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Introduction

One of the clearest illustrations of the unity and universality of physics is
the observation that in more than 400 years its basic questions —in spite of
many revolutionary revisions of concepts and insights— have remained the
same: what is the nature of matter, what is the origin of force, what does
motion tell us about the character of space and time?

To be sure, the answers that physicists have given to these questions have
changed several times during the past centuries. Nevertheless, more often
than pot such changes have resulted in theories with a larger domain of
validity, which still include the older physical ideas as a model for phenomena
in a restricted range of time-, distance- or energy scales. Nowadays such
inclusion has in fact almost become a matter of principle for theoretical
model builders.

In the history of physics, the study of gravitational forces and phenomena
has often taken an important place. Newton’s law of gravity was the first
succesful theory of a fundamental force of nature. It explained extremely well
on the basis of a single principle the earth-bound phenomena of free fall and
the motions of the heavenly bodies, thus extending the validity of physical
laws to the domain of astronomy.

Later developments, in particular those connected with the study of electric-
ity and magnetism, made clear the importance of the concept of fields as
the origin of physical forces. Fields of force, which act locally and through
which disturbances propagate with a finite velocity —for example, the veloc-
ity of light in the case of electro-magnetism, or of sound in the case of fluid
dynamics— replaced the older notion of instantaneous action at a distance.
Logic and consistency then almost inevitably required the field concept to
be applicable to gravitational forces as well.

The field theory of gravity which has replaced Newton’s action-at-a-distance
law, and which so far has turned out to be consistent with all known ob-
servations, is General Relativity. The full equations for the dynamical grav-
itational field were first written down by Einstein in 1915 [1]. They were




succesfully applied to a number of physical problems in which relativistic
effects were important, like the well-known precession of the perihelion of
Mercury and the bending of light by the sun. Such static effects, including
for example the redshift of light in a gravitational field, or the recently ob-
served phenomenon of gravitational lensing, all agree within the experimental
error with the predictions of General Relativity.

However, already one year after he published his field equations, Einstein
showed that they also predicted the propagation of time-dependend gravita-
tional fields in vacuo, the speed of propagation being that of light [2]. This
phenomenon is the gravitational counterpart of the electro-magnetic waves
first observed as radio-frequency waves by Herz, who thereby firmly estab-
lished the unification of optics and electro-magnetism. Einstein also showed,
that in contrast to electro-magnetic waves, gravitational radiation is basically
quadrupolar in character, and he derived a formula expressing the power ra-
diated by a source of gravitational waves in terms of the time-change of its
quadrupole moment.

Gravity is an extremely weak force. This is testified for example by the typical
sizes of gravitationally bound systems with large masses, like stars, which is of
the order of millions or even hundreds of millions of kilometers. This should
be contrasted with the typical binding radius measured in angstrgms for
electrically charged particles in atoms and molecules, or in fermi’s for quarks
bound by colour forces in a proton. Therefore gravitational radiation is very
difficult to detect: a single gravitational wave from astrophysical sources will
typically induce vibrations with an amplitude of the order of 107'° or less
of the size of the detector, corresponding to 10~ proton diameters for an
antenna of 10 meters. Hence it is not surprising that so far gravitational
waves have never been observed directly. The best piece of evidence we have
for their existence is the observation that certain double stars, known as
binary pulsars and first observed by Hulse and Taylor [3], lose energy at a
rate consistent with Einstein’s quadrupole formula [4]. These difficult but
very precise measurements earned Hulse and Taylor the Nobel prize in 1993.

In view of this, astrophysics is a likely testing ground for gravitational wave
phenomena. However, as so often progress in this area of fundamental physics




hinges on technical advances. Since over three decades, attempts to detect
gravitational waves have been undertaken. During that period new cryo-
genic techniques, superconducting devices and tools for data analysis have
become available. As a result, there are good prospects for gravitational
wave detectors to become operational in the near future. For astronomers
and astrophysicists this could open up a new field of investigation, providing
an entirely new window on the universe.

Stimulated by this prospect, several physicists from various institutions have
started a discussion on the feasibility of designing and constructing a new
gravitational wave detector in the Netherlands. This discussion was initiated
by prof. Frossati from the university of Leiden, who suggested a spherical
resonant mass detector as proposed by Forward [5]. As a first step it was
decided to organize a symposium on the state of the art concerning gravita-
tional wave antennae and the problems to be faced in constructing the next
generation of these devices. Support for such a meeting was obtained from
the Stichting Physica, the Kerkhoven-Bosscha Foundation in Leiden and the
Foundation for the Fundamental Research of Matter (FOM). The sympo-
sium took place on May 24, 1994 at the National Institute for Nuclear and
High-Energy Physics (NIKHEF) in Amsterdam.

The contributions to this report form a summary of most of the material
presented at the symposium. A discussion of the astrophysical sources of
gravitational waves by prof. E. v.d. Heuvel of the university of Amsterdam
is followed by a discussion of the NAUTILUS experiment at the National
Laboratory of the INFN in Frascati, Italy, by dr. E. Coccia of the university
of Rome. Read-out and data-analysis of gravitational wave-antennae are
discussed by dr. P. Astone of the same institute. This is followed by the
contribution of Prof. G. Frossati of the university of Leiden, who presented
his proposal for a spherical gravitational wave antenna in Leiden (GRAIL).
The report concludes with a discussion of the metallurgical and engineering
aspects of manufactoring large copper structures by ir. E. de Mulder of LIPS
Industries BV. He presented details of an experiment carried out by LIPS,
to cast a test sphere of 0.5 m diameter, and investigate its homogeneity and
microscopic structure. Other contributions to the symposium, by prof. H.
Rogalla of the Technical University of Twente on squids, and by prof. K.




Danzmann of the University of Hannover on Laser Interferometers, are not
covered here.

This report is intended as a reference source for those who have attended the
symposium, and a guide to ideas and problems in the physics of gravitational
radiation for those who take an interest but did not attend. A follow up on
this symposium is envisaged in the form of working groups to study in more
detail various aspects of the detection of gravitational waves, with the aim to
obtain accurate estimates of the specifications a detector will have to meet.

As chairman of the symposium and editor of this report, I would like to take
the opportunity to thank all the speakers for their helpful co-operation and
the authors of the contributions to this report for their efforts in keeping,
appropriately, within the constraints of space and time.

J.W. van Holten
NIKHEF-H, Amsterdam
May24/August 1, 1994

References

[1] A. Einstein, Ann. d. Physik 49 (1916), 769

[2] A. Einstein, Kon. Preuss. Ak. Wiss., Sitz. Ber. (1916), 688; id. (1918),
154

[3] R.A. Hulse and J.H. Taylor, Astrophys. J. Lett. 195 (1975), L51

(4] J.H. Taylor and J.M. Weisberg, Astrophys. J. 253 (1982), 908; id. 345
(1989), 434

[5] R. Forward, Gen. Rel. and Grav. 2 (1971), 149




ASTROPHYSICAL SOURCES OF GRAVITATIONAL RADIATION

E.P.J. VAN DEN HEUVEL
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Abstract. The sources can be divided roughly into two categories:

1. Sources at high frequencies, ~ 10 — 10* Hz; the most likely ones are burst sources, which can be
due either to stellar collapse (supernovae) or to the coalescence of close binaries consisting of two
stellar-mass compact objects, such as two neutron stars.

2. Sources at low frequencies, 10~* -1 Hz. These either are burst sources due to the coalescence of
supermassive black hole binaries in galaxy muclei at cosmological distances, or continous galactic
sources. The latter are a variety of types of galactic close binaries.

The expected event rate and/or signal strength at Earth expected from these various types of
sources is discussed. .

1. Introduction

For earlier and more extensive reviews on the subject I refer to Douglas and Bragin-
sky (1978), Shapiro and Teukolsky (1983), Thorne (1987) and Schutz (1989, 1993).
We will assume that general relativity (i.e.: in Einstein simplest form} is correct.
Gravitational radiation is much more diffucult to detect than electromagnetic radi-
ation.

This is due to two facts:

1. The sources are extremely weak. This is because the lowest order type of radi-
ation generaied is quadrupole radiation (Einstein 1918}, whereas in the case of
electromagnetic radiation the lowest order type is dipole radiation. This differ-
ence is due to the fact that the ‘charges’ of the gravitational field, i.e. masses, all
have the same sign, while in the case of electromagnetism two types of charges
occur, with opposite sign.

2. Gravitational waves, even when strong, give an exiremely weak signal in a de-
tector; this is due to the fact that one cannot directly measure the acceleration
of a mass by a passing gravitational wave, but can only measure the difference
in acceleration between two masses separated by some distance in space. The
reason for this is that all objects have mass and therefore are accelerated in the
same way by a passing gravitational wave. Thus, contrary to the case of elec-
tromagnetism, where one directly measures the acceleration of an electron in an
antenna due to the passage of an electromagnetic wave (a ‘dipole detection’),
here one can only measure differentially, resulting in a much weaker detection
(one might say: a ‘quadrupole detection’).

To illustrate the case of source strength, consider a metal bar of length 1, thickness
R and mass M, rotating around a central axis perpendicular to its length, with tip-
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speed v. This will generate a Gravitational Wave (GW)-laminosity of (cf. Douglas

and Braginsky, 1978):
2
128G [ M
Lew=—"—"——= (5] ¢° 1
W =15 & ( I ) v (1)
It turns out that one of the strongest possible laboratory sources one can create in

this way is a bar of beryllium with 1 = 17m, R = 4m, mass M = 60.0060 fons, rotating
near break-up with @ = 10% s~1. This source generates

Low = 10 7ergs/s, (2)

a completely negligible luminosity. From this example it will be clear that in order
to have sources of interesting strength one must go to astronomical masses. The
GW-luminosity generated by a binary system with component masses m;, m; (in
units of a solar mass Mg = 2.10°°KG) and orbital period and eccentricity P, ¢ is:

Low = 3_1033(3,.93/3)% (%) w0 (3)

where g, (e) is a function of the eccentricity, of order unity. Inserting the values for
the Hulse-Taylor binary pulsar, a double neutron star with my &~ my = 1.42 M g,
P = 7H45™ ¢ — (.615, one finds:

Lew = 10%%ergs/s €)
which is roughly comparable with a normal stellar luminosity, like that of the sun:
L g ~ 4.10% ergs/s. Indeed, the gravitational-wave power emitted by this system
is so large that it has already caused a detectable decrease in the orbital peried of
the system over the past twenty years (cf. Taylor and Weisberg 1989).

Concerning the detection of gravitational waves: as said, this can omly occur dif-
ferentailly. Consider two points C and B separated by a distance 1 {(figure 1). If one
places a solid object, such as a metal ball, with its center of gravity in C then, when
a gravitational wave passes, the resi-frame of C is - at the same moment in time -
accelerated slightly differently from that of B (e.g.: the wave may pass C slightly
earlier or later than B). The acceleration felt by the metal ball is that of its center of
gravity, thus: of C. Therefore, a point A at its surface, close to the point B will be
a little bit displaced with zespect to B. This displacement is what one may measure
with a GW-detector. In astronomical terms: one measnres a ‘tidal’ acceleration.
This is perfectly similar to the tidal acceleration produced by the moon at the sur-
face of the Earth: there one deals with the difference between the two accelerations
produced by the moon at the center of the Earth and its surface, respectively.

Of course, metal bar detectors are a bit more sophisticated than described in
the above example: the difference in acceleration between C and A may cauase the
metal ball or bar to start vibrating when the wave passes, and if is those vibrations
that one may attempt to measure. But as said, one always measures an extremely
weak effect: tidal accelerations are always much smaller than the full accelerations
themselves, they represent a higher order effect.
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Fig. 1. Detection of a gravitational wave: the deformation of space caused by the passage of
the wave causes all masses to be accelerated. As the accelerations in the points B and. C are - at
the same moment in time - slightly different, a solid object centered in C is accelerated (slightly)
with respect to B, such that a point A on its surface will show a slight change in position A 1 with
respect to B, which can be measured.

The sensitivity of GW-detectors is usually expressed in terms of the relative
displacement h between B and C:

h:T (5)

2. The shape of the deformations of spacetime produced by a gravita-
tional wave

A graviiational wave has two linear polarizations which are usunally indicated as
(plus) and x (cross). These are associated with gravitational wave fields hy and hy
that oscillate in tirme and propagate with the speed of light. Each wave produces
tidal forces - stretching and squeezing forces - on any object or detector through
which it passes. Relative to the objects center of mass the forces have quadrupolar
patterns as shown in figure 2 (after Thorne 1993, 1994). For example, consider a
ring of masses in the X-Y plane. A wave coming in along the Z-axis will cause a
deformation of the ring into a ellipse with axes I;, and Ly in the X- and Y-directions.
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Zz
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y y
Fig. 2. The squeezings and stretchings of space associated with the two polarizations of a
gravitational wave (from Abramovici et al. 1992).
One can express A L = Ly - L 3 as a function of time as:
AL(t)
AU WORT N (6)

where h; and hy are the deformations due to the passing + and x waves, respec-
tively.

For a wave coming in from an arbitrary direction one has, similarily:
AL(t)
L

where the coeflicients F, and F, are of order unity and depend on the directions
between source and detector-axes. The most easily understandable GW-detectors

= Fyhy = Fyhy () (7)
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are those that make use of laser-interferometry, by means of which one measures the
variations in the lenghts Ly and Lj of two arms of the detector that are oriented
perpendicular to one another. The consiruction of ground-based detectors of this
type, the LIGO/VIRGO sysiems that are presently by being built, makes that they
are sentive in the frequency range of about 10 - 1000 Hz as depicted in figure 3 (after
Thorne 1993, 1994). Space-based detectors of this type, like the planned LISA-
mission (¢f. ESA document SCI (94)6, May 1994) are sensitive in the frequency
range 10~ * - 1 Hz (see figure 5).

3. Burst sources of gravitational waves

The strongest signals to be expected in the frequency range 10 - 10° Hz are those
generated by the collapse of a burned-out stellar core to a neutron star, which occurs
in a supernova (SN) event, and the coalescence of two compact stars. We will briefly
discuss both types of events.

1. Supernovae and neutron-star formation.

Since an amount of mass of order 1.4 solar masses is accelerated here to half the
speed of light and subsequently decelerated to zero velocity, in a timespan of order
one milli-second, a burst of gravitational radiation is generated. Unfortunately, the
fraction of the released collapse energy - about 0.15 Mc? - that will be converted
into gravitational waves is not well known. A conservative estimate is that this will
be at least a few percent, i.e. ~ 0.003 Mc?. Assuming M = 3.10%g, this yields
a burst of 1052 ergs released in 10~2 s, so a burst-strength of 10°° ergs/s. If this
event occurs in our galaxy at roughly the distance of the galactic center - 3.10%2
cm - this will create a GW flax at Earth of 102 Wati/cm?. This will at Earth
produce a deformation h = A 1/1 of about 10~'7. The entire Earth, with diameter
~ 10° ¢m will thus be deformed by about one Angstrom - the size of one atom. Still,
amazing though it may seem, it is expected that future high-frequency detectors like
LIGO/VIRGO will be able to detect bursts that produce deformations h ~ 10~2!
to 10722 at Earth (Thorne 1993, 1994), as depicted in figure 3. Supernovae occur
in onr galaxy roughly once per twenty to hundred years. Out to the distance of the
Virgo cluster, 107 pe, the rate is some twenty times higher and the signal strength
will be ~ 10729, sufficient to be detected by LIGO/VIRGO in the future. In fact,
with the ultimate threshold sensitivity of LIGO indicated above one may expect to
observe several dozen supernova events per year.

2. Coalescing double neutron stars.

This is the only type of burst source for which one can be confident both of the
source strength and of the lower limit to the rate of occurrence per galaxy, since
three such systems are now known in our own galaxy, from which the minimum rate
of coalescence of such systems per galaxy can be estimated. Because of their impoz-
tance, much work has recently been done on the expected signal shape and strength
of a coalescing neutron star binary, as well as of systems consisting of a neutron star
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Fig. 3. Expected LIGO/VIRGO interferometer sensitivities compared with the strengths of
the waves from the last few minutes of Inspiral of compact binaries. The two solid curves at the
bottom of the stippled regions (labeled h;y, ) are the rms-noise levels for broad band waves that have
optimal direction and polarization. The tops of the stippled regions (labeledhgg for ‘sensitivity to
bursts’) are the sensitivities for confident detection of broad-band waves from random directions,
with random polarizations (after Thorne 1994)
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and a black hole or of two black holes. The latier two types of systems are also
expected to exist in nature, though they have not {yet) been found observationally.
Gravitational wave losses, while reducing the orbit-size, also circularize the orbit.
Therefore, at the time of coalescence the orbit is expected to be circular. The orbital
period and time to coalescence of a system consisting of stars with masses m; and
m, and orbital radius a then are (Clark and Eardley 1977):

P = (1.4x 107%) (ﬁ)% (my +ma) ™" (8)

and

a ) 1
100km/ myma(my -+ my)

Tcoalesc = (203) ( (9)

and the GW-luminosity emitted by the system is:

a )

5
IOOkm) mimj(my 1 m2) (10)

Lgw = 1.6 x 10%(ergs/s) (

During the last about 10* revolutions before coalescence - the last about ten
minutes of the life of the neutron star binary - the gravitational wave signal of the
system, with a frequency increasing from ~ 10 Hz to ~ 10® Hz, is already very
strong and since it is (quasi-)periodic, with slowly decreasing characteristic period,
it might be detectable already with GW-detectors like LIGO/VIRGO, as depicted
in figure 3.

Figure 4 shows the evolution on time of this signal, during the last about 15000
revolutions. Each depicted wave represents several hundreds of sinewaves of about
the same period (as calculated, for example, by Rasio and Shapiro 1992; cf. Abramovici
et al. 1992). One expects this ‘chirp’ and the final burst of GW’s at coalescence to
be observable with the LIGO/VIRGO system ont to a distance of at least 40 Mpc.
This is depicted in figure 3. With the ultimate LIGO/VIRGO system one expects
to observe it out to ~ 200 Mpe.

4. The expected rate of observable coalescence events of double neutron
stars

The times till coalesence of the three presently known double neutron star systems,
which have orbital periods between 7.759 and 10.2%, range from 3.10%y1s to 1.5
x10° yrs, i.e.: only a small fraction of the age of the Universe and of the galaxy.
Since it is estimated that the roughly 600 radio pulsars that are presently known
represent only a fraction of about two pro-mille (:ﬁ) of the total galactic pulsar
population, there must be at least some 1500 close double neutron stars in the galaxy.
To make a more accurate estimate of the total population of such systems in the
galaxy one has to take into account the selection effects that affected the various
pulsar surveys.

Doing this properly and using the above mentioned lifetimes till coalescence - and
adopting a steady state of formation and death of these systems in the galaxy, which
is a justified assumption for this relatively young population, Phinney (1991) and
Narayan et al. (1991) estimated the galactic rate of coalescence of double neutron
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Fig. 4. Waveforms from the inspiral of a compact binary, computed using Newtonian gravity

for the orbital evolution and the quadrupole moment approximation for the wave generation (from
Abramovici et al. 1992).

stars to be around 10~° yr~—!. This is a very conservative observational lower limit to
the galactic coalescence of these systems. The actual rate may be much higher, since
the three known double neutron stars are a rather peculiar sample: their neutron
stars have magnetic fields that are some two orders of magnitude weaker than usual
for pulsars, and their spinrates are some five to ten times faster than average. Due to
this, they remain observable as radiopulsars for a much longer time (> 108yrs) than
usual for pulsars (~ 5.10%yrs). For this reason they have a much higher probability
to show up in pulsar surveys than pulsars with normal strong (~ 10'2~13G) magnetic
fields. There may, therefore, well be a population of such strong field close double
neutron stars that is an order of magnetic larger than the population of weak-field
ones, without them having been detected so far.

On the basis of evolutionary calculations one indeed expects a much larger birth-
and death-rate of close double neutron stars, of order 1073 to 10~ * yr—! (Clark, Van

h
+
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den Heuvel and Sutantyo 1979; Meurs and Van den Heuvel 1989). The evolutionary
calculations are, however affected by considerable uncertainties, due to our poor
knowledge of the important phase of ‘common-envelope evolution’, and since there
is much recent evidence that neutron stars receive large ‘kick-velocities’, of order
450 km /s, at birth (Lyne and Lorimer 1994), which may disrupt many systems during
the formation of their first as well as their second neutron stars. Still, correcting for
these effects it seems difficult to reduce the theoretically predicted galactic formation
rate of double neutron stars much below 10~* yr~! (Van den Heuvel 1992; Tutukov
and Yungelson 1993; see particularly the discussion in Van den Heuvel 1994), as
such a rate is already almost two orders of magnitude below the deathrate of their
progenitors, the massive close binary systems.

m \ = 10°Mg BH hinary coalescence
10 F o iBoo,
o, ¥ m 10°Mg BH formation
‘%,‘ q‘;\‘ m 10°Mg BH binary
- 21 2 5, 2
10 w +7ofroor

gravitational wave amplitude

102
& aF
c}\\
102 %
BH-BH (vigo) ¥
i ] i ] ]
10°° 107 107 1072 107" 10°
frequency (Hz)
Fig. 5. LISA measurement sensitivity compared with source strength (from ESA document

SCI(94)6, May 1994)
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It is, of course, safest to use the above mentioned ‘observational’ estimate of the
lower limit to the coalescence rate per galaxy of 10~° yr~!! Since black holes don’t
receive a kick at birth, more NS+BH and BH+BH systems are expected to survive
as binaries. The rate of coalescence of such systems is therefore expected to be at
least similar to the ‘observational’ rate for the double neutron stars. Assuming this
is to be the case one expects to observe several coalescence events per year out to
a distance of 200 Mpc. If the double neutron star coalescence rate is an order of
magnitude higher (i.e.~ 10~* yr~! in the galaxy) one will see several dozen such
events per year out to 200 Mpc distance and one or a few per year out to 40 Mpec.
As we consider a rate of ~ 10~* yr—! for our galaxy a very reasonable estimate, we
thus expect the first generation LIGO/VIRGO system to see a few such events per
year.

5. Low-frequency sources: v = 10~* — 10° Hz

For the expected signal strength of these sources, as compared to the detection limit
of the proposed space GW-detector system LISA, I refer to figure 5 (after ESA -
SCI(94)6, May 1994). The normal binary system ¢ Boo, the nova-like binary WZ
Sge (P = 80 min) and the close low-mass X-ray binary 1830-30 (P= 11 min) are
above the detection threshold, as are the double white dwarf systems. Furthermore,
the coalescence events of black hole binaries with component masses of ~ 108 Mg
- in galaxy nuclei at cosmological distances - produce signals that are far above the
detection threshold.

6. Conclusions

With detector sensitivity thresholds below h=10"2 it is expected that at least a few
burst events with frequency in the range 10' — 10° Hz will be observable per year.
If the threshold is < 10722, dozens of such events will be observed per year. As to
the low-frequency sources (10~% - 1Hz): with a detection threshold < 107%!, many
continuous sources in the galaxy will become detectable, and the coalescence events
of supermassive black holes at cosmological distances will become easily observable.
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