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A Directed Search for Continuous Gravitational Waves from
Unknown Isolated Neutron Stars at the Galactic Center

ZUSAMMENFASSUNG

Gravitationswellen gehoren zu den zentralen Vorhersagen der Einstein'schen
Allgemeinen Relativititstheorie. Durch ihre direkte Messung konnten auf einzig-
artige Weise die treibenden Krifte hochenergetischer, astrophysikalischer Ereig-
nisse erforscht werden. Doch aufgrund ihrer schwachen Wechselwirkung mit Ma-
terie ist bisher kein solcher Nachweis gelungen.

Diese Arbeit prasentiert die bislang erste Suche nach kontinuierlichen Gravi-
tationswellen von unbekannten Neutronensternen im Zentrum unserer Galaxie.
Fiir die Suche wurden fast zwei Jahre Daten zweier LIGO Detektoren aus dem fiin-
ften Science Run ausgewertet. Das galaktische Zentrum wurde ausgewahlt weil
die hohe Anzahl vorhandener massereicher Sterne, die nach heutigen Kenntnissen
die Vorginger von Neutronensternen sind, einen Uberfluss an Neutronensternen
selbst im Zentrum der Galaxie verspricht.

Da dies eine blinde Suche ist muss ein enormer Parameterraum beriicksichtigt
werden. Dieser stellt die Hauptschwierigkeit dar: durch den grofien Frequenzbe-
reich und den entsprechenden Bereich in erster Ableitung ist die Sensitivitat selbst
fir eine einzelne Himmelskoordinate durch die verfiigbare Rechenleistung limi-
tiert. Eine Optimalfilter-Suchtechnik iiber angemessen lange Beobachtungszeiten
wiirde die beste Sensitivitit erzielen, ist aber zur heutigen Zeit und in absehbarer
Zukunft mit den verfiigbaren Rechenkapazititen nicht méglich. Daher wird eine
Methode verwendet, bei der zunichst 630 einzelne, 11.5 Stunden lange Datenseg-
mente kohdrent analysiert werden. Im Anschluss werden die Einzelergebnisse in-
kohirent kombiniert. Dieser Vorgang erméoglicht es einen Gravitationswellenfre-
quenzbereich von 78 bis 496 Hz und einen Bereich in erster Ableitung, der defi-
niert ist durch f = — f/200 yr, abzudecken.

Es wurde kein Gravitationswellensignal entdeckt. Daher werden 90% Kon-
fidenz-Obergrenzen auf die Gravitationswellenamplitude fiir Quellen im galak-
tischen Zentrum angegeben. Dies sind die bislang einschrinkendsten existieren-
den Grenzen einer Suche nach kontinuierlichen Gravitationswellen mit einem de-
rart groBen Parameterraum.

Schlagworte: Gravitationswellen, Datenanlyse, Galaktisches Zentrum
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A Directed Search for Continuous Gravitational Waves from
Unknown Isolated Neutron Stars at the Galactic Center

ABSTRACT

Gravitational waves are one of the key predictions of Einstein’s Theory of Gen-
eral Relativity. Direct observation of gravitational waves would allow us to probe
the engines for highly energetic astrophysical events. However, since gravitational
waves interact very weakly with matter, there have been no direct observations to
date.

In this work the results of a directed search for continuous gravitational waves
from unknown, isolated neutron stars at the Galactic Center, performed on almost
two years of data from the fifth Science Run from two LIGO detectors are pre-
sented. The Galactic Center is believed to host an abundance of neutron stars that
is reflected by the high number of massive stars known to be present in this area.
According to current evolutionary scenarios, massive stars are the progenitors of
neutron stars.

The main obstacle is the enormous parameter space that has to be searched
over. Even for known sky positions the search sensitivity is computationally lim-
ited, because a large range in frequency and one or more frequency derivatives has
to be covered, depending on the age of the potential source. A coherent optimal
matched filter search for realistically long observation times would gain the high-
est sensitivity, but is not computationally feasible at the present time, or in the
foreseeable future. Therefore, one requires methods which are computationally
inexpensive, at the cost of being somewhat less sensitive. The search uses a semi-
coherent approach, coherently analyzing 630 segments, each spanning 11.5 hours,
and then incoherently combining the results of the single segments. It covers grav-
itational wave frequencies in a range from 78 to 496 Hz and a range of first order
spindown values corresponding to f=—f /200 yr.

No gravitational waves were detected. Therefore, 90% confidence upper limits
on the gravitational wave amplitude of sources at the Galactic Center are placed,
which are the most constraining to date for a large-parameter-space search for con-
tinuous gravitational wave signals.

Keywords: Gravitational Waves, Data Analysis, Galactic Center
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NTIL ONE IS COMMITIED, there is hesi-

tancy, the chance to draw back. Concerning

all acts of initiative, there is one elementary
truth, the ignorance of which kills countless ideas
and splendid plans: that the moment one definitely
commits oneself, then providence moves too. All
sorts of things occur to help one that would never
otherwise have occurred. A whole stream of events
issues from the decision, raising in one’s favor
all manner of unforeseen incidents and meetings
and material assistance, which no man could have
dreamed would have come his way. Whatever
you can do, or dream you can do, begin it. Bold-
ness has genius, power, and magic in it. Begin it now.

— by W.H. Murray, a Scottish mountaineer
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All great achievements require time.

Maya Angelou

Introduction

For more than 50 years, scientists have been attempting to directly detect grav-
itational waves. Although the knowledge of their existence is the result of for-
mal mathematical reasoning, different astrophysical scenarios have been devel-
oped to predict where these waves are emitted and indirect evidence of their exis-
tence could be achieved [[119]. The best hope for detecting gravitational waves in-
volves large masses moving with near-relativistic speeds and accelerations. Unlike
the experiment Hertz did in 1888 to prove the existence of electromagnetic waves
predicted by Maxwell, generating electromagnetic waves and detecting them in-
stantly, laboratory generation of detectable gravitational waves is impossible.

In the past several years gravitational wave detectors have undergone major im-
provements in their sensitivity and duty factor. Thisisimportant because the sensi-
tivity of the detectorsis alimiting factor for the reach of gravitational wave searches.
Another way to improve the sensitivity lies in the development of sophisticated
analysis techniques to process the recorded data. The particulars of a specific anal-

ysis method depend critically on the expected waveform of the gravitational wave



2 CHAPTER 1. INTRODUCTION

signal.

This work is concerned with continuous gravitational waves, emitted by young,
rapidly rotating neutron stars. The waveform of such waves is a nearly monochro-
matic sinusoid that changes frequency very slowly over time. These waves are emit-
ted over long timescales, typically much longer than the observation time. One
way in which a neutron star can emit continuous gravitational waves is if its shape
deviates from axial symmetry, for example if it exhibits a small “mountain” on its
surface. As the star spins, this generates a time-varying quadrupole moment of
inertia which, in turn, generates gravitational waves.

Avariety of searches for continuous gravitational waves from neutron stars have
been performed. Some searches have aimed to detect signals from known ob-
jects [33], like the low-mass X-ray binary Scorpius X-1 [23), 4], the Cassiopeia A
central compact object [[7], and the Crab and Vela pulsars [[12, 26, 28]. Besides
the known objects, extensive all-sky searches have been performed in recent years
(B, 16,22, 25, 27, 29, Bd]. This work presents the first directed search for continu-
ous gravitational waves from unknown, isolated neutron stars at the Galactic Cen-

ter. The term Galactic Center is used here as a synonym for the sky coordinates of

Sagittarius A* (Sgr A¥). Out of about 2000 known pulsars, five are located within

~ 240 pc of Sgr A7[77] of which three are within ~ 24 - 36 pc of Sgr A[56]. The
existence of these five pulsars supports the belief that the Galactic Center might

harbor a large population of pulsars not apparent to radio surveys because of the
dispersion of the radio signal by dust or ionized plasma along the line of sight. Cur-
rent stellar evolutionary models predict that neutron stars are born in supernova
explosions of massive stars [61]]. At least three stellar clusters in the Galactic Cen-
ter region contain massive stars, potential progenitors of neutron stars [54].

A primary obstacle in searches like the one presented in this work is the small
amplitude of the putative gravitational wave signal. Long observation times of or-
der months to years are required to detect a signal above the noise. When the
frequency and frequency evolution of the potential objects are unknown, the pa-
rameter space to search is large. A coherent search that uses matched filtering of
the data against single templates over long observation times and covering a large
parameter space is computationally infeasible. To overcome this limitation, tech-

niques have been developed to maximize the attainable sensitivity at fixed com-



puting cost. This search uses a hierarchical search technique [[51, 97] consisting of
a coherent step over short duration data segments, using a maximum-likelihood
statistic [[s 3, 76], that is then followed by an incoherent combination of the results
from the coherent step [52|]. This allows the analysis to cover a wide range of dif-
ferent signals, defined by the frequency and the frequency derivative (spindown).
No other search for signals from unknown neutron stars has ever considered as
large a range in spindown values as this search.

The large parameter space is one of the strengths of this search. Another strong
point is the elaborate post-processing that allows one to consider candidates with
significance values three standard deviations below the expectation value for pure
Gaussian noise. A huge number of candidates is tested by a series of vetoes.

No search has yet resulted in the detection of a gravitational wave signal. How-
ever, the absence of a detection allows one to draw conclusions on the maximum
possible strength of continuous gravitational waves from the searched population.
The current most sensitive upper limit on the gravitational wave strain amplitude
for sources in the direction of the Galactic Center comes from the all-sky searches
and is (with 90% confidence) hy = 7.6 x 1072 [B]]. The search presented here
improves the limits of [3]] by about a factor of two and presents the most constrain-

ing upper limits ever set in a large parameter space search like this.

OUTLINE

The outline of the thesisis as follows: the first chapters give a broad overview of the
various aspects that, all together, provide the basis for a gravitational wave search.
First, a brief description of gravitational waves in the Theory of General Relativity
is given, followed by an introduction on neutron stars and pulsars and the Galactic
Center (Chapter p]). Chapter fj is an overview of gravitational wave detectors and
their basic method of operation. The last of the introductory chapters illustrates
the main principles of the data analysis methods, derives the detection statistic and
presents the concept of the search technique used for this search (Chapter [f). In
Chapter [§| the preparation of the search, the setup of the covered parameter space,
and the selection of the data segments are presented. The various stages of post-

processing and a coherent follow-up search are presented in Chapter [§. No can-
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didate is confirmed by the follow-up. Therefore, 90% confidence upper limits are
placed on the gravitational wave amplitude (Chapter [). In subsequent Chapter §
a thorough discussion of the implication of the fact that no second time derivative
of the frequency was considered in this search is given. Finally, the results and their

implications are discussed in Chapter .



Poets say science takes away from the beauty of the stars —
mere globs of gas atoms. 1, too, can see the stars on a desert

night, and feel them. But do I see less or more?

Richard P. Feynman

Gravitational Waves

2.1 GRAVITATIONAL WAVES IN GENERAL RELATIVITY

The theoretical description of gravitational waves was first formulated by Albert
Einstein with his development of the General Theory of Relativity (hereafter gen-
eral relativity). Within this theory a new understanding of gravity in terms of a
unity of space and time was born — spacetime. In general relativity mass and energy
curve spacetime. While in Newton’s theory the Earth orbits the Sun as a result of
the gravitational force that the Sun exerts on the Earth, in Einstein’s theory the
mass of the Sun curves the spacetime and the Earth follows a straight trajectory
along that curved spacetime [71]. And small fluctuations in spacetime curvature
can propagate with the speed of light through otherwise empty space — gravita-

tional waves.
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In the following, a very brief description of the gravitational wave phenomenon in
the context of general relativity shall be given. A detailed discussion can be found

in the standard textbooks [[71, 91, 108,11, 118].

2.1.1  THE EINSTEIN EQUATION

One of the most fundamental concepts in the Special Theory of Relativity is the
expression of the line interval (the distance) ds between two neighboring points

in spacetime [53]:
ds? = —*dt* + dz? + dy? + dz?, or ds® = g, dz"da”, (2.1)

where 7),,,, is the it Minkowski metric which, expressed in Cartesian coordinates,

has the form
-1 0 0 O
0O 1 0O
v — 2.2
um 0 010 ( )
0O 0 0 1

This concept s carried over to general relativity with only one key difference: while
in the Special Theory of Relativity the spacetime is flat (namely the spacetime de-
scribed by the Minkowski metric), in general relativity the spacetime is curved in
order to represent gravitation. The more general statement of the line element is
then [[106]:

ds? = g, da*dz”, (2.3)

where g,,, represents a generic metric that keeps the information about the space-
time curvature. The relation between the curvature and the mass-energy distribu-

tion is described by the Einstein equation (with ¢ = 1) [71]:
1
Rag - égagR = SWGTQB. (2.4)

The Ricci curvature /7,3 is a measure of local spacetime and the Ricci curvature
scalar R is the trace of the Ricci curvature. The measure of energy density at the

right hand side of the Einstein equation is the stress-energy tensor 7, 3.



2.1. GRAVITATIONAL WAVES IN GENERAL RELATIVITY 7

2.1.2 GENERATION OF GRAVITATIONAL WAVES

The Einstein equation p.4 comprises ten nonlinear, partial differential equations
for ten metric coefficients, g,5(). There is not one general solution to these non-
linear equations, but a whole variety of possible and valid solutions for particular
circumstances. However, it is possible to give complete solutions of the Einstein
equation for spacetimes whose geometries differ only slightly from flat spacetime.
In this weak-field limit the nonlinear Einstein equations can be approximated as lin-
ear equations. For a flat spacetime the metric is go3 = 7),3. When the metric is
close to flat it can be described by the Minkowski metric plus a small perturbation
hag (x ):

9ap(2) = Nap + hap(z). (2:5)

An adequate formulation of “small” is in this regard |h,,,| < 1. A major simplifi-
cation for the calculation of the linearized Einstein equation can be achieved by a
careful choice of the coordinates in which the equation is expressed. This freedom
in the choice of coordinates is called gauge freedom. It can be shown that a metric

as given by Equation p.g can be gauge transformed into:

;5 = hag - 8,15/3 - 8550“ (2.6)

which has the same form but new perturbations. The £* () are arbitrary, but small
functions which can be used to simplify the form of the transformed £, 3. By keep-

ing only first order terms in /3 and applying the Lorentz gauge condition,
g Lo
aﬁha(x) - 5804 (l‘) =0, (2‘7)
the Einstein equation takes the simple form:
Ohap(z) = 0, (2.8)
where the d’Alembertian operator is defined as:
82

0= —@—G—VQ. (2.9)
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The solutions to Equation p.§ are gravitational waves. It can be shown, assuming
the wave vector & to lie along the z-axis and with the transverse-traceless gauge, that

the most general solution of the linearized Einstein equation is:

0 0 0 O
0 h hye Of

has(a) = | 0 0 U githaman, (2.10)
0 0 0 O

where w = kcand where ;. and h are constant amplitudes [[103] which refer to
two polarizations of the gravitational wave, the plus- and cross-polarization. There-
fore, gravitational waves are solutions of the linearized Einstein equation, which
represent transverse metric perturbations which propagate in vacuum at the speed

of light.

2.1.3 THE EFFECT OF GRAVITATIONAL WAVES ON TEST PARTICLES

To understand the effect of gravitational waves, consider a circle of free falling test
masses in space. It can be shown that their interaction with a gravitational wave
would manifest itself as a change in the relative distances between them. The two
polarizations of a gravitational wave differ by a rotation of 45 degrees around the
rotation axis. As a gravitational wave passes perpendicularly to the circle of test
particles, it changes their position in the way it is shown in Figure p.1.1. The area
of the deformed ellipse is equal to that of the original circle. The shape of the de-
formation is independent of the size of the circle of test masses. Thus, the measure
of the strength of a gravitational wave is the relative change in distance between
the test particles which is expressed as the dimensionless gravitational wave strain
h(t):

h(t) = —, (2.11)

where L is the radius of the circle and § L(t) is the imposed displacement due to
the gravitational wave. The gravitational wave amplitude is then defined as twice the
strain. As will be discussed in Chapter i, gravitational wave detectors measure this

change in distances, for example, through approximately freely hanging mirrors
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Figure 2.1.1: lllustration of the effect that a gravitational wave traveling in
z-direction has on a circular ring of test particles in the (z,y)-plane. The circle
of particles is stretched and compressed into ovals by the gravitational wave
according to the two polarizations permitted by general relativity: (a) the plus-
polarization and (b) the cross-polarization.

which are opposed to the displacement caused by a passing gravitational wave. A
standing light wave between these mirrors experiences a phase shift proportional

to the strength of the passing wave which can then be measured.

Gravitational waves are produced by accelerated mass quadrupoles ()). The am-
plitude of a gravitational wave is proportional to the second derivative of the mass
quadrupole and inversely proportional to the distance 7 between the source and

the observer [[108]: )

~ Qc—f g : (2.12)
where G is the gravitational constant and c the speed of light. The first fraction at
the right hand side of Equation is of the order 1.7 x 10™** s? / (kg m), hence,
extremely small. Therefore, large masses and accelerations are required to produce
gravitational waves strong enough to be measurable. The only imaginable sources
to produce gravitational waves that are detectable on Earth are astrophysical phe-

nomena.
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2.2 GRAVITATIONAL WAVES SOURCES

Possible sources to create gravitational waves strong enough to be measurable in-
volve large masses and accelerations. The only imaginable phenomena are astro-
physical phenomena, including for example binary star systems, supernovae, black
holes, pulsars, and the relic stochastic background of gravitational waves from the
Big Bang. It is useful to divide the anticipated gravitational waves into four broad
categories [[76,112]]: 1) long-lived and well defined, for example continuous waves,
which are nearly sinusoids with frequencies that are more or less constant over
times long compared to an observing run; 2) short-lived and well defined, for ex-
ample coalescing binaries, whose signals are only measurable in the last seconds
before the collision; 3) short-lived and a priori poorly known, like a supernova
explosion; and 4) long-lived and stochastic, for example primordial gravitational

waves from the Big Bang.

For the existing and upcoming terrestrial detectors, the most promising sources
are those of the second category. Detectable event rates promise the first detec-

tion of a compact binary coalescence with the advanced LIGO and Virgd detec-

tor [[103]]. Future space-based detectors will be more sensitive at lower frequen-
cies than terrestrial detectors. With such detectors even the coalescence of bi-
nary super-massive black holes, for example from galaxy mergers, should be de-
tectable [[10g]. A different approach for the detection of gravitational waves is the
use of pulsar timing arrays, which can potentially detect a stochastic astrophysical
background from the superposition of signals from cosmologically distant super-

massive black hole binary systems at very low frequencies [88].

We will concentrate only on signals in category 1) which are the target of this
work. For a review of other emission mechanisms we refer the reader to a recent

review [48].

The main source for the signals of category 1) are fast spinning neutron stars
with a small deviation from axial symmetry. This is the kind of source this search
aims to discover. Therefore, in the following sections the basic properties of neu-

tron stars shall be presented.
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2.2.1 NEUTRON STARS AND PULSARS

Neutron stars are some of the best systems to observe the effects of general rel-
ativity. The first indirect evidence for gravitational waves was obtained in 1974
by studying the timing residuals of the binary pulsar PSR B1913+16 — and has
brought the Nobel price to Russell Hulse and Joseph Taylor (1993 ). This search,
too, is concerned with gravitational waves from (yet unknown) neutron stars and,

therefore, a short introduction to this special class of stars shall be given below.

The first to anticipate neutron stars was Lev Landau in 1931 [82]]. He suggested
that all stars heavier than 1.5M, certainly possess regions in which the laws of quan-
tum mechanics (and therefore quantum statistics) are violated. [...] The density of mat-
ter becomes so great that atomic nuclei come in close contact, forming one gigantic nu-
cleus. Landau — without really knowing — described correctly the dense matter in
neutron stars at a time when not even the neutron had been discovered. The first
prediction of neutron stars followed only a year later, when Walter Baade and Fritz
Zwicky proposed that in supernova explosions a huge amount of energy is released
(42]: With all reserve we advance the view that supernovae represent the transitions
from ordinary stars to neutron stars, which in their final stages consist of extremely closely
packed neutrons. Thisis a precise description of the nature of supernova explosions.
It took further 30 years from these predictions to the first discovery of a neutron

star. The theoretical work during that time concentrated on four major lines of

study [79]: 1) the construction of model quafion of stafe (EOS ) for dense matter;

2) theoretical predictions of superfluidity of neutron star interiors; 3) models for
neutrino emission from stellar interiors due to the neutron star cooling; and 4 the
thermal evolution of neutron stars. The discovery of the first cosmic X-ray source,
Sco X-1 (in the Scorpius constellation), succeeded in 1962 [67] but it took five
further years to identify Sco X-1 as an accreting neutron star. Shortly after Sco X-
1, the Crab Nebula was discovered [5d] and another year later, the first detection
of a rapidly rotating radio source was published by Antony Hewish and Jocelyn Bell
— the first pulsar, PSR B1919+21 [73]. Within ten months more than 100 arti-
cles explaining this new phenomenon had been published [[121]. Finally, the idea
that pulsars are rotating magnetized neutron stars [[69] was established. Important

was in this regard the discovery of the Crab pulsar and the understanding, that
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pulsars are rapidly rotating neutron stars, with magnetic moments inclined with
respect to their spin axis. The radio emission is beamed along the magnetic axis
and, as the star rotates, the star is visible to observers only when this beam sweeps
over the Earth. Since this scientific breakthrough the development of neutron star
physics in both observations and theoretical models has grown immensely. In the
following, a short description of today’s knowledge about the main properties of
neutron stars and pulsars is presented. These descriptions are heavily based on the

treatment of [7d].

NEUTRON STAR STRUCTURE

Neutron stars are compact stars that contain matter of supranuclear density, which

is assumed to consist of neutrons. The typical mass of a neutron star is M ~
1.4 Mg, and typical radii are 12 ~ 10 km. The density of the star is:

3SM

Py ~ 7 X 1()14gcm73 ~ (2-3)po, (2.13)

p =~

where pg = 2.8 x 10 g cm™? is the normal nuclear density, i.e. the density of
nucleon matter in heavy atomic nuclei. In the center of the neutron star values up
to (10 - 20)pp can be reached. This makes neutron stars the most compact stars
known.

The structure of a neutron star is illustrated in Figure p.2.1. The outmost layer
is the atmosphere. The spectrum of thermal electromagnetic neutron star radia-
tion comes from this thin plasma layer. It contains information about the effec-
tive surface temperature, surface gravity, chemical composition, strength and ge-
ometry of the surface magnetic field, and the mass and radius of the neutron star.
The thickness of the atmosphere varies from only a few millimeters in a cold star
(T, ~ 3 x 10° K) to a few tens of centimeters in a hot star (7, ~ 3 x 10° K).
Very cold neutron stars may even have a solid or liquid surface. Going towards the
center, the next region is the outer crust. Its thickness is some hundred meters. It
reaches densities at the base of pyp ~ 4 x 10! g cm ™ and its matter consists
of ions and electrons. A very thin layer (of only a few meters) contains a non-

degenerate electron gas, while in deeper layers the gas is almost ideal. Electrons,
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Figure 2.2.1: Schematic illustration of a neutron star. The explicit numbers
vary strongly with the assumed model of the @ (Credit: [70])

free neutrons, and neutron-rich atomic nuclei form the inner crust, which can be
about one kilometer thick. The density varies from pyp to po/2 at the base. The
several kilometers thick outer core consists of neutrons with several per cent ad-
ditions of protons, electrons, and probably muons. The density ranges from p/2
at the upper boundary to 2py at the bottom. The inner core can also extend for a
few kilometers. The density is generally p 2 2p, and can take values up to (10 -
15)po at the center. The composition and the resulting EOY of the inner core are
very model dependent. Various hypotheses exist which predict different compo-

sitions, like the existence of hyperons, pions, kaons, or quark matter.

Current evolutionary scenarios predict that neutron stars are born in supernova
explosions and are the final stage of stars with masses greater than four to eight
times that of the Sun [61]. After these stars have finished burning their nuclear
fuel, they undergo a gravitational collapse. This explosion blows off the outer layers
of the star in an expanding shock wave, producing a supernova remnant. The cen-

tral region of the star collapses under gravity so heavily that protons and electrons
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combine to form neutrons and produce a neutron star. These events are usually
called type II supernova explosions [73]. During the first several years after birth
the neutron star remains hidden behind the expanding supernova; this prevents
the observation of very young neutron stars. During the supernova explosion the
emission of neutrinos can be detected. Very soon after the explosion (order of
minutes) the flux is already too small to be observed. However, the loss of energy
by the emission of neutrinos provides an efficient cooling mechanism of the new-
born neutron star.

Neutron stars radiate in all bands of the electromagnetic spectrum. Electro-
magnetic radiation ranges from radio, infrared, optical, ultraviolet, and X-ray to
gamma-ray spectral bands. Several ground- and space-based telescopes exist to ob-
serve in all spectral bands. Different oscillation modes can be present in a neutron
star, including fundamental (f), pressure (p), gravity (g), and Rossby (r) modes
(analogous to Rossby waves in the Earth’s oceans) [jod, [111]. Observations of
these modes can provide insight in the internal structure of neutron stars [[78].
Some modes can be unstable. This applies particularly to the r-modes [}41, 84]. If
the neutron star is rapidly rotating, it can lose axial symmetry and, as a result to

this r-mode instability, emit a substantial amount of energy in gravitational waves.

PuLsaRrs

Pulsars are rotating neutron stars which produce an emission in different spec-
tral bands that propagates along the magnetic field. Due to a misalignment of
the star’s magnetic axis with respect to its spin axis it is possible that the beam
of radiation crosses the Earth for short durations in a regular repetition. Pulses of
radiation can be detected which gave that class of neutron stars its name. Most
pulsars can be subdivided by their observed spectral range into radio pulsars, X-
ray pulsars, and gamma-ray pulsars. The majority of known neutron stars belongs
to the class of radio pulsars. The periods of all known pulsars as of today are be-
tween 11.78 - 1.40 x 1072 s [89]. The average spin period of isolated pulsars is
longer than that of binary pulsars. Pulsars with spin periods shorter than 30 ms are
called millisecond pulsars. Due to the conversion of rotational kinetic energy into

electromagnetic radiation (and possibly gravitational wave radiation), the pulsar
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spins down. The spindown rate of all known pulsars is within ~ 107! Hz/s and
—3.86 x 107® Hz/s [89]. Some pulsars, mostly young ones, show sudden jumps
of their spin frequencies, called glitches. Different models exist to explain and in-
terpret pulsar glitches, but so far there is no definitive general understanding [83].
The same applies to random irregularities of the pulses, known as pulsar timing
noise [[54].

Allknown pulsars are located within our galaxy, the Large and Small Magellanic
Clouds, and globular clusters [86]. Although many neutron stars are assumed to
be born in binary systems, the majority is born as an isolated (meaning solitary)
neutron star. The evolution differs dramatically between isolated and binary pul-
sars. The main factors that regulate the evolution are [[7d]: rotation, accretion, and
the magnetic field. The evolution of pulsars is often described in a P-P-diagmm,
where P is the spin period and P the time derivative of the spin period (Fig-
ure p.2.2)) as in a Hertzsprung-Russell-diagram for normal stars. Pulsars are born
with short spin periods and high spindown values, hence, start their life in the up-
per left corner of the diagram. Due to the mentioned conversion of rotational en-
ergy into radiation, the star spins down and the spin periods become longer and
longer. The star slowly moves to the lower right corner of the diagram. At some
point it is believed that the pulsar reaches a point at which the rotation can not
power the radio emission mechanism anymore. The star is no longer visible as a
pulsar. This region in the P-P-diagram is called the death-line. The typical life-

time of a pulsar before it becomes radio-invisible is ~ 107 yr [87].

2.2.2 THE EMISSION OF CONTINUOUS GRAVITATIONAL WAVES

Difterent mechanisms are predicted by which spinning neutron stars could emit
detectable continuous gravitational waves: one possibility is that the star presents
asmall deviation from perfect axial symmetry because its crust broke up due to, for
example, the cooling of the star [9g[] or because of a non-axisymmetric distribu-
tion of the magnetic field below the crust [122]]. Continuous gravitational waves
could furthermore be emitted through r-mode excitation [59, 47, 63, 04]. r-modes
may be important in hot young neutron stars: gravitational radiation couples to

these modes so strongly that the viscous forces present in such stars are not sufh-



16 CHAPTER 2. GRAVITATIONAL WAVES

10_5 — e N .
¢ isolated pulsars
* binary systems
_ 107
T
95]
[72)
= 107
o
<
% .
1074
25 E f f f f
10 T \\\\\\\‘ T \\\\\\\‘ \\\\\\\‘ \\\\\\\‘ \\\\\\\‘
107 107 107 10" 10' 10”
P [s]

Figure 2.2.2: This plot shows all known pulsars as of today [89]. Black color
denotes isolated pulsars, red color denotes binary systems. The majority of all
pulsars is born as an isolated pulsar.

cient to suppress the gravitational radiation driven instability [94]. Gravitational
radiation is therefore expected to carry away most of the angular momentum of
hot young neutron stars [4J]. In addition, binary neutron stars may experience

non-axisymmetry from non-isotropic accretion [[103].

2.3 THE GALAcTIC CENTER

This section gives a very brief overview of the innermost region of the Galactic
Center, followed by the explanation of why we believe that it is a promising target
for our search.

Figure shows two pictures of the central region around the strong radio
source Sagittarius A. The image on the left hand side of Figure spans ~ 20 pc
and was taken by the Chandra X-ray Observatory. It gives an overview of the three
components of Sgr A: the largest of them is Sgr A East, a supernova remnant with
an age of 100 - 5000 yr. The X-ray emission from Sgr A East is concentrated in the
central 2 — 3 pc within a 6 X 9 pc radio shell and oftset about 2 pc from Sgr A*
[43]. Sgr A West is a typical H Il-region with a diameter of ~ 2 pc which lies (for

an observer on the Earth) in front of Sgr A East. Its complex structure is shown in
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the right hand side image of Figure p.3.1], which is a 6 cm observation taken by the
Very Large Array. Sgr A West consists of ionized gas and is called the minispiral for
its morphology. It can be subdivided into three components, the Northern Arm,
Western Arc and Eastern Arm (when looking at the image, the Eastern arm is the
arm at the left from the center, while the Western Arc is the long structure that
surrounds the center from the right to the bottom). The minispiral is surrounded
by a thick ring called the circumnuclear disk. It extends no further than 7 pc and has
asharp inner edge at aradius of 1.5 pc [[59]. Far infrared observations of the heated
dust and the molecular lines in the radio band show that the circumnuclear disk is
made up of molecular gas and dust and is inclined by about ~ 20 - 25 degrees
against the galactic plane. Matter within this disk is clumped together. Finally,
the point source which has a diameter of 0.001 - 0.005 pc is the dynamical
center of the Milky Way and is located at:

RA (2000) = 17"45™40°.0409
Dec (2000) = —29°0'28".118. (2.14)

Within the inner R < (.38 pc exists the central cluster which has a mass of
5 x 105 My,. The innermost arcsecond centered on hosts a remarkable
concentration of mainly B-stars, the so-called S-star clusterﬂ [64]. Since the 1990s,
observations have provided deep insight into the motion of the stars within these
clusters [66]. Proper motions and even accelerations can be measured to high
precision (£850 AU for the S-stars). The observed movements can be well ex-
plained with a gravitational field of a mass distribution which corresponds to that

of the central cluster plus a central point source — the central black hole — with
My = 4.4 x 10° M, [64].

'"The naming of the S-stars originated in [8] to denote those remarkably fast moving stars
in the Sgr A*(IR )-cluster that were known at that time. Since that time the number of S-stars has
grown to over 200 [63, 68 ]; unfortunately, the MPE and UCLA groups have been using different
nomenclature. (Cf. [64])
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SAGITTARIUS A

SGR A WEST

Figure 2.3.1: Left: X-ray observation of the three parts of Sgr A, the point
source which is the dynamical center of the Galaxy, the Hll-region Sgr A
West which has the morphology of a minispiral, and the supernova remnant
Sgr A East. The image is ~ 20 pc on a side. Right: The 6 cm image taken
by the Very Large Array shows the spiral structure of Sgr A West. Credit:
NASA/CXC/MIT /F.K.Baganoff et al. (left) and NRAO/AUI (right).

2.3.1 PULSARS AT THE GALACTIC CENTER

Rapidly rotating neutron stars with small deviations from perfect axial symmetry
are the most promising sources for continuous gravitational wave emission. No
search for gravitational waves from such sources, however, has resulted in a detec-
tion yet. A possible explanation is that the neutron stars we are looking for are of
an unusual kind. Therefore, the most interesting regions are those that contain a
large number of neutron stars. Among such a large population it might be possible
to find a neutron star that is unusual enough to be emitting gravitational waves that
are detectable.

The innermost Galactic Center area is believed to be such a region. Because it
contains an overabundance of massive stars, it may well contain also a large num-
ber of neutron stars [[77]. Massive stars are believed to be the progenitors of neu-
tron stars: the star undergoes a supernova explosion and leaves behind the neutron
star [61]]. The wide Galactic Center area (R < 200 pc) contains more stars with
initial masses above 100 M, than anywhere else known in the Galaxy plus three

of the most massive young star clusters [62]]. One of these is the central cluster,
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which is concentrated around the center of the Galaxy and contains at least 80
massive stars [62]. The innermost 1 pc contains a dense, rich cluster of stars and
a few supergiants [l44]], centered around SgrAY. Among the brightest stars are 20
hot, massive supergiants with effective temperatures of 25000 K and luminosities
< 10° L. These stars form a sub-group concentrated strongly towards the cen-
ter. The other bright stars are > 200 K- and M-giants. The main fraction of the
mass comes from a few 10° cool giants and dwarfs. The core radius of the entire
central cluster is about 0.38 pc [[114]. The formation of so many massive stars in
the central parsec remains a mystery [62], but current estimates predict roughly as
many pulsars within .02 pc distance to as there are massive stars [94]. Cur-
rent estimates assume at least ~ 100 radio pulsars to be presently orbiting
within this distance [96].
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An experiment is a question which science poses to Nature,

and a measurement is the recording of Nature’s answer.

Max Planck

Gravitational Wave Dete¢tors

The great challenge of detecting gravitational waves is to measure the extremely
minute effect that gravitational waves have on the detector. The amplitude of grav-
itational waves falls off as the inverse of the distance from the source (see Equa-
tion p.12). Therefore, even the strongest gravitational waves, produced for exam-
ple by merging binary black holes, die out to very small amplitude by the time they
reach the detector on Earth.

The first attempt to detect gravitational waves was done by Joseph Weber in the
1960s [[117]. He used a large, solid piece of metal (colloquially known as a Weber
bar, ~ 1 m diameter, 2 m length of aluminium) whose elastic modes would be
excited by a passing gravitational wave. A transducer then converts the motion
into a measured electrical signal. The high sensitivity band of a bar detector is very
small and spans only a few tens of Hertz. Modern forms of the Weber bar are still in
operation [38,[104], but are not sensitive enough to detect anything but extremely
powerful gravitational waves.

A more sensitive instrument for gravitational wave detection is a laser interfer-

21
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ometer with separate masses placed many hundreds of meters to several kilome-
ters apart, acting as two ends of an imaginary bar. A passing gravitational wave
stretches one arm and shortens the other by a tiny amount. Ifits travel path is along
a vector standing orthogonal on the plane of the two detector arms, the detector
responds in the most sensitive way. Several ground-based interferometers are in
operation today, like Virgd, a 3-km-long gravitational wave detector in Cascina,
Italy, GEOGUU, a 600-m-long gravitational wave detector in Hanover, Germany,
and TAMA30U, a gravitational wave detector located at the Mitaka campus of the
National Astronomical Observatory of Japan. The currently most sensitive grav-
itational wave detectors are the two [LIG()| detectors at two separate observatory
sites, in Livingston, Louisiana, and Hanford, Washington, respectively. LIGO| was
founded in 1992. Each observatory operates one of the two nearly identically de-
signed interferometers which have two orthogonal 4-km-long light storage arms
that keep the laser light inside the arm cavities for many round trips. This amplifies
the effect of the gravitational wave and increases the sensitivity of the instruments.
Upgrades to LIGQ will increase the sensitivity further.

Plans for future gravitational wave detectors exist, like ﬁ, which will be
located in the Kamioka mine, Japan, and is expected to start its operation in 2018
[11d], and for the operation of a third CIGQ| detector in Indiaf] [63]. The expan-
sion of the gravitational wave detector network has significant scientific benefits:
at fixed detection confidence the expected event rates will increase and source-
localization accuracies will improve dramatically.

All detectors are limited at high frequencies by shot noise of the photons of the
laser beam. If there are not enough photons arriving in a given time interval (that is,
if the laser is not intense enough), it is impossible to tell whether a measurement is
due to a gravitational wave, or just random fluctuations in the number of photons.
At low frequencies all ground-based detectors are limited by seismic noise (earth-
quakes, large storms) as well as anthropogenic activities and must be very well iso-

lated from those disturbances. For this and other reasons space-based gravitational

wave detectors are under development as well. The [Caser Inferferometer Space Anj
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