detectors. But still, a
spinning and CW-emitting object can be part of a binary system, in which the binary

motion will Doppler-modulate the CW signals.
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2.3.4.1 Possible emission mechanisms

Isolated, rapidly rotating compact objects are thought to emit CW signals in the fre-
quency band 10 — 103 Hz of Earth-based detectors via a number of possible emission
mechanisms. This Section is based on recent reviews, which may be found in [121, 122,
123, 124, 125]. These include the three classes of (1) non-axisymmetric deformations
of the star [126, 127, 128, 129, 130], (2) spin precession of the star [131, 132], and (3)
excited oscillation modes in the fluid of the star [126, 133, 134]. In addition, there could

also be yet unknown mechanisms which cause CW emission detectable on Earth.

While settling down into its final state, the crust of newborn neutron star solidifies
(crystalizes). Thereby, small non-axisymmetric deviations may occur in the neutron
star’s crust. Although such deformation cannot exist in a perfect fluid star, in a realis-
tic star such deviation may occur due to elastic stresses in the crust or magnetic fields.
These non-axisymmetric deformations (or “mountains’) are considered the most plausi-
ble source of detectable CW signals. The equatorial ellipticity is often used to measure
the deformation expressed in the moments of inertia, € = (I/xx — Iyy)/1,,, and is propor-
tional to the quadrupole moment. This ellipticity is not to be confused with the centrifu-
gal bulge, which is axisymmetric and thus does not lead to gravitational-wave emission.
If such a non-axisymmetric star rotates with a frequency f,,, continuous gravitational
waves are emitted at a frequency f = 2f,. Provided that the source is optimally ori-
ented at distance r, the amplitude of the signal at the terrestrial detector for typical values
then is (cf. [55])
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where [, is the star’s principal moment of inertia.

The maximum possible amplitude and ellipticity of neutron stars are highly uncertain
parameters and depend on the breaking strain of the neutron star crust, which is related
to its shear modulus. Estimates are given in [127, 135] and recent simulations [136]
suggest more optimistic values of ¢ < 4 x 107% for a 1.4 M, and 10 km radius neutron
star. Exotic alternatives to standard neutron stars, such as for instance strange-quark

stars with solid cores or hybrid stars of with normal neutron stars outside a mixed quark
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and baryon matter solid core, are speculated to support considerably larger ellipticites

[130] due a higher shear modulus.

Alternatively, hot newly-formed neutron stars, or stars heated up during accretion
from a companion could also emit continuous gravitational waves. The flow of accretion,
guided by the star’s magnetic field, produces “hot spots” on the surface, which can result
in “hills” in hotter areas and the elliticity might thus build up to maximum value [126].
In addition, the magnetic field itself could also hold the accreted matter in mountains.
The accreted material possesses very high electric conductivity, and thus crosses field
lines slowly, therefore piling up in mountains larger than supported by elasticity alone
[129, 137]. Even for ordinary neutron stars this mechanism could yield ellipticites of a
few times 1076 [123].

Apart from ellipticities that are basically supported by crustal shear stresses, differ-
ent scenarios causing the ellipticity are possible, such as strong internal magnetic fields
[128]. The neutron star’s interior magnetic field can have a large toroidal part, resulting
from strong differential rotation immediately after the collapse. Then dissipation drives
the symmetry axis of the toroidal magnetic field to orient perpendicular to the rotation

axis, which maximizes the equatorial ellipticity.

If the star’s symmetry axis does not coincidence with the rotation axis, then the star
will precess freely. This wobbling of the star defines the wobble angle 0y,p1e between its

rotation and symmetry axis. Large wobble angles will generate CW signals [138, 131,

132] of amplitude
_ Qwobble 1 kPC f rot 2
ho ~ 10727 . 2.31
0 (0.1 rad r 500 Hz 2.31)

To first order, free precession generates CW signal at two frequencies with f = f +

foree and f = 2f;, where the latter is a consequence of the body’s deviation from
axisymmetry and the former one encodes the precessing motion (with fpee << fro)-
Although it might be possible that such wobble is sustained longer than thought earlier
[139], the CW amplitude is still expected to be too small for detection by first generation

of detectors.
The third major class of CW emission mechanisms is related to various non-axisym-

metric instabilities of rapidly spinning of neutron stars at their birth or during a phase of

accretion, reviewed in [140, 141]. Among these, the so-called r-modes are fluid oscilla-
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tions driven by the Coriolis force. These modes may be unstable [142, 143, 141] due to
gravitational back reaction, called Chandrasekhar — Friedman — Schutz (CFS) instability.
The CFS instability of the r-modes has been proposed as a CW source with frequency
f &~ 4f./3 from newly-born stars [144] and from fast accreting stars [126, 145]. How-
ever, depending on a number of highly uncertain damping-mechanism time scales, the
r-modes in nascent neutron stars are not considered a promising candidate for CW de-
tection, as the emission is expected to be of low amplitude and short-lasting (a few
months). Better detection prospects of r-modes are expected from accreting neutron

stars [146, 147], because emission may be lasting for a few thousand years [148, 140].

2.3.4.2 Surveying the sky for CW sources

Regardless of CW emission, current astrophysical models of stellar evolution suggest
that of order 10? neutron stars should exist in our Galaxy. Out of those, 10° are estimated
to be active radio pulsars. But by now only about 1800 radio pulsars have been observed
through observation of electromagnetic-wave emission [149]. The reasons for this are
related to selection effects, for example the emitted lighthouse-like radio beam is not
intersecting our visual line or the emission is too faint. In fact, surveys of enhanced

sensitivity will increase the number of detected pulsars.

All-sky surveys for CW signals have the potential to reveal entirely new neutron-star
populations [29, 150]. The large population of neutron stars in the Galaxy, of which
most are electromagnetically invisible, might be detected and studied via gravitational

waves.

The distribution of observable CW amplitudes from neutron stars is thought to be
limited by the fact that strong CW emission causes the star to spin down fast and to
move out of the detector’s observation band quickly. In [124] a strong argument is
given stating the maximum expected amplitude of a CW signal that one could hope
to detect at the Earth is bounded by hy < 4 x 10~2%, independent of the deformation
and rotation frequency of the objects. The argument is due to Blandford in [25] and
is based on energetics and statistics, considering a uniform distribution of neutron stars
and assuming that each neutron star “spins down” once. The argument has been recently
revisited [151] in a more general framework, testing Blandford’s argument via evolution

simulations based on a realistic model of our Galaxy. These results give less optimistic
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estimates, reducing the strongest expected CW-signal amplitude by a factor of about 3

for 107 ellipticity stars.

Searches for continuous gravitational-wave signals from compact objects are con-
ventionally classified as fargeted (known source location and phase evolution), directed

(known source location), or all-sky (no prior source information).

An interesting class of targeted sources are radio pulsars, because their rotation can
be monitored leading to a very good guess of the emitted gravitational waveform to look
for. In addition, their locations are known to high precision. Thus, electromagnetic
observations strongly reduce the possible gravitational-wave parameter space, allowing
very sensitive and computationally feasible searches. In turn, observational upper limits
from targeted searches [122, 152, 153, 154, 155] place constrains on the neutron star
physics. An example of a directed search is found in [156], where only the source sky

position is known and a wide range of possible frequency evolutions is examined.

The main focus of this thesis is the analysis-technique development and application
of all-sky (or wide-parameter-space) surveys. In this type of search no source param-
eters, such as sky position or spin evolution, are known a priori. Due to the weakness
of the expected CW signals as mentioned earlier, their detection requires long integra-
tion times. However, the longer the integration time, the more increases the effective
survey volume and so the size of the parameter space to be probed becomes extremely
large. Hence, the number of signal templates necessary for a reasonable resolution suf-
fers a rapid increase with longer integration times and thus data analysis is severely
limited by computational resources. Therefore, blind searches [157, 158, 1, 159, 2] are
a computationally intensive problem, and require highly efficient analysis techniques
[55, 160, 161, 162, 163, 164, 165, 4], such as will be presented in this dissertation.

Once continuous gravitational waves from a neutron star are confirmed, further follow-
up studies, using longer data sets with refined template grids, are needed to measure
for instance the source’s distance from astrometric timing effects. A distance measure-
ment would allow to determine the star’s quadrupolar deformation or ellipticity, which
in turn would shed some light on the star’s interior composition. However, distance
measurements at the 10% error level will require next-generation detectors [166], such
as Advanced LIGO.
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sources in S4 LIGO data
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3.1 Overview and context

As discussed in Section 2.2.2, during the past decade, advances in lasers, optics and
control systems have enabled construction of a new generation of gravitational-wave
detectors [32] that offer the first realistic promise of a direct detection. The Laser Inter-
ferometer Gravitational-wave Observatory (LIGO) [58, 54] is currently the most sensi-
tive of these instruments. In this Chapter, the results of the Einstein@Home search for
continuous gravitational-wave (CW) sources in the data from the fourth LIGO science
run (S4) are presented. The configuration of the LIGO detectors during the S4 run is

described in a separate instrumental paper [167].

Other CW searches of the S4 data with methods different from the ones presented
here have also been carried out [154, 158]. Searches for other signal types (burst, inspi-
ral, stochastic background) have been done [102, 168, 169, 115, 114, 113] with this data

set, too. The results of these searches are all upper bounds, with no detections reported.
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This search looks for continuous gravitational waves which are almost monochro-
matic signals of duration much longer than the observation time. As described in Sec-
tion 2.3.4, these signals have a well-defined frequency on short time-scales, which can
vary slowly over longer times. These types of waves are expected, for example, from
spinning neutron stars with non-axisymmetric deformations. If the system is isolated,
then it loses angular momentum due to the radiation. The spinning motion slows down,
and the gravitational-wave frequency decreases. Gravitational acceleration towards a
large nearby mass distribution can also produce such a frequency drift (of either sign).
Many possible emission mechanisms could lead the to the emission of such waves by
spinning neutron stars, for further details see Section 2.3.4 and Refs. [126, 127, 128,
129, 130, 133, 134, 131, 132].

Using 510 hours of data from the LIGO S4 run, the present search probes a wide
parameter space of possible sources. The search is for CW sources in the frequency
range from 50 to 1500 Hz, with a linear frequency drift f , measured at the solar system
barycenter (SSB), in the range —f/7 < f < 0.1 f/7, where the minimum spin-down
age 7 was 1000 years for signals below 300 Hz and 10000 years above 300 Hz. The
main computational work of the search has been distributed over approximately 100 000
computers volunteered by the general public. This large computing power allowed the
use of a relatively long coherent integration time of 30h, despite the large parameter
space searched. A Monte-Carlo based sensitivity estimation shows that in the 100 to
200 Hz band, more than 90% of sources with dimensionless gravitational-wave strain

amplitude greater than 10~2* would have been detected.

This Chapter is organized as follows. Section 3.2 briefly reviews the CW signal de-
tection strategies. Sections 3.3 and 3.4 describe the overall construction of the search,
including the data set preparation, regions of parameter space searched, and the choices
of thresholds and sensitivities. Section 3.5 describes the post-processing pipeline. The
level of sensitivity of the search is estimated in Section 3.6. Section 3.7 describes the
vetoing of instrumental line artifacts and the fraction of parameter space that was there-
fore excluded. Section 3.8 describes the end-to-end validation of the search and the
post-processing pipeline, which was done by injecting simulated CW signals into the
detector hardware. Section 3.9 describes the final results of the search, followed by a

short conclusion.
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3.2 Data analysis strategy

If there were no acceleration between the LIGO detectors and the CW sources, then it
would be possible to search for CW signals using only “standard” computing resources,
such as a high-end workstation or a small computing cluster. In this case the analysis
technique would be simple: compute the Fast Fourier Transform (FFT) [170, 171] of
the original time-series data, and search along the frequency axis for peaks in the power
spectrum. Time-domain resampling or similar techniques could be used to compensate

for the effects of a linear-in-time frequency drift.

However, this simple analysis is not possible because of the terrestrial location of the
LIGO detectors: signals that are purely sinusoidal at the source are Doppler-modulated
by the Earth’s motion and thus are no longer sinusoidal at the detector. The Earth’s
rotation about its axis modulates the signal frequency at the detector by approximately
one part in 10°, with a period of one sidereal day. In addition, the Earth’s orbit about
the Sun modulates the signal frequency at the detector by approximately one part in 104,
with a period of one year. These two modulations, whose exact form depends upon the
precise sky location of the source, greatly complicate the data analysis when searching
for unknown sources. The search becomes even more complicated if the CW-emitter
is part of a binary star system, since the orbital motion of the binary system introduces

additional modulations into the waveform.

The “brute force” approach to the data analysis problem would employ matched fil-
tering [116, 117], convolving all available data with a family of template waveforms
corresponding to all possible putative sources. The resulting search statistic is called
the F-statistic and was first described in a seminal paper of Jaranowski, Krélak, and
Schutz [55]. But even for isola