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ABSTRACT

Gravitational waves carry information about regions of our universe which are otherwise obscured by interstellar
matter or are ’invisible’ due to the lack of emitting electro-magnetic radiation. Despite their prediction almost
90 years ago and 4 decades of experimental effort (summarized in this article) gravitational waves still await
their direct detection. This article gives an introduction into the field of gravitational wave detection and points
to more detailed papers within this proceedings issue.
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1. INTRODUCTION

This article gives a brief overview of gravitational wave detection from the historical roots to today’s km-scale
interferometers and shortly introduces resonant bar/sphere detectors. For more detailed and comprehensive
reviews and overview papers the reader may consider to have a look at'234° and references therein.

2. WHAT ARE GRAVITATIONAL WAVES?

Already more than 2 centuries ago in 1776 Laplace,® searching for an explanation of the timing of medieval solar
eclipses, suggested that the gravitational interaction propagates at finite speed, which in consequence leads to
the emission of some sort of gravitational radiation when mass distributions are changed. Relativity and with it
General Relativity, where gravitation is described as a curvature of space-time, is built on this finite maximum
speed of any signal as a basic assumption. The first approximate solutions of the field equations of General
Relativity including the prediction of gravitational waves (GWs) were given by Einstein in 1916° and in a refined
version in 1918.1% In contrast to electro-magnetic waves (where due to the bipolar character of charges, dipole
fields are the lowest order allowed) the lowest order of GWs are quadrupolar ones and are emitted whenever the
quadrupole moment of a mass distribution changes in time. The observable effect of a GW is a change in the
distance between free test masses. As a consequence of the quadrupolar nature of the GWs, during one half of a
wave cycle space is elongated in one direction while in the direction perpendicular, lengths will be shortened and
the opposite will occur during the next half of the GW cycle. Hence the measurement of these length changes
provides a direct way to detect and measure the strength of GW. Despite large amounts of energy that are
emitted by GWs in some astrophysical processes, space-time is so ’stiff” that the resulting strain is minuscule.

3. WHY DETECTING GRAVITATIONAL WAVES?

GWs are one of the last predictions of general relativity that still awaits direct proof. Indirect proof for the
existence of GWs was achieved by Hulse and Taylor2? who observed the changes of the orbital period of a binary
system of two neutron stars and found perfect agreement with the predictions of General Relativity.

Our current understanding of the universe is almost exclusively based on the observation of electro-magnetic
waves. Many interesting regions as the cores of galaxies or the center of super nova explosions are obscured by
matter between us and the object of interest. Here the weakness of the interaction of gravitational waves with
space-time turns into an advantage as GWs can travel long distances and arrive almost unchanged by interstellar
matter.
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Some processes, e.g. the inspiralling of binary systems in distant galaxies (the event rate in our own galaxy
is estimated to be too low for frequent enough observations) or seismic activity in neutron stars, cannot (yet) be
resolved by electro-magnetic observations.

Investigations of the early universe are limited to times after it had cooled down enough to allow for the
recombination of free charges (electrons and protons into hydrogen atoms), i.e. about 380,000 years after the big
bang. In contrast gravitational waves propagate the universe freely from the time of their emission which may
be as early as 10743 s after the big bang.3*

GWs could also shed new ’light’ on questions concerning dark matter®” which, although difficult to detect
via electro magnetic waves, could be observed via the GWs it emits as it moves through space.

The detection of GWs and subsequently their astronomical use in GW observatories will yield new information
about the most interesting regions of the universe and quite likely show new, unpredicted sources.

3.1. Sources

The following section describes the known sources of GWs that hopefully will be observed within the next decade.

3.1.1. Supernovae

Considering that the rapid movement of large amounts of mass is the main prerequisite for GW emission, core
collapse supernovae (Type Ib, Ic, and I1) are certainly good candidates for strong GW radiation3! 3° . The asym-
metry of the collapse that is needed to create a big time-varying quadrupole moment is not necessarily fulfilled.
Little is yet known about the symmetry of a supernova though the velocity of the supernova remnant suggest a
certain asymmetry of the core collapse®. The centers of these violent processes are hidden for electro-magnetic
observations by the surrounding outward-flowing matter. The GW emitted could send valuable information
about the processes going on. Numerical simulations predict short, i.e. a few ms long, bursts of GW signals,
where the exact wave-form will depend on the detailed processes going on. In a coincidence run between several
detectors comparison of this signature should enable us to veto spurious signals that can arise from the noise of
a single detector and differences in time-of-arrival will allow to determine the direction of the signal.

3.1.2. Compact binaries

Whenever an astrophysical object orbits another there will be a strong time-varying quadrupole moment and GW
will be emitted. In order to fall into the frequency band that we will cover with the current or next generation
of GW detectors these binaries have to have a reasonably short period, e.g. less than 10.000 secs (the lower
frequency limit for the space borne detector LISA), and hence have to be close to each other. Ordinary stars
would get disrupted by tidal forces before they reach this stadium, so good candidates are compact objects like
white dwarfs, neutron stars, black holes, or super massive black holes in the centers of colliding galaxies. They
span the whole observable frequency band from 107*Hz to 10*Hz. The final phase of coalescence will be the
most interesting one as here the limits of known physics will be reached when the two companions orbit each
other at relativistic speeds or the event horizons of two black holes merge into one.

The orbiting and final plunge of stellar sized objects into a super massive black hole can be used to map the
curvature of space-time closer to the event horizon and gain insight into the dynamics of giant black holes.

3.1.3. Rotating neutron stars

A rotating object with deviations from symmetry with respect to its rotation axis has also got a quadrupolar
moment and will hence emit GWs. The only objects that are compact enough to spin with a frequency to allow
for a sufficient amount of GWs to be radiated are neutron stars and black holes. Centrifugal forces would tear
ordinary stars apart before they can reach these speeds.

Irregularities can arise as a remnant from the formation process. If neutron stars or black holes are created
in an asymmetric core collapse the newly created object will also be more or less asymmetric and mechanical
eigen-modes will be excited and slowly ring down due to internal friction and radiation losses. Observing these
processes can yield valuable information about inner processes of the stars.

Proc. of SPIE Vol. 5500

Downloaded from SPIE Digital Library on 16 Jun 2010 to 194.94.224.254. Terms of Use: http://spiedl.org/terms



There is a wide variety of modes (partly named after the restoring force) of neutron stars that could gen-
erate detectable amounts of GWs (g(gravity)-modes, p(pressure)-modes, f(fundamental)-modes, w(space-time)-
modes,r-modes (Coriolis force))36 3758 59 which get excited either in the formation precess or by matter accreted
from a close companion®C.

3.1.4. Stochastic background radiation

If there are too many sources of GWs in a given frequency range such that single sources cannot be distinguished
any more they will form a background of radiation. This is expected to be the case in the frequency band

between 10~* and 1072 Hz from galactic white dwarf binaries38 .

In contrast to the electro magnetic background radiation which decoupled about 380000 years after the big
bang or neutrinos which may have been emitted when the universe was a few seconds old, relics of GWs 6034
which originate from times as early as the Planck epoch, i.e. within the first 10743 s, are expected to still
propagate the universe at detectable levels. These GWs will have a very broadband spectrum ranging over the
entire detection band of all detectors. For details see 33 32and references therein.

The sources mentioned span a very wide frequency band from periods as long as the life of the universe
(matter moving on cosmological time scales, e.g. super-cluster of galaxies, or quantum fluctuations in the early
universe) to frequencies up to 10kHz (neutron star eigen-modes).

4. HOW TO DETECT GRAVITATIONAL WAVES?

After the prediction by Einstein in 1916, GWs were almost ignored by physicists for about four decades as a
seemingly artificial product of the equations of General Relativity. The effect onto space seemed anyway to be
too small to be detectable. Even Einstein considered the effects of GWs to be too weak ever to be measured
directly. After most of the predictions of General Relativity have been verified today (including the GW effect
on the Hulse-Taylor pulsar PSR1913+16), and again and again physicists have rechecked the calculations and
interpretations, no one really questions the existence of GWs any more.

Today two different principles are employed for the detection of GWs: Solid body resonances and electro-
magnetic length measurements.

e If a GW hits a solid body, say a metal cylinder, it will cause the body to get stretched and shortened and
hence internal body resonances will be excited. These oscillations can then be monitored and serve as a
measure of the strain of space.

e The best developed and most sensitive method using electromagnetic waves are Michelson type inter-
ferometric GW detectors, but long distance ranging to spacecrafts?® 2!, the moon!? or pulsars!?!! can
set interesting limits in the nHz frequency range. Investigating the anisotropy of the cosmic micro-wave

background can set upper limits in the extremely low frequency band (as low as attoHz)!3.

4.1. Resonant Bars

Resonant bars, as the name suggests, exploit the internal resonances of metal cylinders, typically with a weight
of a few tons and resonance frequencies close to 1kHz. For the ease of understanding let us imagine the bar cut
into two pieces of equal length which are joined by a spring. If a GW passes, space will get stretched or shortened
in the direction of the spring and hence the two masses will no longer be in their equilibrium positions (where we
assume they have been before). Consequently the mass-spring system will start oscillating at its eigen-frequency.
The same will be true for an elastic body. e.g. a metal bar. If the frequency of the GW coincides with the eigen-
frequency of the bar, the oscillation will ring up and the displacement of the ends of the bar will be resonantly
enhanced. If the displacement of the ends is monitored sensitively enough GWs can be detected. This technique
was developed by Joseph Weber2% | who, in the early 60’ set up two aluminium resonant bar detectors separated
by 1000km. These detectors were aluminium cylinders with a weight of about 1ton suspended inside a vacuum
chamber by a wire slung around the circumference. He sensed the oscillations of the cylinders with piezoelectric
transducers and in 1965 started reporting coincidences between the two detectors and for decades there were
hot debates about whether or not the signals recorded by Weber were real gravitational wave events or just
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coincidences of detector noise. Experiments in other parts of the world including Munich/Frascati, Glasgow,
Rochester, and Yorktown Heights failed to reproduce Weber’s results. Over the years the transducers have been
refined to improve the peak sensitivity and the bandwidth of similar detectors until the resonant bars reached
the thermal noise limit, i.e. thermally excited off-resonant internal motion of the bar, where an improvement of
the transducer and sensor could no longer improve the peak sensitivity. As the thermal excitation can be reduced
by cooling the bar, the up to now most sensitive instruments are all operated at cryogenic temperatures in the
range of a few K down to 100 mK and use sophisticated read-out transducers to achieve good sensitivity around
the resonances (ALLEGRO Baton Rouge, LSU (USA),'* EXPLORER Geneva, CERN, INFN (Switzerland),'¢
NIOBE Perth, UWA (Australia)!” NAUTILUS Frascati, INFN (Italy),'® AURIGA Legnaro, INFN (Italy)'®).
I used the web-sites here for references as they should reflect the most up-to-date status of the projects. The
major drawback of resonant bar detectors is the narrow bandwidth of sensitive operation which is a result of the
resonant enhancement needed to overcome the noise of the read-out system. Lowering the read-out noise and
splitting the main eigen-mode into multiple resonances by coupling to a slightly de-tuned resonant transducer
leads to an improvement of the bandwidth from fractions of 1 Hz to 80 Hz at a sensitivity level of 4- 1072 /v/Hz
which has recently been achieved in the AURIGA detector with a peak sensitivity of about 4 - 10722/ VHz.

Although cylindrical shapes have been used for most of the resonant detectors so far, other geometries
(truncated icosahedrons, dodecahedron, spheres) have advantages over cylinders such as omni-directionality or
larger cross sections for higher order modes. Spherical detectors will be discussed in more detail in another paper
in this proceedings issue% .

A new proposal for increasing the bandwidth of resonant mass detectors suggests the use of two masses one
nested into the other, where the resonance frequency of the bigger one is below the frequency band of interest
and the resonance of the inner one above. Such the responses to a GW of the two masses will be 180 out of
phase and are expected to yield a broadband response? 44 .

4.2. Interferometer

The concept of mapping the curvature of space-time between free falling test masses with electro-magnetic
radiation was brought up by Pirani in an 1956 paper’. Pulsar timing'?'!, Doppler space-craft tracking?®,
planetary ranging'®, and interferometers are measurement techniques based on this effect as they all measure
the change in the time it takes an electro-magnetic wave to pass the space between two test masses. Using
interferometers for the detection of gravitational waves now has a history of about 4 decades. For a review on
interferometrical gravitational wave detectors see also*C.

4.2.1. Historical review of interferometric gravitational-wave detectors

In 1962 two Russians physicists from Moscow (M. Gertsenshtein and V.I. Pustovoit) proposed to detect gravi-
tational waves by observing the fringe shift at the output of a Michelson interferometer after recalculating the
sensitivity of the Weber bar and coming to the conclusion, that the sensitivity was 10 orders of magnitude lower
than Weber assumed. They estimated the sensitivity of such an interferometer to be 1/l = 10717 for frequencies
of about 1kHz assuming that white light would have to be used for a light source and already suggested to
run multiple instruments in coincidence to extract information about polarization and direction of the source
from the signals.2* The strength of gravitational waves of astrophysical origin was not as well known as to-
day so it did not appear an impossible undertaking to detect gravitational waves with such a poor sensitivity.
Weber independently proposed the use of interferometers in a phone call to Forward two years later in 1964 27 .
Forward together with Moss and Miller at Hughes research labs in Malibu actually was the first one to build
an interferometer for GW detection in 197027 and reached a remarkable shot noise limited strain sensitivity of
6-10715/ v/ Hz which he could improve within the next two years to 1-10~16 / V/Hz using a more powerful laser
and folding the optical path?® . The setup used was a simple Michelson interferometer with an arm length of 2m
which was slightly misaligned to get two separate output beams. The power of the two beams was measured with
two photo detectors and electronically subtracted to yield the change in arm length difference. His interferometer
was mounted onto an optical table with stacks of rubber/metal for seismic isolation. The differential arm length
was controlled to give the same light levels on both photo detectors. To that date it was the interferometer with
the best displacement sensitivity ever built although other shot noise limited interferometers have been reported
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earlier. Blum and Weiss submitted a paper in 1966 describing a shot noise limited interferometrical set-up with a
sensitivity of about 10~*m/v/Hz with an interferometer arm length of 1 m??. After systematically considering
all limiting noise sources Weiss’s group at MIT in 1972 started to build an interferometer implementing many
new techniques to reduce a variety of noise sources. Many of these techniques have become standard in today’s
detectors. An interferometer with two outputs has the disadvantage that at the operating point of maximum
sensitivity half of the laser light power falls onto each photodiode, which can cause technical problems. One now
commonly used way of reducing the amount of light on the photodiodes is the use of a modulation technique,
e.g. modulating the frequency/phase of the incident laser beam called inline or Schnupp modulation (named
after Lise Schnupp a former member of the Garching group who invented the method in 1978). Monitoring
the interferometer output with a photodiode and demodulating with the modulation frequency gives a signal
proportional to the arm length difference which, properly filtered, can be used to operate the interferometer at
a 'null fringe’; i.e. a 'dark output’ and use only the signal of one output diode. This method reaches the same
sensitivity as reading out the two outputs at 'mid fringe’.

In 1975 the group at the Max-Planck-Institut fiir Quantenoptik in Garching, Germany (Institut fiir Physik
in Munich in those days) started to setup a 3m interferometer and later successfully operated a 30 m prototype
throughout the 80’s and 90’s and should invent and develop a lot of novel techniques throughout the next two
decades.

In 1977 the gravitational-wave research group in Glasgow started to build a 1 m prototype with optical white
cells for motion detection and then continued to build a 10 m L shaped interferometer with Fabry-Perot cavities
in the arms.

As the goal of a GW detector is to reach a high strain sensitivity it is useful to increase the length of the
detector. With space being rather limited in most labs, schemes to increase the optical length were invented.
Weiss already in 1972 proposed to fold the optical path of the light inside the interferometer arms to increase
the effective length. In some experiments the light path was folded a few hundred times*”. The optimum path
length is half the wavelength of a GW. With even longer paths the phase shift that the laser light accumulated
will be diminished by the reversed sign of the GW amplitude during the second half of a wave’s period. It
turned out in the Garching experiments though that scattered light in a delay line set-up causes up-conversion
of the seismic motion and a strong coupling of laser frequency noise into the output signal which made delay-line
unusable. Modulating the phase of the laser to give a beat frequency between main and scattered beam outside
the detection window was independently proposed by Weiss (MIT) and Schilling from the Garching group and
was demonstrated to work with several modulation functions. This method cannot be used together with Power
Recycling though, which requires frequency-stable laser light, see below.

A mode cleaner (first proposed by the Garching group in 1979) to reduce lateral beam jitter and later more
generally used?0 to suppress laser beam fluctuations (geometric, amplitude and frequency), is a cavity which is
resonant to and hence transmits only the fundamental longitudinal and transversal laser mode but not higher
order modes. Mode Cleaners are today used for all of the large scale GW detectors.

In 1979/1980 Drever, who moved from Glasgow to the California Institute of Technology in Pasadena, started
building a 40m prototype. This detector was similar to that in Glasgow using Fabry-Perot cavities in the
interferometer arms. The optical energy stored in the Fabry Perot cavities determines the sensitivity of the
interferometer.

One important step in improving the sensitivity was to reduce the coupling of seismic motion which moves
the mirrors and thereby directly affects the arm length of the interferometer. By suspending the optical elements
as pendulums the motion of the optics relative to ground rolls off like 1/ f2 above the resonance frequency of the
pendulum, which usually is around 1 Hz. The mirror suspensions have been refined along the years to reach ever
better isolation*! 6242 but still limit the performance of modern instruments at low frequencies.

In 1981 Drever and Schilling independently came up with the idea of inserting another mirror in the input
of the interferometer. If the interferometer is locked to a dark output port all the laser power is reflected back
to the laser itself and thus wasted. If a mirror is placed in the input the light transmitted can be overlapped
with the light reflected from the inside. Doing this with the proper phase relation the light power inside the
interferometer can be considerably enhanced and hence the influence of the photon shot noise decreased. Power
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Recycling can also be used if Delay lines or Fabry Perot cavities are in the interferometer arms. To optimize the
sensitivity the optical power in the interferometer arms has to be as high as possible. Then the GW can convert
more power from the carrier into signal sidebands. In the case of a detector with arm cavities Power Recycling
allows to reach a high power inside the arm cavities without getting a very narrow line width of the arm cavities.

In 1982 the Garching group started to build their 30m prototype using delay lines increasing the effective
arm length to about 3 km.

Throughout the next years improvements in the suspensions, modulation methods, laser stabilization etc. led
to further enhancement of the sensitivity of the prototypes*” 45 .

1986 the Japanese started to build a 100m delay-line prototype called TENKO100 which reached a sensitivity
of about 7-1072Y/v/Hz.

The first Power Recycling experiments were started in Garching and Orsay /France in 1987 but only moderate
recycling factors were achieved due to high losses inside the interferometer. Meers at the University of Glasgow
realized that a similar recycling technique can also be used for the signal sidebands by placing a mirror in the
interferometer output®. If the interferometer is held at a dark port, the carrier frequency exits through the
input port where it is recycled by the Power Recycling mirror. The signal sidebands created by the GW are
produced with a phase difference of 180 degrees in both arms and thus exit through the dark port. Placing
a mirror there, the sidebands can be re-injected into the interferometer and can also be resonantly enhanced
giving a stronger GW signal. This idea was demonstrated in a bench-top experiment by Strain and Meers in the
Glasgow labs.

In the case where both, Power and Signal Recycling are used it is commonly called Dual Recycling. De-tuned
Dual Recycling was first demonstrated in a fully suspended interferometer in the Garching 30m prototype in
200044 .

If the Finesse of the Fabry-Perot cavities in the interferometers arms is high and the arms long then the
bandwidth of the cavities can become that small (e.g Finesse ~ 1000 and L=4km > bandwidth ~ 40Hz) that
the sidebands created by the GWs (say at 400Hz) are too far from the resonance (which is tuned for the carrier)
as to be enhanced. Therefore the sidebands will be attenuated by the transmittance of the coupling mirror and
no net gain will be achieved. To overcome this effect a mirror with high reflectivity for the carrier wavelength
and a low reflectivity for the signal sidebands would be required. Jun Mizuno in 1993 published a paper?®
describing how this can be done with an arrangement very similar to Signal Recycling. Here also a mirror is
placed at the output port of the interferometer. For the signal sidebands which exit through the output port
this mirror together with the first Fabry Perot mirror acts like a composite mirror which can be tuned such
that it gives a rather low reflectivity. Hence the signal sidebands can exit the arm cavities without experiencing
high losses. The carrier light which exits from the interferometer back through the input port will not ’see’
the extraction mirror and will hence only ’see’ the high reflectivity of the first Fabry Perot mirror. As the
signal sidebands are resonantly extracted out of the Fabry-Perot cavity the scheme is called Resonant Sideband
Extraction. This technique has first experimentally been proven in the Garching group®® and will be used in the
next generation of large scale GW detectors. Currently more advanced techniques, e.g. squeezed light, quantum
non-demolition read-outs or quantum correlations, are being investigated to further improve the sensitivity of
future interferometric GW detectors. Lasers, which delivered just 80uW for Forward’s first interferometer are
now able of producing more than 100 W of high quality laser light and for the next generation of GW detectors
the light power inside the interferometers will be increased close to 1 MW.

4.2.2. Large Scale Detectors

In 1989 the proposals for all of the large scale detectors were submitted: LIGO%®5° (USA), VIRGO?®! 5253
(France/Ttaly) and GEO (Germany/UK)(at that time still proposed to be a 3km detector). The construction of
the 3km GEO detector failed due to financial problems after the reunification of Germany, so in a new proposal in
1994 GEO was down-scaled to GEO600 5455 | a 600m detector. The Japanese started their work on TAMA300 in
1995. LIGO, VIRGO and TAMA300 are Power Recycled Michelson interferometers with arm cavities, whereas
GEOG600 is a dual recycled Michelson interferometer with folded arms, increasing the effective arm length to
1200m®® . GEO600 uses advanced techniques as triple pendulum suspensions with a quasi-monolithic fused-
silica last stage, thermally adaptive optics correction, a novel vacuum tube design with corrugated tubes, and
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electro-static actuators to compensate for the shorter arm length in comparison to LIGO and VIRGO. All of
the large scale detectors are now in the commissioning phase, i.e. all major systems are installed and the teams
are working on improving the noise performance towards the design sensitivity. The current (end of may 2004)
best sensitivities for the various detectors are given in table 1. Once the detectors have approached their design

Collaboration | Location Arm length | Best strain sens. | Best displ. sens.
] VT m/ V]

GEO600 Hannover/Germany | 600 3-1072 2.107 18
TAMA300 Tokyo/Japan 300 3.107% 6-10~1°

LIGO Hanford/USA 4000 61072 1-10719

LIGO Hanford/USA 2000 4.10722 81071

LIGO Baton Rouge/USA | 4000 510722 2.107 18
VIRGO Pisa/Italy 3000

Table 1. Sensitivities of the large scale interferometric detectors. The values for the VIRGO detector were left out,
because especially for VIRGO being at the beginning of the commissioning process the sensitivity can be expected to
change rapidly. At the time of print this information would be completely out-of-date, which of course is what the other
teams aim for too.

sensitivity their will be prolonged (many months) data taking periods where as many as possible detectors will
run in coincidence, as has already been practised for shorter stretches (up to two months) in the past. After the
extended data runs the existing detectors will be upgraded to further increase their sensitivity. These upgrades
will be based on experiences with the current detectors and prototypes, e.g. the 40 m prototype at the Caltech 67 .
In order to decrease environmental disturbances efforts to install detectors underground are made, especially by
the Japanese%® . Thermal noise issues will be treated by cooling the relevant optics to cryogenic temperatures
and using different optics materials®® .

5. LISA

Due to environmental influences it is currently judged to be impossible to construct interferometric GW detectors
on earth that work below frequencies of 1 Hz. It would be extremely difficult to reduce the coupling of local
gravity gradients, earth modes and earth tides to the required level. In this regard the ultimate step is to leave
earth’s limitations and go into interplanetary space for detectors like LISA®? 8 . LISA is an ESA/NASA mission
planned to be launched in the next decade. The interferometric GW detector will consist of an equilateral
triangle of three spacecrafts in a heliocentric orbit following the earth at a distance of about 50 million km. The
separation of the spacecrafts will be 5 million km. LISA will be most sensitive in the frequency range between
100 1 Hz and 0.1 Hz and reach an optimum sensitivity of about 1-1072°/v/Hz. LISA will be capable of secing a
big number of GW sources and even the best predictable sources, i.e. orbiting compact binaries (white dwarfs,
neutron stars, black holes) can be detected with very good signal to noise ratios. For a more detailed overview
and status report within this issue see the article of O. Jennrich® .
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