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Introduction

This document is the result of a‘study of the sensitivity, design
and costs for a gravitational wave detection system based on inter-
ferometric long baseline antennas; The study was initiated by tﬁe MIT
Gravitational Research Group who engaged the engineering;’firmé of
Artﬂur D. Little of Cambridge and Stone and Webster of Boston. Arthur
D. Little studied the vacuum system design and costs while Stone and
Webster made an evaluation of sites and studied various construction
concepts and their costs, The spirit of the costing exercise was to
fix on a design'but‘at the same time to establish the cost scaling
laws applicable to other designs.

In later phaées of the study, the advice and criticism of the Cal
Tech Gravitétional Research Group were sought. Parts of this study
have benefited from this interaction, however the tyranny of the sched-
ule to complete this document have left substantial parts of it with-
out their constructive review.

The principal conclusion of this study is that it is
timely and feasible to construct a gravitational wave detection system
based on at least two long baseline interferometric antennas. The
development could open a new field of astrophysics--gravitational
astronomy--with its own unique sources and insights into the universe
and gravitation. The technical ability exists now to extend the search
for gravitational radiation into new frequency bands and to gain
a million fold increase in energy sensitivity over present detection

systems.



Furthermore, there is substantial margin for further improve-
ment in the sensitivity with technical advances as the fundamental
limits for these systems are still many’orders of magnitude below
the projected sensitivities.

The positive conclusion of this study may have been antici-
pated. It could have been otherwise: the basic concept could have
been flawed, the technology could have been inadeqﬁate, the costs

could have been beyond reasons. None of these appears to be the

case.
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HISTORY AND OVERVIEW

The concept that gravitation along with all other interactions
in nature propagates with finite speed originates with Einstein and
special relativity in 1905. The formulation of relativistic theories
of gravitation began after the discovery of special relativity and
continues to this day. A central feature of all of these theories
is gravitational radiation.

The choice made in this report and in most but not all prior
attempts at detection of gravitational radiation has been to focus
on the tensor waves predicted by Einstein in 1918 as one of the
theoretical results of general relativity. These waves are ex-

pected to be transverse with two polarization states and propagate at

~the velocity of light. General relativity, by virtue of its simpli-

city and elegance, has been the favored relativistic gravitational
theory since its formulation in 1916. However, the experimental basis
for its acceptance has not been strong, Experiments and observations
performed terrestrially and in the solar system during the past

twenty years have established that in the low velocity, weak field
limit generai relativity is a proper description of nature. The
discovery of PSR 1913+16, a binary system consisting of a pulsar
orbiting a neutron star, has been an important element in improving
the experimental basis for general relativity. This system is found
to obey all the dynamical predictions of general relativity at weak

fields and in addition appears to be decreasing its orbital period--
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shedding energy-- at just the rate reﬁuired by gravitational radia-
tion damping as expected by general relativity. This is the first
experimental evidence for gravitational radiation and a strong in-
dicator that the Einstein tensor waves are the right ones to look
for.
The actual detection and the experimental verification of

the wave properties has not been accomplished.‘ This alone is sufficient

motivation to carry out the search, One might imagine that an
expérimental program similar to the HertZiantexperimenES“Withaéleétro—»
magnetic waves, where the source and receiver are under the ex-
perimenter's control, would be the app:opriate method for such a
study. Unfortunately it is just here>that the extreme weakness of
.the gravitational interaction strikes hardest. The gravitational
strain amplitudés, the measurable in the Einsteinian tensor waves,

are always of the order
,
GM v
n, (===
h (Rcz) oz (1)
where h is the strain, G the Newtonian gravitational constant, R is
the distance to the radiating mass, M, which is moving with velocity,
v. <¢ is the velocity of light. 1In order to separate radiation from
induction the observer must be in the wave zone at a distance
of the order of the wavelength. For an oscillating system then,

one would estimate the largest wave strains as
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where a is the oecillation amplitude of the radiating source at
frequency we fhe reader can readily show that theAG/c5 factor is
devastating when coupled to the masses, amplitudes and oscillation
freqnencies one might contemplate in a laboratory experiment.
Astrophy51cal phenomena involving the coherent motions of large
masses at relat1v1st1c speeds are the sources most llkely to give
terrestrlally measurable gravitational radiation strains and permit
a study of the wave properties. It is, moreover, just these ex-
treme phenomena that, if they can be made obServable,»will allow us
to test relativistic gravitation in the strong field--high velocity
limit. A view held by many is that this is the most important
reason te engage the search for gravitational radlatlon. Implicit
in this view is that 31gnatures in the grav1tat10nal radlatlon may
well be the most definitive means to establish the existence and study
the interections of black holes with their surroundings.
A review of the astrophy81cal sources that have been contemplated
is given in thls study and the interested reader is 1nv1ted to turn
to that section of the report. The theoretical predictions indicate that
detection of gravitational waves by the proposed system is entirely

blausible, but by no means guaranteed. In these introductory remarks it

‘is worth highlighting a more speculative viewpoint whichvborders on a

truism but. is really at the heart of the matter. Should one succeed in
observing gravitational radiation, the chances are excellent that

specific and fundamental issues in gravitation will be settled. 1In
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addition the search itself, as it offers a new probe of the
universeffmay uncover totally unexpected phenomena. Both are
exciting prospects and in our opinion make the search one of the
most interestiné‘scientific opportnnities of this epoch.

None of the forégoing is intrinsically new except for the
spectacular discovery of PSR 1913+16. Much of this was on the miﬂd
of Joseph Weber when he initiated the search for gravitational radia-
tion using‘acoustic (bar) detectors1 in the mid 1960s. vSetting aside
the controversy raised by the first experimenfs, it‘became cleai,
after a world wide effort, that nafure was not as éenerous as |
migﬁt have béen indicatéd in the ear;y experiments. In a broad sense
this realization was the beginhing of the search in earnest; the
arguments f§r carrying oﬁﬁ fhe search remained persuasive, the
sources were just not that strong nor, in hindsight, was it reasonable
to expect that they could have been,

Impressive progress has been made in improving the sensitivity
of acoustic antennas since the pioneering experiments. By'lowering
the operating temperature,vchoosing antenna materials with higher

internal Q and the development of better position transducers coupled

lAcoustic detectors are usually longitudinal mechanical resonators
coupled to motion transducers. The gravitational wave induces
time dependent longitudinal stresses in the device which then
responds as a harmonic oscillator to a time dependent external
force.
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to lower noise amplifiers, the strain sensitivity has been increased
by a factor close to a thousand over the last decade. At the presént
(Fall™1983) one cannot make a sharp judgment that these imprové-
ments have not uncovered gravitational radiation sources. The best
Present system is operating at an rms strain sensitivity of ap-
proximately 10-18 near -1°KHz. Although conventional wisdom holds
that it is unlikely to find sources at this level, the fact is

that there has been no opportunity to run two such antennas in
coincidence to find out for sure.

The hope is that acoustic detectors can be improved by approx-
imately another tﬁo orders of magnitude in strain sensitivity before
they may be limited by quantum fluctuations. Considerable theo-
retical effort has gone into analysing whether the quantum fluctua-
tions do indeed impose a hard limit. The consensus is that in
principle they do not but there is argument whether a practical
scheme to circumvent the quantum fluctuations can be implemented
and, if it can be, what improvements in sensitivity might result.

Our assessment is that acoustic bar antennas are the most sen-
sitive devices with which to carry out the search at present and
they will remain so for the next several years.

"Free" mass electromagnetically coupled antennasz, the central
2Electromagnetically coupled antennas measure the gravitational wave
induced modulation of the travel time of light between masses that

label points in space. The masses are free at frequencies above

“their suspension resonance. The concept is described in detail in the
section of this report on the antenna response functions.
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subject of this study, were first considered in the early 1970s
both at MIT and the Hughes Research Laboratories independently.
Although more complex and expensive than acoustic detectors, es-
pecially the loﬁ sensitivity room temperature bar_detectors of the
esrly exéeriments, it was recognized from the start that electro-
magnetically coupled antennas have several desirable properties when

constructed on a large enough scale, The strain sensitivity is

in principle better than that of an acoustic detector by the ratio of
the velocity of light to the velocity of sound in solids. As.there
is»nd'reliance‘on resonance to match the position transducer to the.
meéhanical system, they are broad band and therefore useful in the.
search for all classes of gravitational radiation sources?—periodic
-impulsive or stochastic. Furthermore if sources were evef to be
uncovered'with sufficient signal to noise, electromagnetically
coupled antennas could follow fhe time dependent wave shapes of

the gravitational wave meﬁric perturbations with fidelity and be a
powerful diagnostic tool in determining the radiative processes

in the source. Finally, the practical realization of an antenna
system designed to meet the sensitivities presumed to be astro-
physically interesting, did not require more than the thoughtful
application of even then current technology if the systems were
made large enough. One might ask why ho large project was stsrted?
The answer, simpiy stated, is that in the early 1970s the time

wasn't right.
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In the mid 1970s the Office of Space Science 4t NASA encouraged
research in exploring the properties of electromagnetically coupled
antennas deployed in space, using optical techniques to avoid the

index fluctuations of the interplanetary plasma. It was realized

that antennas in space would be able to measure gravitational

radiation at long periods, minutes to hours, This region is inac-

cessible on the ground, but is interesting astrophysically; especially
since this band includes the expected radiation from stellar binaries.
The study of optical long‘baseline low frequency antennas is being
carried on at JILA (University of Colorado) and at JPL and hopefully
-wili be incorporated into the long range plans of the NASA Space
Sciences Program.

By the mid 1970s the concept began to interest other research
groups, especially in Europe, In 1974 the Gravitational Research .
Group at the Max Planck Institute in Munich, who had carried out . the
search for gravitational radiation with room temperature acoustic
detecto;s, began developing an electromagnetically coupled antenna.
The group then directed by Prof, H. Billing has constructed a 3 meter
long prototype using multi pass delay line optics in a Michelson
interferometer configuration similar in concept to the design at
MIT. In the course of their experimental program they discovered
and solved many of the technical difficulties in the practical im-,
plementation of the idea., To date, they have demonstrated the best
performance of a prototype electromagﬁetically coupled antenna; their
instrument is operating at an rms strain sensitivity of approximately
10'-16 near 1 KHz. They are now developing a 30 meter version of this

system and hope to go on to longer systems.
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In the later 1970s the Gravitational Research Group at Glasgow
Univer;;;y directed by Prof. R, Drever, who also had been involved
in the search for gravitational radiation with acoustic antennas,
began the development of electromagnetiCally coupled antennas,

The Glasgow group chose to use Fabry-Perot cavities as the antenna
elements after preliminary experiments with multi-pass White‘cells
mounted on a split bar acoustic detector, 1In the course of these
early studies they discovered the problems associated with scattering
of light which had not beenradequately recognized earlier.

In the late 1970s cal Tech made the decision to begin a program
in experimental gravitation, the central focus of which has become
the search: for gravitational radiation using electromagnetically”
coupled antennas. Professors R, Drever and s. Whitcomb direct this
effort, The Cal Tech brototype is a 40 meter Fabry-Perot system
which has begun to function this year, The optical design is similar
to the Glasgow instrument, The Cal Tech instrument is at present
the largest Prototype to come into operation,

We have learned recently that a group is being formed by A.
Brillet at the Laboratoire de 1'Horloge Atomique at Paris-Sud to
develop a Prototype electromagnetically coupled antenna, the state

of this project is not known to uys,
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INTRODUCTION TO THE CONCEPT OF AN ELECTROMAGNETICALLY COUPLED ANTENNA

The basic concepts of an electromagnetically coupled antenna
are presented in this section without mathematical encumbrance;
these are left for more detailed pPresentations later in this docu-
ment.

The fundamental idea is straightforward. The travel time of
light between two objects in frée fall,--travelling along geodesics

of the four dimensional geometry of space and time--is modulated

'by a gravitational wave. The measurable quantities are the changes

in the travel time. Except for geometric factors, the change in

travel time is equal to the integral of h taken over the travel

time. Since the gravitational wave strain amplitudes are expected

to be small and there are as yet no time standards of the requisite
stability, the difference in travel time of light propagating in

t&o orthogonal directions is measured. This technique applies
specifically to the polarization states of the Einstein tensor waves
which have‘strains of opposite sign in orthogonal directions transverse
to thé direction of wave propagation. The relation between the
measured time difference and h is primarily a function of the total
time the light‘spends in the gravitational wave, this time is

referred to as the stprage time, And, except for subtleties, a single
long light path is equivalent to the sum of many shorter ones.

In simple geometries nothing is gained if the storage time is larger



than 1/2 the gravitational wave period, As pointed out by Drever,
this need not be a limit if the gravitational wave is periodic, for
it is th;;—possibie to accumulate time differences for storage times
larger than the gravitatiohal wave period providing that one ar-
ranges the light beam to oscillate between the two orthogonal directions
in synchronism with the gravitétional wave period. |
In practice, the time difference is not measured direétly but

rather the difference in phase of two light beams having traverséd
the orthogonal paths is measured interférometricaily. The céndition
that the system be insensitive to clock instabilify is satisfied
by making the optical paths in the two orthogonal directions equél.

The smallest gravitational wave strain measurable is determined
by a host of perturbing effects which are broadly organized in tﬁo
groups; those that limit the ability to measure the time (or phaée)
differences and those that compromise the assumption that the masses
are truly free and unperturbed. A few of the effects are fundamental
and others can be reduced by sound engineéring practice. The influence
of all effgcts that perturb the masses is reduced by increasing the
pPhysical length of the antenna, |

A fundamental limit is imposed by quantum fluctuations Qﬁich
effect both the ability to measure the time differences and cause a
perturbation on the masses. The limit can be analyzed heuristically

much like the Heisenberg microscope but with many photons and macro-
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scopic masses. It can also be viewed as an intrinsic quantum diffusion

- process. The limit is reduced by increasing the mass and the physical

,_.

length of the antenna, As with the quantum limit for acoustic de-
tectors, there is speculation that the quantum limit is not really

fundamental but in the case of electromagnetically coupled antennas

this argument is at present more academic both because the strain

limits are so much lower than for acoustic detectors and that, in
the first‘generation of lafge baseline electromagnetically coupled
antennas, the other perturbing effects are expected to be larger
than the quantum limit.

Time dependent gravitational gradients from distant sources,

induction fields rather than radiation, are indistinguishable from

gravitational waves in only one antenna and could be considered as

imposing a’fuﬁdamental limit. These are estimated to be very small
in the frequency bands open for the search én the ground.

Less fﬁndamental but at present more influential noise sources
are thermal exqitations of internal modes in the masses at high
frequencies aﬁd low frequency motions in the suspension system that
support the masses. These are reduced by using low loss (high Q)
materials and could be further reduced by cryogenic operation in
future refinements of long baseline antennas. Thermal noise does

not play the same crucial role in determining the limit of electro-



magnetic antennas as in the acoustic types because one does not work
on the resonances and the noise is reduced by increasing the antenna
length.

- Ground noise (seismicity) and acoustic vibrations communicate
forces to the masses through the suspension. Thernoise becomes more
influential at low frequencies because the excitation spectrum grows
at low frequencies and vibration isolation systems become more diffi-
cult to implement at low freqﬁencies. The reduction of this noise
source requires more»subtle‘engineefing in electromagnetic than acoustic
antennas primarily because of the intent to extend the search to
lower frequencies. The influence of this noise term also reduces
with antenna length.

A list of less significant perturbations on the masses includes
the influence of time varying electric and magnetic fields, the
momenta imparted to the masses by cosmic ray impacts, thermal
gradient driven gas pressure forces, radiation p:essﬁre'variations
due to amplitude fluctuations of the light source, made evident by
optical or mechanical unbalance in the system. All of the above
phenomena are discussed in later sections of this report. And all
are reduced by increasing the length.

Noise terms that limit the measurement of the time (phase)
differences, the equivalent of the system transducer noise, are also

divisible into fundamental terms and those that are reduced by
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technical improvements.

?i : The ability to measure a small time difference (phase shift)

| is determihed by the photon counting statistics at the photo detectors--
vthg shot or Poisson noise~-. The gravitational strain‘limit imposed

- by this noise is reduced by increasing the circulating light power

| and the light storage time in the antenna, in effect increasing the
transducer gain.--the change of intensity at the photo detector

per change of phase difference, When the power and storage time are

increased to the point whereithe uncorrelated light pressure
o fluctuations on the masses become measurable, one has attained the
quantum limit. At present and in the prospects for the first long

baseline system, the light powers are sufficiently low that the

P

Poisson noise is expected to dominate at high frequencies, The

[; : Poisson term in the low power limit does not depend explicitly on

the antenna length but rather on the storage time, so that it is

e,
A e

possible to reduce its effect by multiple reflection. One should

3 bear in mind, however, that to gain a long storage time in a small
1,

- antenna requires many beam transits which impacts on the complexity
{z and quality requirements of the optics.
Other noise terms effecting the ability to measure small phase
L. (time) differences include: laser frequencyland amplitude fluctua-

P tions, the effect of light scattering, the interaction of antenna
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misalignments with laser beam position and angle fluctuations.

None of these effects are fundamental and their importance is a
strong function of the specific optical design. Different designs
deal with these terms in varying ways as will become clearer in the
section describing the prototype antennas.

A factor common to all designs is the necessity of a vacuum
system. This requirement is driven by both classes of perturbing
effects. A vacuum is needed around the masses to: reduce acoustic
noise coupling, eliminate thermal gradient forces driven by gas
pressure and to reduce gas damping which introduces thermal noise.
A vacuum is also required along the light paths to reduce index of
refraction fluctuations due to acoustic excitation and the funda-
mental thermally driven statistical column density fluctuations of

a gas at equilibrium.
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{i ' ' ' SOURCES OF GRAVITATIONAL RADIATION

j} lfO Introduction

Invthis section of the report we present a review of the possible
sources of gravitational radiation and of the nature of the signals
[ they would produce. We will express the strength of the signal in terms
df h (=2 A/%), fhe value of the metric perturbation (strain) at the
fﬁ antennaf

Gravitational fadiation is produced by the time-varying gravij
tationai field of‘a massive system. Monopole radiation is forbidden
by the conservation of energy, while'dipole radiation is fqrbidden by
the conservation of momentum and angular momentum. Thus the lowest
order of gravitétional radiation allowed is quadrupole radiation5
For most systems, this o;der dominates the gravitational luminosity,

= in which case the luminosity is given approximately by
G a%¥,
L = =g <Q%>
c
where ﬁ'is the third time derivative of the reduced quadrupole moment of
the mass distribution. The flux at a distant point is given by

L
F=£f (9,9) 4;52

¥

where D is the distance to the source and £(6,¢) is the radiation
pattern (of order unity). The metric perturbation h is related to the

flux by

c3.
: 52 + R2
< + > .
167G h+v hx

e,
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The chain of reasoning in making predictions about possiblé"'
gravitational wave signals takes the following form: The astro-
physiciét considers a kind of soufce, and from a study 6f its dy-
namics is able to calculate the strength and temporal or spéCtral
character of the gravitationalyradiation which it emits, ‘(Ofteh it is
the cése that the difficulty of this tésk lies less in the subtleties
of general relativity than in the complexity of astronomical systems.)
In addition, iﬁ is necessary to estimate the rate of occurrence (or i"
density)‘of>Such sources in some fiducial volume, say a galaxy; For
impulsive sources, one calculates a maximum likély>signal strength
by assuming that the source is located on the surface of a sbhere
(centered on the antenna) large enough to contain one event per'méhth'v
(or year, §r however long an experimenter is able to wait). For
periodic sources, one assumes the source is approximately nf1/3 away
from the antenna where n is the number density of sources. Of course,
' for known individual objects one uses the true distance away. The
duration and frequency content (i.e. characteristic fréquendy,’bandwidth)
determine to some extent the experimenter's design of his apparatus
and data analysis strategy. The expected signal strength, when compared
with instrument noise levels, indicates whether it is likély that a
suécessful'detectioh can be made. Unfortunately the uncertainties
in all of the dimensions of these predictions are large, so only very

general guidance can be drawn from them.
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2.0 Neutron Star Binaries
Binary stars are the commonest astronomical systems, Cal-

culation of their gravitational radiation is almost trivial. Every

‘known binary, however, has such a long period that the gravitation-

~al wave signal is far outside the passband of any terrestrial anten-

na. Among the shortest periods are Am CVn at 18 minutes and W2 Sge

at 8l minutes. Sources such as these could only be observed by an

antenna in space, free of the seismic disturbances of the terres-
trial environment. It is unfortunate that these sources will remain
beyond our reach for some time, since by their very simplicity they
allow the cleanest possible test of the general relativistic prediction
of the strength and polarization of gravitational radiation.

There is one particu;arly nbteworthy binary system, PSR1913+16.
This is the famous binary pulsar consisting of two 1,4 Mo objects,
one certainly a neutron star and the other almost certainly one.
Although not as strong a radiator as the binaries named above, the -
high quality clock provided by the pulsar allowed Taylor and his
coworkers (see Taylor and Weisberg 1982) to demonstrate the decay of
the orbit due to gravitational radiation reaction forces. This is
the first and only time that the existence of gravitational radiation
has been demonstrated empirically, a fact which puts the entire field
of research on a much sounder basis than it‘was 6nly a few years ago.

For the purposes of this discussion, however, PSR1913+16 plays

the humbler role of prototype of a source of high frequency gravi-
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tational waves, the rapid final decay of a double compact binary due

to strong gravitational radiation reaction forces (PSR1913+16.itse1f
will not suffer this fate for another 108 years). The burst of gravi-
tational radiation from a pair of neutron stars was studied in detail
by Clark and Eardley (1977). Depending on the parameters of the

system (chiefly the masses of the two neutron stars) the system may
either suffer immediate tidal disruption of the lighter neutron star, or
may undergo a brief (around llsec) period of stable mass exchange -

from the lighter to the heavier star before ultimate disruption. In
either case the signal is a "chirp", with rising frequency and strongly
increasing amplitude for a few tens of milliseconds until the system . .
reaches minimum separation, followed by rapidly decreasing amplitude
and frequency. The typical maximum. frequency for neutron stars near

1 M0 is below 1 kHz. The maximum amplitude is of order h=10-21 for

a distance of 15 Mpc (distance to the Virgo Cluster). This corresponds
to several percent of the rest mass radiated away, a rather high ef-
ficiency. The decay should yield a detectable signal even earlier than
the final 10 msec, even though the amplitude of the emitted wave. is
lower. This is because the extra integration time available earlier

1/4

outweighs the lower amplitude (which scales as t , where t is the
remaining lifetime). Thus, the highest signal to noise ratio is
available at the lowest observationally feasible frequencies,

The question of the rate of such decays was addressed by Clark,

van den Heuvel, and Sutantyo (1979). Their argument is simple and

IT-4
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rather crude. Some fraction of order unity of all supernova events
léad to pulsars, and of 315 known pulsars (in 1979) one was a binary
pulsar. They use Tammann's (1977) value of 1 supernova per 1l years
in the Galaxy (thought by most workers to be around a faqtor of two

foo frequent) to arrive at a rate of formation (equal to rate of

decay) of 2.9*10;4/yr in the Galaxy, within a few factors of two.

For the total number of events within a sphere of radius D>10Mpc they
give r=3.2*10-3(D/10Mpc)3/yr, where a Hubble constant Ho=100 km/sec-Mpc

was assumed. To see around 10 events per year we must see to distance

2

of 150 Mpc, where maximum amplitudes are around h=10—2

3.0 Supernovae
In many reépects the most popular prospective source of gravi-
tational waves has been the collapse of a neutron star in a Type

II supernova. It was the prediction that as much as 1% of the rest

energy of the resulting neutron star would be liberated as a 1 msec

pulse of gravitational radiation that encouraged much of the work on
bar detectors in the past decade or so. Theoretical estimates of the

efficiency of gravitational wave production have shrunk, some estimates

dramatically so. The problem is that the physics of the supernova

event is extremely complicated, so that it is difficult to make firm
predictions about the relevant quantities such as the size of the

quadrupole moment and its time derivatives, The most detailed numerical
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calculations of the course of a supernova event even explicitly make b
the assumption of spherical symmetry for economy of computation.
Saenz'and.ghapifo (1981 and references therein) havé pursued a different
approach, studying theicollapse of a homogeneoﬁs ellipsoid which is
endowed by hand with the physical properties to agree with tﬁe detéiled
spherical models. The mechanism for gravitational radiation from a i
superndva may be summarized as follows: A massive star ﬁtoducés a | ' 1 =
core of roughly l'Mo which has burned to iron., Abové a density of

4*109

gm/cm3 the electfon pressure which has supported the core is re- - ;

duced abruptly.as the core becomes partially neutronized. The collaése

which is thus initiated is revefseé{ in a sudden "bouncé" once the coré é'.

has collapsed to nuctear densities, around 3*1014gm/cm3. If the collapse

is not spherically symmetric, then‘the bounce is responsible for a large

value of’f?and héﬁce a burst of gfavitational radiation, ‘Depending on

the degrée of damping the first bounce may be followed by several

others. | | r j
If the departure from spherical symmetry is due to rotational

flattehing, then the output of gravitational fadiatidn depends on fhe

angﬁlar'momentum of the céllapsing coré.’ For the energy releaséd in

the first bounce, Saenz and Shapiro find dEmJ“, with a peak dE=;10-4ﬁc2

at J=3*io48erg—sec. (For higher J, see discussion”belo&). The Crab |

pulsar has J=2*1047 eré—sec,balthough its angular momenfum méy have

been much higher at birth. 1In the lower J region, however, Saenz and

Shapiro find that the eécentticity grows during succeeding bounces at
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such a rate thatvwhen all bounces are included the gravitational wave
output has been substantially enhanced. For the J=io48erg-sec

cores, the damping is strong enough so that the effect is negligible}

A core with the Crab's present angular momentum would radiate more than
3*10—6 of its rest mass away gravitationally. This corresponds to a

peak value of h=10"22

at the distance of the Virgo Cluster. Muller
(1981) reports-on another.set of calculations which treat rotational
flattening non-perturbatively, which gives energy efficiences roughly
an order of magnitude lower than this (*3 lower in h)., These models
treat the microphysics in more detail than Séenz and Shapiro, It is
not‘clear whether the difference is due to this sophistication, or
merely due to different choices fpr the poorly knOwn.nuclear density
equation of state.

The case for J>1049 erg-sec suffers from a nearly total lack of
consensus on even the qualitative features of the cdllapse. The re-
cent discovery of PSR1I937+214 with a frequency of 642 Hz and J=S*lo48
erg-sec has given new life to the dispute, Saenz and Shapiro argued
that above J=1049 erg-sec centrifugal forces would resist gravitational
collapse, preventing the star from reaching the high density state
where gravitational radiation is strong., Clark and Eardley (1977)
raised the possibility that such strong qentrigual forces would cause the
core to break up, perhaps only into two pieces, in which case their

calculation for the decay of a neutron star binary would predict gravi-

tational radiation efficiency around 10~2. Endal and Sofia (1977)
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performed stellar evolution calculations whiqh indicated that the core.
would have retained enough of the angular momentum from its value on
the main sequence to cause either fission or a strong non-axisymmetric
‘disto;tion. In the latter case also, gravitational radiation efficiencies
approach 1072 (Mille; 1974), On the other hand, Hardorp (1974) uses
evidence from the observed rotation of white dwarfs and neutron stars
to argue that some more efficient mechanism for angular momentum loss
than_was considered by Endal énd Sofia must exist. Thus the question
owahether to expect efficiencies nearer ],.O'-2 or 10'-6 reﬁains in
dispute. Still,vit should be Sorne in mind that J=1049erg-sec is a -
very small fraction of the angular momentum of the parent star, so

that unless the angular momentum transfer mechanism is highly efficient
(on the short time scale of the collapse), then the most reasonable
expectation is that rapid rotation of collapsing cores is the rule,
rather than the exception.

The supernova event rate in a galaxy comparable to thé.Milky

Way is believed to be around 3 to 4*10-2/yr, approximately equal .

to the estimated pulsar birthrate, (This agreement is somewhat sur-
prising since Type II supernovae make up only half of the supernovae,

and it is believed that gravitational collapse is not a result of

- Type I events. Perhaps the discrepancy can be reconciled if pulsars

can also be made by the collapse of "bare cores" which don't .produce
a bright flash of light. See the review by Trimble (1982) for a dis-

cussion of these.points). A heliocentric sphere which includes the
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Virgo Cluster must be searched to find more than one event per year,
For efficiencies in the ranqe.lo-2 to 10—4, this yields h=10-21 to

10722,

Another mechanism has been proposed for radiation from collapsing

supernova cores, namely radiation from the animotropic emission of

neutrinos during collapse. Epstein (1978) estimated the strength of

such radiation, which should have a charateristic frequency of 100 Hz
or below. For the case of low eccentricity he gives an efficiency
estiméte more than eight orders of magnitude lower than Saenz and |
Shapiro. 1If tﬁe eécéntricity of the heutrinosphéré is_comparable to
the eccentricity of the core, then the gravitation‘radiation flux due
to the neutrinos may become comparable to that due to the bouncing
core itself. However, it is likely that the eccentricity has been
damped to a iow level by fhe time of neutrino emission (Thorne in:

Epstein and Claik 1979).

4.0 Pulsars

The pulsars which are the product of supernovae have themselves

" been considered as possible sources of gravitational radiation.

The signal would consist of line radiation due to the rotation of the
(presumably) non-axisymmetric neutron star. Thus, although the
origin‘of the radiation is also ultimately due to stellar collape,

the signatﬁfe of the signai is radically different,
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A simple model of a pulsar is a 1.4 Mb neutron star of radius
10 km, and—;oment of:inertia I=1045gm--cm2 rotating with frequency
f. The pulsar is slightly deformed from axisymmetry. The gravi-

tational radiation luminosity of the'pulsar can be shown to be

_288¢G

e arems

where Ee is the equatorial eliipticity. (Seé Ostriker and Gunn
1969). It is this last parameter that is poorly known. A reasonable
minimum value is the distortion due to the dipole magnetic field.

This can be estimated using the relation

c = Pnagnetic ~ p?g? _ 10'12
&= ' - eMZ

Egravitatibnal
if B=i012 éauss (typical of most pﬁisars), Then L=1030ergs/sec(f/1kﬂz)6.
The equivalent valué of h=3*10-?1(f/lkHz)z(IOkpc/D). If pulsars are
born rapidly rotating then there should be severai of the most recent
pulsars with such an amplitude present in the galaxy at any timeT
‘This rapid rotation question is exactly the same oneﬁinvqlved in‘the
argument abouﬁ the strength of the gravitational wave burst from a
supernova. If slow rotati§n is the norm the signals will be substan-
tially.weakef, due to the f2 deéendence of h. I

{Note tﬁat the one knoﬁn fast pulsar, PSR1937+214, apparently

o \ o .

has an anomalously low magnetic field»(log gauss) és deﬁe:mined by its
period derivative. If its distortion is due to magnetic stresses, its

gravitational luminosity is probably nearer 1014ergs/sec, for a value
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of h=10">2

. It has been proposed ﬁhat the rapid rotation of this pulsar
is due—to its havingvbeen spun up as it conéumed a low mass companion
star (Alpar et al. 1982). So the debate about the initial angular
momentum of collapsing stellar cores rages unabated).

In the model discussed above, the graviﬁational radiation is mono-
chromatic with a frequency 2f, since a prolate spheroid rotating about
a short axis has the same appearance ( = quadrupole moment) every half
cycle of rotation. Zimmerman and Szedenits (1979) studied slightly
different models which yield more complicated signals. They imagine
that the pﬁlsar is a rigid body whose shape is not necessarily deter-

mined by the stress due to the currently measured B-field, but may'

be a "fossil". One simple shape is an oblate spheroid rotating aboutvan

- axis inclined by an angle 6 to the principal axis with the largest

moment of inertia. If 6=0, the gravitational radiation is zero, but
if ef 0 ﬁhe body precesses (or wobbles) about the angular momen tum
vector. Then, in addition to radiation at frequency 2£f, there is ra-
diatioﬁ af the fundamental frequencyvf, which is dominant if 6 is small.
Zimmerman and Szedenits also consider a more general triaxial body,
which prdduces radiation at 2f and at two frequencies f+ = (lte)f,
where e is a measure of the equatorial ellipticity. Thus there is po-
tentially a fair degree of complexity (or interest) to the signal
from a pulsar.

The most important.aspect of the "rigid body" pulsar models

is that they can lead in a natural way to much stronger gravitational
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radiation than is predicted in the magnetic stress models. Consider
a neutron star spinning at frequency f, If it were fluid, it would

assume the figure of an oblate spheroid, with an oblateness given by

1,-1, 15 (27f)2
=€ = 167 Gp
I 1 :

where il is the equatorial moment of inertia, and I3 is.the_polar
moment of inertia (Goldreich 1970). The equilibrium figure of the solid
neutrdn sta: is this shapef " Now imagine that a small torque on the
neﬁtron star causes the angular momentum to shift by an angleﬁ ﬁ;om_the
pola;'axis of the rigid figure; Zimmerman (1978) gives the amplitude

of the gravitational wave emitted by such a star as

‘G 2Iye(2nf)2sind
o4

“ho=

r
The amplitude scales as f4, because of the frequency dependence of

the oblateness. The oblateness of the Crab pulsar (f=30Hz) is 2*10-4.

The gravitational wave amplitude at the garth should be 2.5*10-2ssin9,
which is substantially larger than the signal due to the magnetic
distortion, unless_the angular momentum is very precisely aligned with
the principal axis of the star. Observation of thg constancy of the
pulse shape rules out éine>0.l, but sineé0.0l is probably allowed.
For tﬁe fast rotator PSk1937+214, ﬁhe oblateness equals 0.23,
20

implying a gravitational wave amplitude of h=5*10-> sinf. The other

rapidly rotating pulsar, PSR1953+29, with f=160Hz (Boriakoff et al. 1983),

I1-12



Fa

G

should have an amplitude h=1*10—225ine. Unfortunately, it is unlikely

that these short period pulsars will be seen radiating by this mechanism.

The gravitational radiation reaction force acts in such a way as to

‘cause sinf to vanish, without affecting the angular velocity about the

ﬁrincipal a#is (Eardleyvl982). The ratio of the gravitational lumi-
nosity to the kinetic energy reduction due to alignment gives a char-
acteristic»timé, which i$ independent of sin@, but whiéh is:proportional
to f-8. For f=1kHz, this time is aéproximateiy 40 msec, while for |
f=100ﬁz the damping time is about 1 month, Thus unlegs these pglsars
are 5eing conﬁinually perturbed,.they ought to be nearly perfectly |

aligned, and hence invisible. For the Crab, the damping time is

1.5*103 yr, about equal to its age.

A real neutron star may in fact be triaxial. It is difficulf to
predict how strongly it may be distorted, although in principle an
upper limit could be set by requiring that the internal sﬁressesvin
the rotating staf be smaller than the (poorly knowni yield stress>§fv
the stellar material. Lacking an argument along these lines, one |
notes that in this éase, as in the case of the prolate magnetic dis-
tortion, the emission of gravitational radiation will cause an observable
slowdéwn in the rate of arrival of radio pulses. For the case of the
fast pulsar, PSR1937+214; the limit on the period derivative yields
an upper iimit to the strain amplitude of h=3*10_27, assuming neg-

ligible braking due to the emission of electromagnetic radiation.
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Wagoner (1983) has descrlbed a mechanism for grav1tat10nal radla-
tlon from—a—low magnetic fleld neutron star (11ke PSR1937+214) which |
is in the process of being spun-up by accretion from a companion
star. As the neutron star acquires ahgular momentum it reaehes a peint
where it becemes ﬁnstable to the emission of gravitatienai radiation.
That is, grav1tat10na1 radiation reaction forces drlve a non-arlsym-
metrlc dlstortlon whlch in turn enhances the gravitational radlatlon.

‘Thls 1nstab111ty is damped by v1scos1ty in the neutron etar, so that
a steady—state is attalned For the magnltude of v1sc051ty believed;
to characterize aeutron stars, it isan m = 3 or 4 dlstortlon (rather
than the m~2 quadrupole) which is most llkely to be ex01ted The
grav;tatlonal radlatlon will be emitted at £=500t 300Hz, with an

amplitude given by

~-27 lkpc)(lkHz) ( Ly -l)%
10~%ergscm—“4sec

h = 3x10

where LY is the X-ray flux (proportional to accretion rate).
LY=ld_8ergs/cm2—sec is characteristic of galactic X-ray
sources which are believed to be powered by accretion onto a

compact object.

5.0 Black Holes

A poteatially strong source of gravitational radiatien is the
birth of a’black hole by gravitational collapse, or the collision of
two Black holesvalready forﬁed. The difficulty with predieting signals

from this kind of source is that there is no equivalent of PSR1913+16
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to serve as a prototype. There are two known objects, Cygnus X-1

and LMC‘X-3 (Cowley et al. 1983), which are considered candidate

black ﬁ;Iés, becausé they seem too heavy (around 10 Me) to be anything
else as dim. Much less secure arguments are advancéd for the existence
of a 109 M@lblack hole ih the center of the giant élliptical galaxy

M87 (Young et al. 1978). Indeed, the'violent motions‘of ionized gas
clouds inthe center of our Galaxy are believed by several workers

to be due to a 10° M black hole, although recent detailed
modelling has called fhis interpretation into Question (Lacy et al.
1982)‘ |

From the théorist's point of viéw, massive black holeSVW§uld‘provide
a natural explanation for many of the properties of active galactic‘
nuclei (Blandford 1979).. indeed, Rees (1978) considered the possible
evolutionary paths fér the dénse central regions of galaxies,‘ahd}fouﬁd
many ways to form black holes, only a few ways to avoid forming them.
But many skeptics remains unconvinced that black holes exist. Cer-
iainly there is no reason for confidence in any prediction of the rate
of black hole events.

The collision of a pair 6f black holes is a kind of ééurce which
is a cousin of the neutron star binaries. Detweiler and SZedénits
(1979) used-pefturbation theory to study the gravitational radiation
from a test particle falling into a Schwarzschild black hole., They

find that the amount of rest energy converted into gravitational
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waves is roughly dE=A(Ml/M2)Ml where Ml is the mass of the test

particle, szis the mass of the black hole, and A is a constant of
proportionality which depends on the orbital angular momentum.

G/c, A can exceed

For J=0, A is of order 10_2, while for J>M1M2

10-1. Smarr (1979) finds that a similar formula applies in the
limit that MléMZ. |
Thorne ‘1978) describes the sort of signal produced by a
generic'black hole event (birth or collision). The signal prob&ﬁly
consists of a burst caused by the initial collapse or appréach, fol—
lowed by d;mped norﬁal-mode ringing of the resulting black hole.
The cha;ac@eristic frequency is llkHz(M/Mb)'l, and the rigging
prqbably persists for several periods, If the efficiency ciE/Mq2 ié
around 0.1, then‘thé amplitude of the signal is h=2*10-20(1Méc/D)(M/M;).
Ihe_remaining facts needed to make a prediction of signal.stfen§£hs
are the densities of the populations of black holes of variousbmasses.
It is here that our knowledge of‘astrophysics fails us. It is éertainly
not possible to rule out zero densitj fof all masses. The models‘which
are considered mbst plausible at any given time are subject fo the whiﬁs
of astrophysical fashion (which is not to say that our current beliefs
are necessa:ily wrong). A popular modél for globular cluster X-ray
‘ buréters used to be a 103 Mo b;ack hole sifting at the cluster centerb

accreting stars. The formation of one such black hole per globular

cluster per Hubble time gives around one event per year in the nearest
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500Mpc (Thorne, in Epstein and Clark 1979), with h=several*10_20
Current_Eodels of bursters invoke neutron star blnarles instead of
black holes (see the review by Joss and Rapaport 1983), so there is

no longer a strong JuStlflcatlon for this estimate of the rate of black
hole events. But that does not mean that there can not be such events,
if there exists a similar number of black holes hidden elsewhere;

Such hlack holes may exist, for example, in the non-luminous halos of
galaxies which dominate the mass of the universe, ot in the cores of
galaxies. Out ignorance oh this subﬁect‘is too vast to make confiaent
predictions, yet the opportunities for a.far—reaehing discovery are |

nowhere greater than in the case of black holes,

4. 0 Stochastlc Backgrounds

One can imagine searchlng for a stochastic background of grav1-u
tational waves in addition to 1mpu151ve signals and periodic 51ghals;
Operatlonally, a stochastlc signal has roughly constant amplltude (not
1mpulslve) and a broad continuous spectrum (not perlodlc) Pre-
dictions of the possible strength of stochastic gravitational waves
are even less secure than predictions of the strengths of other kinds
of signals. Certainly one way to make a stochastic background is
to superpose the signals from enough sources so that they overlap,
either in time if they are bursts, or‘in freéuency is they are periodic.
For the sorts of sources considered previously, the signals become

stochastic only at very low valuesof h.
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One possible source which appears intéresting is the Sﬁper—
position of the signais from the collapse of the purportéd super-
massive Populaiion III stars which may make up the "missing‘mass".
Cafr (1980)Mconsiders several scenarios in which short-lived stars
ofvm§s§ up to 103M.0 are created,vsubsequently dying by strongly asym-
metrical collapée‘to form black holes. Depending on the time of forma-
tibh and the mass distributioq, thé characteristic frequency of the
resulting gravitatiénal waves can’vary throughout (or even beyond)
fhe-rénge 1Hz to lkHz. The energy density allowed in the resulting
gré&itational wave backgroﬁna may rangeﬁfrom 10-'4 all the'way up to
10-1 times the closure density of the universe, The correspondiné

“values of h vary from 3*10‘-23
rms

. to 10“21 near lkHz, or 10 times
larger if the characteristic frequency is 100 Hz. The likelihood that
the.missing mass is in supermassive black holes is, at the moment,

a question to be answered only by personal inclinatién. Put more

positively, the search for a stochastic gravitational background provides

a unique means to search fdr a possible component of the univerée whiéh
would be othefwise in#isible.

'Anofher source of sthhastic gravitational‘waves could befstrong
anistropy in the initial conditions of the Big Bang, or guantum
gravitétidnal processes which occurred at the Planck time (10"43 sec
aftetﬁards). Out understanding of the physics involved isvsovpoor that

prediction of the strength is futile. Carr (1980) points out that the

energy density in such a primordial background is constrained by the
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success of cosmic nucleosynthesis calculations. In order not to
spoil this success, the enefgy densitv in primordial oravitational
waves must be small compared to the energy density in the cosmic
(microwave) background radiation, around 10'-4 times the closure

density.

7.0 Discussion

The teview given above has addressed quite‘a few individual
source models, with some attention given to technical issues which
limit our oonfidence in our‘onderstanding of the sources. Several
901nts need to be stressed, 1ndependently of any particular model.

1. Although tﬁe predictions have large uncertainties, reflecting
our ignorance of.important aspects of astrophysioal processes, there
are many ;easonable atouments which do prediot detectabie“amouots of
gravitational radietion, Indeed, one might‘considerkthe uncerteioty
as a virtoe, for it shows how much there is to learn from the study
of gravitational radiation. Actually making the gravitational wave
measurementsiis the best‘way to learn about stellar collapse, for
example. | | |

2. The models con51dered by most theorlsts span only a narrow

range of the space of p0551b1e sources. Note that the three best studied
sources (supernovae, pulsars, and compact binaries) all involve, either

directly or as an immediate antecedent, the gravitational collapse of

1 M.Q to a neutron star. It is not that this is the only chain of
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events that can lead to production'of gravitational waves. It is
v just the only well-known process;

3. Whenbgrévitationalfwaves‘are finally detected, it will open
a whole new window on the universe. To use a phrase of Thorne's (1982),
the information carried by gravitational radiation is nearly "ortho-
gonal” to that carried‘by electromagnetic radiation. This is true in
the sense that electromegnetic radiation is usually generated as the
superpdeitieneof a multitude of etomic processes, thle gravitatienal
radiation can only be produced in large'amounts by éoherent ﬁbtioﬁsvof
large masees. Fuiﬁhermore, the collapsing core of a sﬁpefneva is obscured
by the envelepe‘of‘the star whicﬁ has a great optical depth. The
collisientef tﬁbiblack‘holes.may take place in the absence.of sufficient
gas te generate substantial amounts of light. 'Thus, we can expeet‘
not eniy to see more clearly into processes we alfeady know aboﬁt
v(suchvas stellar collapse), but alse to be made aware of pﬁenomena
heretofore‘completely hidden. |

4. The<suiest way to make new discoveries is to employ radically
new means of looking at the universe. The early days of radie astronomy
and X-ray astronomy were so exiting at least in part because the a§~
plication of new technology revealed pﬁenomene whoee existence had
berely been dreamt ef. (This has been diécuséed recently by Harwit
1981); The next generation of gravitational ﬁave detectors will echieve

ﬁore than five orders of'magnitude improvement‘of sensitivity (in energy)
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over the best presently operating detectors. 1In addition, the gearch
will be extended from a few‘éxtfemely narrow frequency ﬁhannel#tto the
entire band from 30Hz to‘sé§erél kiloHerﬁz.v This is not mérely»in-
cremental progress, but a brand new opportunity for discovery.

| :5. The detection of gravitational waves remains the single
most important task of ‘experimental relativity. The existence and
nature of.gravitational radiation is a prediction of Einstein's which
has remained uhconfirmed for-over half a century. As Eardley (1982)
has pointed out, the current state of this field of research is -
analogous:to the state of particle physics between the demonst¥ation
of the necessity that the neutrino exist (the analog of Taylor's
important work) and the actual physical detection of the neutrino
itself. We cannot claim to understand gravity until we have ‘detected

gravitational waves.
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Summary of Predicted Gravitational Wave Signals

The following three diagrams show the expected signals from the

models of sources which we‘describéd in the text.

Figure 1, Impulsive Sources: The range of expected signal
strengths from a supernova event in. the Virgo Cluster is representéd
by‘the crossed error bars just above 1 kHz. The center is the "stand-
ard model" of Saenz and Shapiro (1981). The ﬁigh J, high efficiency
models give results near'the.top of thé vertical bar in the case of
a nqnfaxisymmetric’distortion»of the’coré, or near the corner marked
"binary fission*, - An ﬁpper bound on the signal due to the expanding
cloud of neutrinoé in the explosion. is marked near 50 Hz (see Epstein
1978). The evolving signal from the déstruction of a pair of neutron
stars, fol'lowi‘ng' Clark and Eardley (1977), is labelled "1 M_ Compact
Biﬁary." The binary is assumed to be 150 Mpc away, sufficient for-

1 event per month. The point‘marked "t = Q" represents the final 10
msec bursﬁ of radiation, while the amplitude and frequency of the
signal ét earlier times are marked "t = 1 sec", "t = 1 min", and

"t =1 hr". Note that better signal to noise is available at the
~earlier stages due to the longer integration times., Finally, the
signals from biack hole formation events are plotted, based on the work

of Thorne (1978). In the mass range 102 Mb to lO4 Mb the distance

5

assumed is‘500 Mpc, while in the range 10 Mb to 107 Mo the strength

is plotted as if the black holes formed at the epoch of peak quasar
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activity, z =2.5.

‘Eigure 2, Periodic Sources: In the bottom right hand corner of
the diagram are plotted the expected signal strengths from four
well-known pulsars and one hyppthetical one, under the assumption
that the only departure from spherical symmetry is that due to the
stress of the dipole magnetic field. The stronger estimate of
Zimmermann (1978) for the Vela and Crab pulsars is labelled "Wob-
bling." Wagoner's (1983) prediction of the signal from a neutron
star spun up by accretion to the poiﬁt of instability is plotted
near 500 Hz. At £=0.2 Hz appears the signal from a binary pair of

neutron stars one year before collision (Clark and Eardley 1977).

Finally, at low frequencies are plotted the signals from several

well-known binary star systems, including the radiation (in several

harmonics) from the highly eccentric orbit of the binary pulsar

- 1913+16 (tabulated by Douglass and Braginsky in Hawking and Israel,

Einstein Centenary Volume, 1979).

Figure 3; Stochastic Background: The graph shows the amplitude
of a stochastic background with an energy density of either 10-1 or
10“4 times the closure density of the universe. The quantity
plotted is the amplitude at a given frequency, under the assumption
that all the energy is concentrated in a bandwidth equal to the fre-
quency. The value of Q= 10_4 is the limit on primordial backgrounds

set by the success of nucleosynthesis calculations. ' Non-primordial
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backgrounds may contain up to 1/10 of the closure density,

accordinq‘fd Carr (1980).
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Figére%?.'- Periodic Sources
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RESPONSE OF A FREE MASS INTERFEROMETRIC ANTENNA TO GRAVITATIONAL

WAVE EXCITATION

Thé_épproach taken here is purely kinematic, the antenna masses
are assumed to be free follbwiﬁg unconstrained geodesics.‘ in the
gravitational wave metric perturbation, the measurable is the travel
time of light between the masses. For simpiicity of the algebfa,
the gravity antenna arms are laid oﬁt aiohg‘the x and y axes : in theA
antenna reference frame. Tﬁe central mass is at the origin. A pléne
gravitational wave propagates through the antenna structuré at a polar
angle 9 and azimuthal angle ¢ measured in the antenna frame. The

gravitational wave polarization is defined in the wave frame, the primed

frame, as
0 0 0
' 0 h(z',ct) 0
Perturbation = :
0 0 =h(z',ct)
0] 0 0

A general polarization state is specified by rotation Q about
the wave propagation direction, z'.
The perturbation metric in the antenna frame is a symmetric

tensor with the following independent components:

hll = h(¥,ct) [cos2Q (cosz¢ - sin2¢ c0529 ) = sin29siﬁ2¢cosel
h22 = h(f¥,ct) [cos2Q (sin2¢ —,cos?¢ cos?e ) + sin2Qsin2¢cos6]
hy, = -h(f,ct) (sin’6cos2q]

h21 = h12 = h(f,ct) [cos2Qsin2¢ + cos2¢sin2Qcosh]

h23 = h32 = h(f,ct) sin® [sin2Qsin¢ - cos2fcosdcos]
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¥ is the transformed propagation vector with components
¥ =—=infsin¢k - sinbcos¢y + cosb2Z

Note that in this formulation coordinate time and proper time are the
same and furthermore that the velocity of light as well as gravitational
waves is c. With the gravity antenna arms along the x and y axes, the
only components of the perturbation metric that will concern us are
hll and»hzz.

The total metric in the antenna frame is g,. = n..+ h,.. n.. is the

, . : ‘ o - T1] i3 13 1]

local inertial Minkowski metric with the convention that the time term
is negative. The antenna masses are located‘at'(o,l,O), (£,0,0) and
(0,0,0) where % is the distance between masses when hij = 0, no gravity

wave. At time t light waves leave the central mass (0,0,0) in the

0
direction down the arms. At time tx the light arrives at the mass
(2,0,0) and atjtime ty the liéht arrives at the mass (0, %,0). The
masses are fixed at fhese spatial coordinate values as, in this view of
'the interaction, there are no forces on the antenna end points. The

interval between the receipt and transmission of the light in one antenna

arm is given by

2 . ) 2 ) ‘ : -

f as® =0 = f g..dx,dx. (1)
ij i) e .

E) E |

As the interval is always zero (light propagation) and furthermore

since the antenna arms lie along the coordinate axes, the integrals
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N

of equation (1) are straightforward and of the type

— E,
cdt = 1/2 ,
g + (1 + By (v, €))7 %ax, (2)
B Ey

The + and - signs are needed to account fbr the direction of light
propagation in the arms in subsequent calculations: positive for propa-
gation in increasing coordinate and negative for the return trip.

In the type of antennas being considered, the measurement will
always consist éf the difference in the times taken by the light to
traverse the two arms, this difference being taken at the origin.

The natural interval is therefore,a complete back and forth transit of
the light in an arm.

As a specific example, let us assume a sinusoidal wave. All
components of the gravitational wave metric will be given by

h (f,ct) hij(9i9r¢) =

hlj(9'9'¢) ei(sinesié¢x —-sinecos¢y + cosbz)k e-iwt
where k = 2m/A, A being the gravity wave wavelength and w the
wave angular frequency.
Consider the x arm of the antenna first. Since welwill-always
assume that h<<l, it is a good approximation to write for the trajectory
of the light in the interferometer arm
=c(t—to)

for the outbound trip, and
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=]-c(t-t -t
x=1-c( 0 trans)

for the return trip.

Here t_ is the time of the transmission of the lighf, and t

0 trans

is equal to the nominal one-way transit time, 2/c. Using the

relatlon k—w/c, we can write for the metric on the outbound tr1p .

¢ dt = (l+ 1 h 1wt081n651n¢ 1(31n651n¢-1)wt)

2 Pa® dx B €2

We can rearrange this expression, remembering that the second term in
the parentheses is small, to give the integral ekpressioh'for‘the

interval "along the outbound trip as

1 1» a l] e-lwt031p6s1n¢e1(51n651n¢ l)wt)dﬁél
I S 2711 - : A -
““trans
%

where txl'is the time of receipt of the light. Similarly, for the

return trip we can write

t
x2 . . . R .
1 . (l—lh elw(t0+2ttrans)51n051n¢e—;(51n6s1n¢+1)mt)
t 2711 .
trans
txl

Here tx2 is the time of return of the light at the origin,
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The analysis proceeds in a similar manner for the y leg, except
that h22 (,0,9) replaces hll (2,6,9) and the épatial propagation term
in the exponential becomes -isinfcos¢ky rather than isinBsin¢kx.

The measurable is the difference in arrival times at the

origin

This difference is a small quantity of order hij * » therefore in

trans

those parts of the time integrations that involve hij' the second terms

in the argument of time integrations, the limit tx‘ and ty are replaced
1 1 .
. : : +t. . .
0 and subsequently txz and ty2 by Zttrans t0 With these

quite justified approximations, the time difference is given by

"

+
by ttrans : t

At . - : X
—— -iw(t +t . L. . iwt;
(.0 trans)[hll(51nc(mttrans(l-51nesxn¢))elwttrans (1+sinbsing)

2

1
terans = 2 ©

wt, = ) .
" +sinc( __Egéﬁi_ (l+sinesin¢))e-lwttrans (1-sin6sing))
wt, - : 4)
-hzzlsinc(——E§E£§(1+sin6cos¢))elwttrans {(1-sinbcos¢)

2
ttrans iwt
+sinc(——fE———(l—sinecos¢))e w trans (1+sinfcos¢))]
o N -
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For convenience we have defined

sinc (x) = sinx/x.

Before discussing ﬁhe implications of equation (4) it is worth noting o=
the further modifications that»are made in it if the light waves execute
b traversals of the arms before their time difference is measured. r
Tﬁis is the case in a delay»line‘interferometric antenna; The phase
shifts per pass in a Fabry-Perot interferometer are described by c ’ i,

equation (4) but the overall response is different.

_The time difference for a multi-pass delay-line system is : \ . {

v i (e 4+ |
%2 = %@F * (tO tstor.) Sln——§£2£ ot imttrans L
3oz 2 : [hy3 (sinc( trans (l-sinesin¢))e————E———(l+sin951n?)
' ' sin t 2 |
: trans , ‘ |
o WEar ~dwtyans . . j
+sinc(-££§2§ (l1+sinfsing))e ‘ (l-sinfsing))

L
Wb int
. trans . __trans 4 _sinfcosé)
-h22(51nc(———3———-(1+51n6cos¢))e‘—'"§*“ (1-s ¢ (5) ¥_
wt . -iwt i
trans - .:i6cosé))e _;_§£E§§(1+sin6cos¢))]

+sinc (—;

t is the time the light wave'spends in the antenna arms and is
stor ‘ v

. ‘ * .
equal to b ttrans»
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The simplest case to understand is if the gravitational wave is

normally incident on the antenna and polarized along the antenna arms.

¢, 6, and Q are then all zero and the antenna transfer function is

simply

At (w) _

' . wt -iwt
hw) tstors1nc( stor)e stor (6)

2 2

The magnitude as a function of gravitational wave fre-

quency in units of 1/t sis shown in figure 1. The antenna has its

tran

primary response to gravity waves with frequencies less than l/tstor

but secondafy lobes exist/at higher freéuencies.

In this simple case with nd gravity wave retardation across fhe
antenna, the time:respohse of the antenna ié the convoiution of the
antenna Green's function, which is a box function of length‘tstor'

with the gravity wave signal

tl
At(t') = I h(t' - 1) G(r)dr

A | J (7)

]
|

G(T) 0<t<

- tStOl'

=0 otherwise

In effect the gravity antenna output signal is the integral of
the metric perturbation taken over a storage time. The antenna faith-

fully reproduces pulses having time structures longer than the storage
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time. It responds to shorter pulses but with reduced sensitivity

and distortion.
The general case is more difficult to interpret, the transfer
function in the low frequency limit when both wt and wt

trans stor
are much less than 1 is

tAt (0) hll(¢'e'9) - h22(¢ler9)
stor 2
h . . 2
5{251n2951n2¢cose - cos2Qcos2¢ (1 + cos“9)] (8)
-Phase = 0

Equatioﬁ 8 shows‘that the anﬁenna is sensitive to gravity waves
of all polarizations coming from all directions and exhibits thev
symmetries in ¢ and 6 associated with a pair of orthogonal quadrupolar
antenna patterns. It is clear wiﬁhout knowledge 6f the poiarization,
2, a single two legged antenna will leave ambiguities in‘establishing

the direction of the wave.

‘The transfer function for the medium frequency case, wttrans< 1,
At (w) = sinc (wtstor) AE— (0)
stor 2 stor
‘ ' (9)
Phase = -wt
+
s;or + g(¢,9,9)wttrans

which is not very illuminating but indicates that the first order

effects of the wave retardation across the antenna cause phése shifts

II1-8



i

RS-

P
L

PR

in the antenna response. These, if there is ever a source discovered
with sufficient signal to noise, would allow a measurement of the velocity
of graéztational wave propagation in a singie antenna.

The exact transfer functions and Green's functions for several
cases are shown in figures 1 through 6. The interestlng cases are those
for which transfer functlon approaches 0 at low frequen01es. The wave
retardetlon is then the only source of response.

An interesting variant to the antenna structure diseussed abeve
has been broposed by Drever. 1In this echeme the light waves after
havingxspent a time‘t tor in each arm are 1nterchanged between the arms.
The process‘ls repeated 2N times before their time dlfferences are
measured. The scheme results in an enhancement of the antenna amplitude
sen51t1V1ty by a factor of approx1mately N to periodic sources with perlod
2tstor' but at the expense of antenna bandw1dth.

* The analys;s that follows is for a delay line structure and is
carried out for normal incidence of a gravity wave of optimum polarl-
zation, Q@ = 0. |

The algebra is most compact if one works in the time domain using
the Green's function of equetion 7. Since h11 = -h22 when Q@ = O,
the interchanges between arms cause the new Green's function to be a
series of 2N unit amplitude box functions each of length tstor but
alternating in sign. All odd values of N being positive and even values
negative.

The transfer function is the Fourier transform of the Green's

function and is given by
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2N-1 . 2N-2 . i2Nx.
AE—(N) = 2 T eJ.mx - 2 5 e1mx _ (e . + 1)
stor m=1 ix m =2 ix 1x
—m odd " m even
x= tstor

Figures 7 through 9 show the transfer functions for N = 3, 10 and

100. Each figure also sdeS>the transfer function of a non-alternéting
antenna for comparison. |

The analysis for a Fabry—Pérot has been éerformed.by Whitcomb

(whom we aléo thank for having pointed out an error .in a previous ver-
sion of the derivation‘given above.) = The frequency responéé contains an
vextra factor which accounts for the gradual leakage of light out of

the Fabry-Perot cévities (in contrast to the diécrete stofage time of

a mﬁlti-pass delay line). He finds that at low ftequenciés the Fabfy—
Perot system has a signal-to-noise raﬁio better than a delay line by

a factor of e/2, while at hiqher frequéncies fhe ﬁwo systems have

equal SNRs. Full details will be published elsewhere.
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MULTIPLE ANTENNAS AND SIGNAL DETECTION

Pulses:

Pulses are the most difficult signals to detect with a gravity
antenna. This is unfortunate since some of the most interesting

sources produce only short‘bursts of gravitational radiation, A per-

turbed black hole of 10 Mo is expected to produce a 1 KHz decaying

~sine wave which dies out after three or four cycles to give a signal

lasting only a few milliseconds. The finalvinfall of a binary system
of compact stars may produce a "chirp" of increasing frequency that
lasts minutes to seconds. (These and other impuisive sources are
discussed mqre fully in the section on sources). Since these signals
are so short lived one cannot improve the signal to noise by inte-
grating for ;qu periods pf time as is possible with a stable periodic
source. Therg are two ways to improve the signal to noise: first re-
duce the system nqise to the minimum possible; second, use multiple
antennas and coincidence techniques, Having reduced the system noise
to the minimum possible the use’of multiple anteﬁnas allows identifi-
cation of low signal to noisg sources with improved confidence.

In general we do not know the distribution of sources but do know
the prqbability density of the noise spectrum. This information is
sufficient for estimateq of the false alarm rate, Pfa' and our ability
to find a signal in an otherwise noisy spectrum. If the noise time

series is a stationary Gaussian process, then the probability that its
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amplitude, r, exceeds some threshold value, x, is given by

oo

P(r>x) = 075%—— . exp(-t2/202)dt
where the root mean square noise amplitude équaIS' 0. As every
experimenter knows, Very few ﬁoise,processes are actﬁally Gauséian
beyond three or four stahdard deviations. Generally the distribution
develops long tails due-tq‘rare events which cannot be modelled by
a normal distribution. We can separate true signals from local noise
by applying coincidence techniques to these é#traneous pulses, In
order to get some idea of the ability of multiple antennas tobredﬁce
these long tails we choose an exponential noiée distribution (which is
analytically tractable). 1In thié'caSe} where the time series is a
stationary exponential process, the probability that'the noise émpli-

tude, r, exceeds some threshold value, x, is given by
P(r>x) = exp x/0)

These cumulative distributions are shown in figure 1.

These curves plus a few simple assumptions allow us to calculate
‘the improvement we get in using a pair of antennas over a siﬁgle an-
tenna and the size ofysignal needed to be certain that we are not
foolihé’ourselVéé. For example, if we assume that we have a three

millisecond time resolution, and require no more than one false ‘alarm

ITII-18
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every 10 years, then the threshold must be set to give

P(xr>x) < 10—ll

if only a single antenna is in operation. In the case of Gaussian
noise the threshold must be 6.8 ¢ and for the case of exponential
noise cutoff is at 25 o¢. If we run a pair of antennas in coincidence

the threshold of each antenna only needs to be set to give‘

P (r>x) < 107°°°

for each antenna. This probability is achieved for a Gaussian process
if the signal threshold in the Fourier spectrum is set to 4.8 ¢ and for
the exponential process at a level of 12,5 o . This is made more

dramatic in fig. 2 which shows the rate per day of false threshold

crossings for a single antenna and for a pair of antennas in coincidence

when the noisé process is Gaussian. At a setting of 4.8 ¢ the antennas
in coincidence only produce a false signal once every ten years whereas
each antenna alone crosses threshold 100 times a day or nearly once
eyery_ls minutes. The same holds true for an exponential noise process
(Fig 3) but at the higher threshold level of 12.5 Dbecause of the long
tail. Wé learn two thinqé from this calculafion: a pair of antennas
allows us to reduce our threshold for detecting signals while simul-
taneously keeping spurious signals at a manageable level, and; if the
noise process responsible for false alarms has a long tail, as in the

case of the exponential, coincidence detection of a signal allows a
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ks

dramatic reduction of the signal threshold relative to the use
of a single antenna.

We can now proceed further and use these values to estimate
our séﬁéitivity to a particular source., The black hole signal_des-

cribed above is a damped sine wave,
h(t) =ho exp(-at) sin (wt) t>0.

From Detweiler's results one finds that the signal damps out after
four or five cycles indepehdent of the mass (hence frequency) of the

black hole and as a conSequence'the peak strain field is about 0.8 ho.

We know from statistical communications theory that if a noise
process has a frequency dependent power spectral density, h(f),
and if the system transfer function is T(f), then the mean
square noise function within a frequency band is

2 fl 2

h = J h"(£) |T(£) |2 at.
rms F
0

For the simple case of a constant noise density and a unity transfer

function

1
Y -y 2
h s = h(f) (Af)

-23

/Hzl/2

If the antenna noise is 2x10 then the r,m.s. noise fluc-
tua;ion due to the assumed 333 Hz bandwidth is 3.5x10-22. A pair of
antennas in coincidence which had Gaussian noise could detect a s1gna1
with a strain of 2x10° 21 with certainty whereas a single antenna with an
exponential background noise process would only be able to see 31gnals

w1th a strain greater than 1x10 0. Optimum filters can be used to

improve these limits, ITII-23



Periodic Sources
The detection of periodic sources presents a different préblem

in signal analysis from finding pulsed gravity wave signals. 1In

principle the method is quite straightforward with a broadband
antenna: one takes a time series of length T and takes the Fourier

transform. A perfect sine wave source will appear as a peak at a single

frequency. Since the system is broadband all signals of sufficient ampli-

tude and within our bandwidth‘can be searched for simultaneously.

The true frequency resolution of a single frequency bin is 1/T so that
noise with a‘power spectral density of h(f) produces a noise amplitude
h(f)/T;5 in a frequency bin centered on f. The longer a time series one
can take and invert the better the frequency resolution and the smaller
the noise amplitude in each frequency bin. For example if we can take
an uninterrupted time series that is one month long, that is, 2.6x106
seconds long and if our system noise is 2x10-23/Hz;5the frequency reso-
lution will be 3.9x10'-7 Hz and we will be able to see periodic sources‘
with strains greater than l.2x10“26 at a signal to ndise ratio of one.
(The detection criteria described above for pulsed sources must be
applied to periodic sources as well. ) A pair of antennas can be used

to improve sensitivity and t§ reject local periodic sources such és
internal resonances of the equipment, rotating machinery, and so forth
which will not be the same at both antennas (signals associated with the
60 Hz line frequency are an exception to this). There are major compu-
tational difficulties to be overcome here. If the incoming signal

is sampled atvthe rate of 5 KHz for a month we will have to perform a
Fourier transform on l.3x1010 points in order to achieve full sensi-
tivity. Any algorithm to search for periodic sources is further com-
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plicated by the fact that the antenna response to a fixed source in the
sky varies with the daily rotation of the earth and the yearly rotation
of the earth around the sun. The frequency of the signal is also mod-
“ulated by the Doppler shifts caused by the earth's rotation (v/c Nl.6x10_6)

and b;_ﬁhe annual motion (v/c ~ l.0x10_4). For example, a 1 KHz signal

must be corrected for the daily 10-3 Hz and annual 10.-l Hz Doppler
- shifts to achieve the full frequency resolution available in the long

‘integration times we anticipate.

Stochastic sources

Stochastic sources can only be found with multipie antennas since
the signal is by definition the'noise in the external "bath" of gravi-
tational radiation and must be meésufed by cross correlating the noise
in two or more antennas. The requirements for measuring the stochastic
background are in conflict with those for pulse detection. Pulse de-
tection requires a large separation between antennas so thatllocal
Sources cannot produce spurious coincidences between the antennas.
However a large separation between antennas produqes a high frequency
sénsitivity cutoff to the stoéhastic background that is inversely
proportional to the antenna separation, This cutoff does not apply
. to a point source of gravitational noise In that case one can recover
the correlation between antenna signals by introducing an appropriate
time delay. 1In either case it can be shown that the estimate of the

noise spectrum improves with the square-root of the integration time.

References:

Detweiler, S., Ap. J. 239, 292 (1980)
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OPTICAL CONCEPTS AND THE PROTOTYPE DESIGNS

The intent of this section is to discuss the choices for the
optical design of an electromagnetically coupled antenna. The fact
thatthere are choices is in good measure due to the inventiveness
of the various research groups and their differences in taste. No
specific design is at present obviously superior to the others
in concept or ease of implementation and all of the concepts would
function in a long baseline system. We begin by describing the various
prototype antennas and at the end of the section attempt to sum-
marize by classifying the differences in the approaches and discuss
their implications for a large baseline system.

We start with the prétotYpe at MIT, not thet it is necessarily
better than the others} but it is the most familiar to us. A schematic
diagram of the appafafus‘ie shown in Figure 1. The device is a Michel-
son interferometer in a vacuum with the mirrors mounted on masses
sespended‘by single rods ae pendula. Light entering from outside’
the vacuum system is split, then enters the interferometer arms through
holes cut in the mirrors. The light tra&erses‘eech arm 60 eimes
(eventually 200 times) and reemerges through the samevhole by which
it entered, but at a different angle than on entering. The multi-
pass geometry is an optical delay line and is formed by two spherical
mirrors, the number of transits is determined by the radii of the
mirrors and their separation. When the input and output beams pass
through the same point, the configuration is called reentrant. 1In

this condition the beam appears to be reflected by the back spherical
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surface of the.inputimirror and the position and angle of the output
beamrbeeome independent of the position of the other mirror. The
reentrant geometry has‘several alignment insensitive properties.
Ih each arm of thebinterferometer the light next passes through an
electro-optic phase modulater (Pockel's”cell) after which it is re-
combined.’ Botﬁ the sﬁm‘and difference outputs are measured at photo-
detectors. |
In 6rder to measure the fringe motioh, a 5 MHz phase modulation
is lmpressed on the beams in each arm by the electro—optlc modulators.
As a consequence, the photodetector output voltage will contain
sighals at 5 MHz and its harmonics. The amplitude of the‘5 MHz
51gna1 is proportlonal to the distance a frlnge has moved from a
symmetry pomnt and the phase glves the d1rectlon of the motion.
These signals are demodulated and returned to the Pockel's cells.u
after filtering to hold the interferometer on a symhetry point of
the fringe. This is the first of many feedback systems in the

device. The speed of the electrooptlc device is high but the dynamlc

range is llmlted, so that to hold the 1nterferometer on a f1xed

fringe, for low frequency but large amplitude excursions one of the
masses is moved by electrostatic controllers driven by the demedalated
photodetecter output. fhe gravitational wave signal is then measured
ae the voltaées required to maintain the interferometer on a fixed
fringe; The a&vaatages of this‘seemingly eomplicated arrangement

are many. By high frequency modulation, the fringe signals are



placed at frequencies where the laser, photodetectors énd amplifier
are free of 1/f noise. By holding the fringe in this null servo
techniquéj—éain variatiéns are suppressed, the extrinsic amplitude
f;uctﬁationsvof the light become less important and one can maintain
the ﬁniqﬁe zero path>1ength difference fringe (white light fringe)
which is needed to reduce the noise from frequency fluctuations of
thé input light. |

The remainder of the optical system serves £o control another
set 6f noise sources. The light source is a W Argon ion lasér used
at a waveléngth of 5145A°. The light first enters an electrooptic
phase ﬁodulator dfiven by wide bandknoise which serves to spoil tﬁe
tempo;al coherence of the light by»vcgnverting the laser's narrow
line into a lorentzian with an an instantaneous line width_of ap-
proximafely'3 éHz. |

The frequency broadening is useful in suppressing tﬂe inter~
ferénce modulation of the main beam by scattered light in the inter-
ferometer.'.As the scattered light will have experienced différent
relativé.delay times than the main beam, this interference modulation
will be washed out if the relative delay times are longer than the
recipfocal of thé inétantaneous line width,

Following the phase modulator is an ampiitude modulator used
in a‘servo loop to remove low frequency amplitude noise in the laser k

output. The photodiode that samples the light to control the ampli-
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tude fluctuations is placed after the llght has passed through a
51ngle mode polarlzatlon preserv1ng optlcal fiber, .Thls fiber,

a few meters long, serves two functlons. Flrst it permlts the
laser, whlch is a mechanlcal noise source due to its water coollng,
to:be placed at a distance from the antenna. More important,
because the fiber propagates only one mode and is lossy

for all others, the end of the fiber fixed to the antenna becomes

a llght source invariant in beam proflle and phase front

to the injection conditions at the other end. This is signiflcant
since 1t is never poss1ble to allgn an 1nterferometer so well that
the phase dlfference of the beams traversing the two arms is totally
1nsen51t1ve to the 1nput injection condltlons. ' The mode fllterlng

by the fiber is suff1c1ently wavelength independent to accomodate

" the frequency broadening of the laser light Que to the phase n01se

modulator. The fiber may introduce additional amplltude fluctuations
of the llght Wthh are removed by the amplltude modulator,

H The final element in the optical train is a spatial mode
coupler whlch matches the output of the fiber to- the spat1al modes
of the optical delay llne. In the present prototype the fiber and
mode coupler are external to the vacuum. In the next reflnement of
the prototype the mode coupler and the output end of the fiber
will be mounted on MB' the central mass.

| ‘The final components of the apparatus are :a set of 18 servo

systems that capacitatively sense and electrostatically control motions

Iv-5



of the masses. The principal function of these servos is to inde-
rendently damp the oscillations of each of the 6 degrees’of freedom
of the 3 masses hanging on their suspensions. The daméing reduces
the Q of‘the modes electronically and adas little additionalvnbise

in the gravitationél wave band at higher frequencies, By reducing
the Q of the modes the rms motions of the masses driven by ground
noise are made small enough so that the fringe sefvo systeﬁ can
maintain a lock on one fringe'without e#ceeding the dynamic range of
the controllers. Not all modes of motion are equally important in
producing a fringe shift, in féct when‘the interferometer isvpréperly

aligned all motions that do not have a net component along the arm

when integrated ovef all the beams produce fringe shifts proportional

to second order in those motions. Thé servo systems also provide
a means of positioﬁing the masses and éhe éervo output signals are
used to deterﬁine the ground noise excitafion spectrum.

Although all the individual elements of the system have been »
tested over the past several years; the complete integration of the
apparatus took place in the summer of 1983. At this time (Fall 1983)
in the process of progressively testing the integrated device, the‘
position sensitivity with the mésses not'floating has been detérmined.
In the frequehcy band above 4KHz the position hqise is 10-l4cm/Hz%’ana

limited by the shot noise in the photo current.

A schematic diagram of the prototype at the Max Planck Institute

IvV-6
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near Munich is shown in figure 2, The instrument is an evacuated

Michelson interferometer usihg'delay line optics with arms 3’meters

in length. The beam executesv 138 passes in the arms.” The fringe interrogation
scheme is similar to that in the MIT prototype but only one phase

modulator is used which 1mpresses rhase modulation in one arm but )

on both beam entry and exit. The system is used as a null servo on

a fringe by feedback to the phase modulator and at low frequencies to

control the position of one of the masses. No special effort is

made to operate on the white light fringe,

The external optics are different than in the MIT device., An
important difference is that the laser frequencyiis actively stabi-
lized by locking the laser to an external high Q Fabry-Perot cavity
which serves as a short term frequency teferenoe; The technique
employs an electrooptic phase modulator in the laser optioal cavity
as an optical path length modulator to conttol small amplitude high
frequency laser frequency fluctuations ahé.a Piezo electric translator
on'one of the laser mirrors to control lower frequency large amplitude
frequency excursions. With this technique they have achieved short'
term laser frequency hoise amplitudeAdehsities of lo-le/Hz%.In.a side
experiment not shown in fig. 2,‘they have further improved the fre-
quency stability by another factor‘of 10 by using the entire Michelson
interferometer as a reference cavity.

The frequency stabilized light beam after leaving the lase: is
passed through a high Q. mode apod121ng cavity. The cavity is a Fabry-

Perot interferometer de31gned to have high transmission losses for
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all spatial modes but the lowest order Gaussian mode. This cavity

serves to suppress the laser beam angle and position fluctuations

before the beam enters the interferometer.

Laser frequency stabilization is used in this system for several
reasbns. The primary function is to reduce the interferometric
noise due to scattered light. The philosophy being to accept the
interferometric‘terms in the'scattering with different delay times
but to reduce the noise contribution in the overall interference
by fixing their phases; ~The assumption being that the indivi&ual
scattering sources are themselves physically stationary. The second
purpose of frequency stabilization is to relax the condition on the
equality of paths in tge two interferometer arms as it lays demands

on the equality of the mirror radii to simultaneously achieve the *

'white’light fringe and the reentrant beam geometry=- a problem that

is possibly more difficult to handle in a short antenna than a long one.
Finally, the mode apodizing cavity requires a narrow laser line to
function.

The masses are isolated from ground noise by pendulum suspensions.
Each mass has separate optical sensors to determine rotation and trans-
latiqn_locally. The output of these sensors ié used to damp the sus-
pension modes by applying magnetic forces from air core coils fixed
to the ground on a set of permanent magnets mounted on the masses.

Furthermore the same controllers are used for pointing the mirrors



in a separate optical system which senses the relative orientations
of the masses.

The noise épectra of the instrument are showh in figure 3. They
at present represent the best performance of any prototypevin
operation. The data is plotted as the equivalent strain noise ampli-
tude density., Aside from what is now believed to be a low Q noise
peak from a poor mirror mount near 8 KHz, the displacement noise
above 1 KHz is close to lxlo-lscm/Hz%.

The instrument in operation at Glasgow is shown in figure 4.

It is the first version of an evolving design using Fabry-Perot .
cavities rather than multipass delayblines as the antenna arms.

The CalTech prototype, figure 5, is quite similar in concept and in
the ensuing presentation they ﬁill be described together indicéting
only whére the instruments differ. The Glasgow antenna has a 1ength
of 10 meters while the CalTech system is 40 meters long. This is
the largest system now in operation, ' In both prototypes the two
Fabry-Perot cavities'are used as independent interferometers. One
arm‘is used as a reference cavity in an elegant laser frequency

stabilization scheme similar in concept to the Pound stabilizer

for microwave oscillators. In this scheme the laser light is compared

in frequency with the frequency filtered light stored in the cavity.
A frequency discriminant is derived by phase modulation of the laser

output with an electrooptic phase modulator that impresses radio
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ifrequency side bands on the light outside the acceptance band of

the cavity~ The phase and amplitude of the interferénce at the side
band frequencies contains the information required to derive an error
signal proportional to the ampiitude and sign of the frequency dif-
ference of the instantaneous laser frequency and the cavity resonance
frequency. The important feature of the stabilizing system is that

it is not limited in bandwidth by the cavity storage time. The

error signal is used to control a Pockel's cell phase modulator within
the laser cavity to control the laser frequency.

With the laser. frequency locked'to the length of one arm, thev
same phasé moduléted light is impressed on the second arm. Tﬁe |
reflection of this second cavity is measured in the same manner but
on a different photodetector. The error signal derived in this system
is a measure of the length of the second arm. The error signal is
used to adjust the length of the arm by a Piezo electric translator
mounted on one of the mirrors in é null servo. This error signal in~
cludes the gravitational wave signal.

The optical implementation at Glasgow uses é triangular cavity
to avoid reflections back to the laser,vwhile,thé Cal-fech system
employs two mirrors (hence smaller cavity losses) and nonreciprocal
polarization isolators to avoid these reflectionms,

In near future developments of the prototypes the reflections

from the two arms will be combined interferometrically before photo-
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detection to further reduce the sensitivity to laser frequency
fluctuations providing the cavities are well matched.

Laser beam jitter may be a noise source and both Glasgow and
CalTech are incorporating mode apodizing cavities in their proto-
types.

The masses are supported by pendulum suspensions but with
multiple wires to allow for orientation and positioning. 1In this
scheme the controlling forces are applied to the support points
of the suspension rather than to the masses directly, which affords
some measure of isolation from the high frequency noise forces that
may originate in the positioning servo systems. The positioning
error signals, which damp and orient the masses, are derived, as in
the Munich system, by auxiliary optical levers locally and with optical
levers between the masses té gain fine position and orientation control.

Frequency stabilization of the laser is a central requirement
of the Fabry-Perot scheme, by matching the cavity storage times it
is anticipated the demands on the precision of the stabilization
can be reduced. The effect of light scattering by the mirrors (but
not by other components in the system) may be less influential in a
Fabry-Perot than in the delay line geometries. Finally the Fabry-
Perot offers similar rotation and transverse translation independence
as the delay line if the radial modes other than the principle Gaussian
mode are suppressed.

At present the two Fabry Perot systems are exhibiting comparable

14 E

position amplitude spectral densities of 10~ cm/Hz° at frequencies
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above 5 KHz. Cal Tech has operated its system continuously for
periods of several weeks.
Classification of the Optical Concepts

The long range goal for the optical design is to bring the
measurements of the time (phase) differences to a level where the
antenna strain sensitivity is limited by the stochastic forces on

the masses. In the limit when the stochastic forces due to the

quantum pressure fluctuations are the only ones remaining, the system

has attained the quantum limit. This is not a hope in the near

future at high gravitational wave frequencies but may become a serious

consideratiop in long baseline antennas at lower frequencies in this
decade.

The short term goal for the optical design is to achieve
Poisson (shot) noise limited performance with the largest circu-
lating optical power in the antenna for long storage times. Clearly
this goal can not be viewed in isolation from the entire system
performance which will require a parallel effort to reduce the sto-
chastic forces, but at high frequencies the déminant noise contri-
bution is expected, at present, to be imposed by the Poisson noise
limit.

The prototypes are a convenient vehicle with which to highlight

the various approaches toward achieving the short term goal. 1In all
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cases, however, the choices are driven by the assessment of tech-

nical feasibility rather than any fundamental issues because the

limiting sensitivity of all the schemes is the same.

One branch point is the choice to use broad band or narrow
band light. Broad band light systems will be less vulnerable to
the perturbations  of scattered light from all sources and since

they impose fewer demands on the laser frequency stability there is

~.a good chance that they will be able to operate with high laser

power. They appear less complex than the narrow band light systems,
A broad band light system pre&ludes the use of a Fabry-Perot. or

any other interferometric design which relies on the superposition
of multiple beams to gain fringe phase sensitivity. = Broad band
schemes are therefore limited to those techniques where the inter-
ference takes place at the end of the storage time and they require
near equality of the optical paths, The narrow band light systems
require unprecedented but not impossible frequency stability.
They(handle the scattering problem by fixing the phase in the
scattering paths from stationary scattering sources., There is

less constraint on the equality of optical paths and they permit‘the
use of Fabry-Perot cavities. Tﬁe narrow band light systéms will
most likely not extract as much light from the laser but this may

be offset by a scheme proposed by Drever to incorporate the entire

interferometer into a resonant cavity and thereby increase the
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circulating optical power. The concept schematized in fig. 6
is appliggple to narrow band light interferometers of either the
deiay line §r Fabry-Perot design.

The concept is to hold the interferometer at a minimum out-
put from'thg antisymmetric port sensed by photodetector P1. If
the losses are small within the interferometer arms, most of the
input light will emerge from the symmetric port, where in this scheme
. it is returned to the input and combined with the‘incident laser light
by a beam splitter. If the phase relation of the laser light and
the returned light is adjusted by the electrooptic phase modulator
P4 to null the light to photodetector D2, the internal circulating
power in the interferometer is increased by a factor close to the
reciprocal of the interferometer loss coefficient. ‘The scheme has
not‘been tried as yet. It appears promising, but requires close
matching of phase fronts and rigorous frequency stabilization to be

effective.

The choice of cavity configuration involves several considerations.

The Fabry-Perot having spatially superposed beamszill be able to

use smaller diameter mirrors than a delay line in which the beams
are spatially separated.At high gravitational wave frequencies in *

a long baseline system involving few (20) beam transits, the dif-
ference is not very importanﬁ, however, at lower frequencies it could
becéme a design discriminant. |

If mirror size becomes a real constraint and should it prove
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advantageous in the refinement of a long baseline antenna to retain
the delay line concept, it is possible, though at present untried,
to spatially superpose the beams but give them separate identities
by making their frequencies different. One scheme for doing this is

to use a Fabry-Perot etalon with transmission maxima at frequency

intervals Af as the input mirror of a delay line. With each transit

of the beam‘through the arm the frequency of the light is shifted
by an amount §f either by moving the mirror at the other end of the
arm at constant velocity or, more practically, by shifting the
frequency in a travelling wave phase modulator., The returned beam
is shifted off the transmission resonance of the etalon and trapped~
by reflection until after n transits, n = Af/§f, the beam reemerges
from‘the delay line to interfere with the beam in the other arm
which has been treated in the same manner. The scheme automatically
reducés scattering perturbations and does not require precision fre-
quency stabilization. The storage time of the arms can be made
variable by changing the etalon spacing. Although it seems to have
several attractive features, the scheme is mﬁre complex than needed
at present and is not a candidate for the first optical system to be
installed in a long baseline antenna.

Still other factors to be weighéd in the choice of a cavity
configuration are the alignment sensitivity and perturbation of the

interfering wave fronts by mirror vibration. As the length of the
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cavity increases the radial spatiel modes of the Fabry-Perot become .
more‘closg;y spaeed in freéuency and the fringe phase sensitivity
to.beam miselighment grows. |

It is clear froﬁ the discussion that it is not possible ;o make
a recommendation fo£ a specific optical design. We consider it a
poor-scientific strategy to delay ﬁhe development of a long baseline

antenna system until an optimal configuration is demonstrated. ‘The

rationale for this view is given by the following: First, as stated

in the beginning, all of the present designs will function and, when applied
to large baseline systems, will make a substantial improvement over the

sensitivity of present systems. Second, the refinement and upgrading

" of the optical system in a long baseline antenna will continue as

the‘technologf develops and the optimal concept may well change.
Thifd, maﬂy of‘the experimental problems encountered in developihg

a ehort baselinebsystem are not the same as in a ‘long baseline system
and finally, thevoptics is not a cost driver of the capital costs

of this project.
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Optical Delay Lines

In order to achleve the hlghest sensit1v1ty p0551ble a grav1ty
antenna 1nterferometer must have very long optical paths. Thls can be
done by folding the optieal path between two mirrors that are close
together. One such scheme, first deseribed by ﬁerfiot (1964), is the
optical delay line. In this teehniéue a light beam injected into a
cavity formed by a pair of spherical mirrors bounces off the mif;ors
several times and then ekitsvat its point of injection.

A delay llne made of two spherlcal mirrors with raolus of curva-
ture, R, ‘and separated by a dlstance, d, is shown in flgure 1. The
z axis of the coordlnate system is along the line joining the centers
of curvature; the marror separatlon, d, is measured along this axis fron
the surface of one mirror to the surface of the other, and tbe X axls
is perpendlcular to the z axls and passes through the 1n3ect10n hole
at X on mirror l (mlrror 2 has no hole bored in 1t); Slnce a mirror
of radius, R, acts'like a lens of focal length f = R/2 it is stralght-
forward to calculate the p051tlon and angle of a ilght beam as it bounces

around inside the cavity. The x, y position of the nth spot is given '

by
X + RX'
X = X cos (n6) + Y sin (n6)
noo (2R/d - 1)
= Xocos(ne) + x*sin(ne)
Yo + R Y'o
Y =Y cos(nb) + ——m— sin (nb)
noo (2R/a - 1)2
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=Y cos(nf) + Y*sin(ne)
o

cos(B) =1 - 4/R

where x'° and Y'o are the tangents of the injection angle in the Xz
and yz planes repsectively. The even numbered spots appear on mirror

1 and the odd numbered spots on mirror 2. If the raio d/R is chosen

so that
N6 = 27K

and if N and K are relatively prime then the cavity becomes re-entrant,

i.e.,
NTX%
=Y
YN lo}

and the beam leaves the cavity throughithe injection hole after exactly
N bounces on the mirrors. In general the spot pattern the beam makes

will be oval. By choosing the input conditions to be

.xl
(o]

1l

X /R i.e. X, = 0
X |
o R—°(2R/d - 1%

Y! .
i.e. Y =
* xo

the spots will lie on a circle and their position will be

X
n

6
xocos(n )

Y Y051n(n9)

n
and after each bounce the beam rotates through an angle 6 = 27K/N.
A mode chart relating the number of bounces, N, and the ratio,

d/R, is given in figure 2. The curves which begin at the right side
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of the plot and curve to the top left correspond to K = 1,3,5,...with
K = 1 having the smallest values of d4/R.
The aﬁ&ie of the beam after reflection on the nth bounce is

1]
xo+2x/d

Lol
]

X'ocos(ne) - sin(n6)

(2 rR/4 - 1)%
' Y'0 +2Y/4

w
[]

Y'ocos(ne) - sin(nb)

(2_R/d - l)%
It is obvious from these formulas that if the cavity is re-entfant
the beam direction after the Nth reflection would be equal to the
initia; direction. However, there is no Nth reflection since the'beém.
exitsfthrough the injection hole. Thus, if the cavity is re-entrant
the exiting beam appears to be the initial beam reflected off the sur-
face of a spherical mirror. This geometric property is convenient for'
alignment of an interferometer since the return mirrors (mirror 2)
can be ignored once the cavities are made re-entrant.
‘if the beam is actually injectéd through a hole in the mirror,
Gaussian optics determires the size of the hole. The optimum spot
radius which minimizes diffraction losses of the beam inside the

cavity is (Yariv, 1975)

% 2 ,
=GP GRT < amw)’

(For a 10 kilometer cavity with A= 514nm and d/R=1.3 i.e. N =10
K = 3 then r = 4 cm)

The radius of the injection hole also limits the number of bounces
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of the beam If too many bounces are requlred some spot will prematurely

overlap the 1nJectlon hole and leave the cav1ty before the full number

of bounces is taken.
The dlfference between the actual mlrror separatlon and the

1deal re-entrant separatlon is also 11m1ted by the 31ze of the 1njectlon

~hole. .We can estlmate this by calculatlng the position derivative of

the Nth beam spot with respect to mirror separation at the re-entrant

condition,

R sin(0)

Thus is the hole radius is r the beam exits properly if we require

r > Ay = ad_ s

R sin(06)

or

Ad <_rnR sin(n6)

NY* |
If we take<rn= 5cm, R'= 10km, N = 10, Y, = 50cm, cos(6) = -.03, then
d < lkmla very weak restriction, unlike an antenna with short arms where

this restriction can be severe if N is large and r  small.

Sensitivity to Transvetse Motions and Rotations

The travel time of a light beam stored in avdelay line eavity is

principally affected by motions of the mirrors‘along the optic axis.
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Motions of thé.mirrors transverse to the optic axis and rotationé also

cause a chanée in the leﬁgth §f the optic axis and the résuitiné ph&éé

delay of the beam. These effects are only second order in the motibn.

Referring £o figure 3 a transverse sﬂift Ax in the Posiﬁion of ﬁirror 1
will cause ah arm length change of'

Ad = _T o o A:‘M M A-Q .-

vEng L s

A rotation of mirror 2 by an angle & about the point P will,producek

a change in arm length of

Ad = - (R+D)2 02 (& 1

r T 2(R+D))

Sensitivity to Injection Conditions

An important consideration in designing a delay line is the sensi-
tivity éf the phase delay to injection conditions. 1If the input beam
jitters in angle or position the total travel time in the cavity can
varyyand'éause a spurious signal. A rather tedious calculation shows

that“toyonder(xo/d)2 the total path length traveled in the cavity

o 1. B 1 2 _'>2 - . ’
L= Nd + a sin(0)sin(N6) [* (x* xo) cos (N6) x*xo sin (N6)

+ %(Yf - Yé Ycos (NB) - Y*Yo sin (N6) ]

- From this we see that if the cavity is re-entrant, that is, N6 = 21K,

there is no sensitivity to the injection conditions or if the spot pattern
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