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1. INTRODUCTION

I T has been known for over forty years that the equa-
tions of Einstein for a weak gravitational field are
similar to the wave equation for the electromagnetic
field

n<D£= — ̂ rTl (i)

with the subsidiary condition *^ j t , = 0. In the set of
equations (1) */^ = h^ - ^ 6 ^ h a , and h^ is a small
quantity of the first order describing a distorted
metric: g^u = 6^, + h^v; T^ is the energy-momentum
tensor, k the gravitational constant, and c the light
velocity'-1"3-'. These equations, like the Maxwell equa-
tions, have solutions in the form of waves which travel
with the same velocity as electromagnetic waves.
However, the question of the possible observation of
such gravitational radiation has been discussed in the
literature only in the last few years. The difficulty in
observing gravitational waves arises firstly from
the small value of the gravitational constant, k, and
secondly from the fact that the ratio of the gravita-
tional mass (gravitational charge) to the inertial mass
is the same for all bodies.* (In the general theory of
relativity this experimental fact underlies the weak
principle of equivalence). As a consequence of the
latter fact, a non-uniform motion of masses can cause
only quadrupole emission of gravitational waves.
Thus, for example, the energy loss by gravitational
radiation of a system of masses with v/c « 1 is'-2-'

) \ (2)
45c5

where Da/3 is a component of the mass quadrupole
tensor

-6af,x'y)dV. (3)

Here /x is the density and V the volume. The expres-
sion (2) for the power of gravitational radiation agrees,
apart from a numerical factor, with the corresponding
expression for quadrupole emission in electrodynamics

d%
dx' (4)

•According to the latest measurements^] the ratio of the in-
ertial to the gravitational mass is the same for different bodies
with an accuracy of a x 10"", where a is of the order of unity.

if one replaces VTqj by the electric charge density p.
Thus in attempting to design experiments which would
observe gravitational radiation one is faced with the
same situation as in electrodynamics, but the experi-
mentalist has at his disposal only gravitational charges
(gravitational masses) of one sign, all having the same
ratio of gravitational charge (gravitational mass) to
inertial mass. For this reason the possible emitting
and receiving systems can only be of the quadrupole
type, and therefore very inefficient. In addition, the
specific gravitational charge is extremely weak (for
the electron V~kmgrav / m i n = V~k is about 1021 times
smaller than e/mjn) . Gravitational radiation is a
field shed by masses in non-uniform motion, and de-
creases with increasing distance from the source as
R"1 if the distance is much greater than the wave-
length. In other words, one can define, just as for
the electromagnetic case, a wave zone, in which the
disturbance of the metric propagates with a velocity
equal to the velocity of light, c, and a static zone in
which the field can be calculated approximately by
Newton's law.

Interest in the design of experiments to find grav-
itational radiation is growing, and the main reason for
this, apart from the continuous improvement in ex-
perimental techniques, lies evidently in the relatively
recent development of statistical methods for distin-
guishing weak signals from noise, making optimum
use of prior information about the nature of the signal,
and using long time intervals. It is worth noting that
in this way it turns out to be possible to measure,
within a narrow range of frequencies, amplitudes of
the vibrations of the centre of mass of a mechanical
system below 1CT13 cm. In this paper we shall give
data on the various possible sources of gravitational
radiation, discuss the methods proposed for detecting
this radiation, and give preliminary results which
make it possible to determine an upper limit for the
intensity of gravitational radiation of extraterrestrial
origin.

2. SOURCES OF GRAVITATIONAL RADIATION

(a) Binary Stars.

The most promising extraterrestrial sources of
gravitational radiation are binary stars with short
periods of revolution. These may be regarded as
practically uniform sources for terrestr ial observa-
tion, and the attempts to detect their radiation may
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therefore employ a long-time technique for separating
the signal from noise, using a correlation technique
which exploits the fact that the signal is exactly syn-
chronous with the revolution of the components of the
binary star, which can be observed optically. For a
system of two stars of masses mj and m2 moving in
circular orbits with angular velocity u, the power
radiated by gravitational waves can be worked out
from Eq. (2), which for this case takes the form

32
5 (5)

Equation (5) shows that in looking for intense sources
of gravitational radiation one is interested in binary
stars of large mass and short period, relatively close
to the terrestr ial observer. Table I lists data on the
power of gravitational radiation of six binary stars
which lie relatively close to the solar system. The
same table lists the period of revolution, the masses
m] and m2 in units of the solar mass, the distance L
from the earth and the energy flux t of gravitational
radiation at the earth. The coefficient A can vary
between 0 and a few units according to the orientation
of the plane of the orbit of the stars relative to the
earth. The first five stars listed in the table are
eclipsing (see the catalogue of Kopal'-5-! ) whereas
the last, WZ Sagittae, possesses an exceptionally
short period of revolution (81 minutes)'-6'7-'. The
integrated energy flux in gravitational radiation from
this s tar may possibly exceed its emission of visible
light.

According to estimates by V. N. Mironovskii'-8-',
the binary stars of the type WU Ma should produce the
major part of the energy flux of gravitational radiation
of extraterrestrial origin; this quantity should be ap-
proximately 10~9 erg/sec-cm2. The most probable
revolution period of such stars is of the order of 4
hours. Thus a terrestr ia l receiver for gravitational
radiation from the known binary stars would neces-
sarily have to be capable of recording energy fluxes
of 10~9 - 1(T10 erg/sec-cm2. A flux of electromagnetic
radiation of this magnitude would be easily observed.
However, as we shall show below, the quadrupole
character of the receiver makes this a very difficult
task. The emission of gravitational waves causes an
energy loss by the binary star which is known'-2^ to be

at the rate e » - k m 1 m 2 ( 2 R ) " 1 (without relativistic
corrections). As a result, the components of the
binary star will approach each other'-2^, and the
angular velocity will increase. Over a time T the
angular velocity w should increase by an amount Aw:

Aco (6)

Table I shows also for the same binary star the in-
crease in angular velocity over a period of T = 3
x 108 sec (about 10 years) . The table shows that, for
all the six stars listed, the change in the frequency of
revolution which should be produced by gravitational
radiation is greater than the relative instability of
modern atomic or molecular frequency standards
(about 2 x 10~12 for a hydrogen maser) . It is worth
noting that for most binary stars the revolution fre-
quency is known to 8 figures, and the effect of gravi-
tational radiation appears, as is seen from the table,
already in the 9th to 10th figure. Thus a possible
crucial experiment, which could confirm the existence
of gravitational radiation, would be to observe, over an
extensive period, the change in the period of revolution
of "sui table" binary stars. The change in the period
can be affected also by other phenomena ( e.g., the
ejection of substantial amounts of matter from one of
the components and this makes it difficult to observe
the effect by itself. The number of binary stars for
which the variation of the revolution frequency due to
the emission of gravitational waves can be detected
in principle by using modern frequency standards is
considerable. The figure shows a histogram of the
known eclipsing stars as a function of the expected
change Aw/u in the angular velocity during r = 3
x 108 sec. In compiling this histogram data on m1 (

m2 and T r e v were taken from Kopal's catalogue'-4-'.
The histogram shows that 8 variable stars should
change their revolution frequency by more than one
part in 109, and 48 by more than one part in 1011. One
should draw attention to one interesting fact: In com-
piling Table I one had to select double stars with rela-
tively high m and low T r e v . It turned out that
amongst the known double stars there are none for
which the mass of the components is of the order of a
few solar masses and the period of revolution less
than, or equal to, that of WZ Sagittae ( 81 minutes).

Table I

Star

UV Leo
V Pup
i Boo

YY Eri
SW Lac
WZ Sgo

rrev, days

0.60
1,45
0.268
0.321
0.321
81 min

r

1.
1.
1,
0.
0.
0

36
66
35
76
97
.6

r

1.
9.
0.

"2

25
8
68

0.50
0.
0.

83
03

2

1
3
1
2

L,

.1-
_2-
8-

.3-

.3-
3-

cm

1020
№ 1

1()19

1020

1020

1020

erg/sec

1.8-

4-

1.9-

2.6-

1.1-

3.5-

1()31

1031

1030

1029

1030

1029

At,
erg/cm 2sec

3.3-10-12

2.3-10-12

1.1-10-10

1.3-10-12

1.7-10-12

3-10-13

A(0 |

3.2

1.4

1.9

5.1

•lOSsec

-10-10

-10-10

•10-9

• 10-10

9.5-10-10

4- 1 0 - 9
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Number

1O -

10" 10" wa 4o>

I f s u c h d o u b l e s t a r s e x i s t e d , t h e i r l i f e a s d o u b l e s t a r s

w o u l d b e r e l a t i v e l y s h o r t b e c a u s e o f t h e e n e r g y l o s s

b y g r a v i t a t i o n a l r a d i a t i o n . F o r t h e " e x c e p t i o n a l "

d o u b l e s t a r W Z S a g i t t a e t h e h y p o t h e t i c a l l i f e t i m e

w o u l d b e o f t h e o r d e r o f 1 0 0 m i l l i o n y e a r s ' - 6 ^ . T h u s

t h e a b s e n c e o f k n o w n d o u b l e s t a r s w i t h l a r g e v a l u e s

o f AU)/OJ m a y b e r e g a r d e d a s a s o m e w h a t i n d i r e c t

c o n f i r m a t i o n o f t h e e x i s t e n c e o f g r a v i t a t i o n a l r a d i a t i o n .

( b ) H y p o t h e t i c a l S o u r c e s o f G r a v i t a t i o n a l R a d i a t i o n .

P h e n o m e n a a s s o c i a t e d w i t h t h e a s y m m e t r i c a l c o l -

l a p s e o f s t a r s m a y p r o d u c e v e r y p o w e r f u l g r a v i t a t i o n a l

r a d i a t i o n . I t w a s s h o w n b y Y a . B . Z e l ' d o v i c h a n d I . D .

N o v i k o v ' - 9 - ' t h a t w h e n a b o d y o f m a s s m f a l l s o n a

s p h e r i c a l l y s y m m e t r i c a l c o n t r a c t i n g s t a r o f m a s s M

w i t h a r a d i u s c l o s e t o t h e g r a v i t a t i o n a l r a d i u s

r g = 2 k M / c 2 , a f e w p e r c e n t o f t h e e n e r g y m e 2 w i l l b e

c o n v e r t e d i n t o a p u l s e o f g r a v i t a t i o n a l r a d i a t i o n , p r o -

v i d e d m ~ M . T h e g r a v i t a t i o n a l w a v e e m i t t e d w h e n

m a s s m m o v e s i n t h e d i r e c t i o n o f t h e r a d i u s o f M

c o n s i s t s o f a s i n g l e p u l s e o f d u r a t i o n A r ~ r g / c ,

w h e r e a s a c o n t i n u i n g m o t i o n i n a n o r b i t w i t h a r a d i u s

c o m p a r a b l e t o r g g i v e s r i s e t o a s u c c e s s i o n o f s u c h

p u l s e s . E a c h s u c h p u l s e c o n t a i n s a n e n e r g y o f t h e

o r d e r o f a m 2 c 2 / M , w h e r e a ~ 0 . 0 1 - 0 . 1 . I t i s i n t e r -

e s t i n g t h a t t h e t o t a l a m o u n t o f e n e r g y e m i t t e d i n t h e

f o r m o f g r a v i t a t i o n a l w a v e s i n f i n i t e m o t i o n o f a m a s s

m i n t h e n e i g h b o r h o o d o f a s t a r M d o e s n o t d e p e n d o n

t h e m a s s r a t i o m / M . I f s u c h a s o u r c e i s p l a c e d a t a

d i s t a n c e L = 5 0 0 m e g a p a r s e c f r o m t h e s o l a r s y s t e m

a n d i f m Q a n d M = 1 0 3 m Q , t h e n t h e e x p e c t e d e n e r g y

f l u x a t t h e e a r t h i s

t •• = 0 , 7 e r g / c m 2 s e c , ( 7 )

i f w e a s s u m e / 3 = 1 0 2 . I n t h i s c a s e t h e d o m i n a n t p a r t

o f t h e s p e c t r u m o f t h e r a d i a t i o n s h o u l d l i e n e a r t h e

f r e q u e n c y f ~ c / r g = 1 0 c p s . H o w e v e r , w e d o n o t

k n o w h o w o f t e n s u c h p r o c e s s e s t a k e p l a c e , a n d t h e r e -

f o r e , i f o n e c o n s t r u c t s a r e c e i v e r w i t h t h e o b j e c t o f

d e t e c t i n g t h e r a d i a t i o n f r o m s u c h s o u r c e s , o n e w o u l d

h a v e t o c a r r y o u t o b s e r v a t i o n s o v e r a l o n g p e r i o d o f

t i m e . I n a s y m m e t r i c a l c o l l a p s e o f a s t a r , i n t e n s e

g r a v i t a t i o n a l r a d i a t i o n c a n b e p r o d u c e d b y a d i f f e r e n t

m e c h a n i s m ( r o t a t i o n o r v i b r a t i o n o f t h e s t a r ) . A c -

c o r d i n g t o t h e e s t i m a t e s o f I . S . S h k l o v s k i i a n d N . S .

K a r d a s h e v ^ - 1 0 ^ , b a s e d o n c e r t a i n m o d e l a s s u m p t i o n s

a b o u t t h e a s y m m e t r i c a l c o l l a p s e o f a s t a r o f a m a s s

M = 1 0 4 1 , t h e p o w e r o f g r a v i t a t i o n a l r a d i a t i o n s h o u l d

r e a c h ~ 1 0 5 4 - 1 0 5 8 e r g / s e c . I f s u c h a s o u r c e i s l o -

c a t e d a t a d i s t a n c e o f 5 0 0 m e g a p a r s e c o n e m a y e x p e c t

a t t h e e a r t h a f l u x o f g r a v i t a t i o n a l r a d i a t i o n o f

t » 1 0 " 1 — 1 0 3 e r g / c m 2 s e c a t a f r e q u e n c y a r o u n d

f ~ 1 0 4 c p s .

I f t h e r e e x i s t t h e s o - c a l l e d n e u t r o n s t a r s ' - 1 J ,

w h i c h w o u l d h a v e r e l a t i v e l y l a r g e m a s s e s ( m ~ 0 . 5 m Q )

a n d s m a l l d i m e n s i o n s ( R ~ 1 6 k m ) , t h e n d o u b l e n e u -

t r o n s t a r s w o u l d a l s o b e p o w e r f u l s o u r c e s o f g r a v i -

t a t i o n a l r a d i a t i o n . D y s o n ' - 1 1 - ' e s t i m a t e s t h a t a d o u b l e

n e u t r o n s t a r s h o u l d e m i t , t w o s e c o n d s p r i o r t o t h e

f u s i o n o f i t s c o m p o n e n t s , a f l u x o f g r a v i t a t i o n a l r a d i a -

t i o n o f a b o u t 1 O 5 2 e r g / c m 2 s e c w i t h a f r e q u e n c y o f a b o u t

1 0 3 c p s . I f t h e r e w a s s u c h a s o u r c e a t a d i s t a n c e o f

3 0 0 k i l o p a r s e c f r o m t h e e a r t h , t h e e x p e c t e d e n e r g y

f l u x w o u l d b e a b o u t 1 0 3 e r g / c m 2 s e c . F o r t h e s o u r c e s

l i s t e d a b o v e , t h e g r a v i t a t i o n a l r a d i a t i o n i s a m e c h a -

n i s m f o r d i s s i p a t i n g e n e r g y , a n d n o t f o r t h e t r a n s f e r

o f e n e r g y f r o m o n e p a r t o f t h e i n t e r a c t i n g s y s t e m t o

a n o t h e r . L 1 3 ^ W e n o t e t h a t t h e s e h y p o t h e t i c a l s o u r c e s

o f g r a v i t a t i o n a l r a d i a t i o n a r e t r a n s i e n t ; a l t h o u g h t h e y

s h o u l d p r o d u c e , d u r i n g a s h o r t t i m e i n t e r v a l , a c o n -

s i d e r a b l y m o r e i n t e n s e g r a v i t a t i o n a l r a d i a t i o n t h a n

t h e k n o w n d o u b l e s t a r s , a n e s t i m a t e o f t h e f r e q u e n c y

o f o c c u r r e n c e o f s u c h s o u r c e s i s r e q u i r e d b e f o r e s e t -

t i n g u p a n e x p e r i m e n t b a s e d o n t h i s i d e a . S u c h e s t i -

m a t e s h a v e n o t y e t b e e n w o r k e d o u t .

( c ) H i g h - f r e q u e n c y G r a v i t a t i o n a l R a d i a t i o n

o f E x t r a t e r r e s t r i a l O r i g i n .

A p o s s i b l e s o u r c e o f g r a v i t a t i o n a l r a d i a t i o n o f h i g h

f r e q u e n c y i s t h e t h e r m a l m o t i o n o f m a t t e r . A c c o r d i n g

t o a n e s t i m a t e b y V . I . M i r o n o v s k i i ^ t h e d o m i n a n t

p a r t o f t h e g r a v i t a t i o n a l r a d i a t i o n o f t h e s u n i s d u e t o

( g r a v i t a t i o n a l ) b r e m s s t r a h l u n g i n t h e C o u l o m b s c a t -

t e r i n g o f e l e c t r o n s , a n d t h i s i s o f t h e o r d e r o f m a g n i -

t u d e o f 1 0 1 5 e r g / s e c . A f l u x o f t h i s m a g n i t u d e r e p r e -

s e n t s a f e w g r a v i t o n s ( w i t h f r e q u e n c i e s i n a b o u t t h e

o p t i c a l r e g i o n ) i n c i d e n t o n o n e s q u a r e m e t e r o f t h e

s u r f a c e o f t h e e a r t h i n e a c h s e c o n d .

I f o n e f o l l o w s t h e h y p o t h e s i s o f t h e m u t u a l c o n v e r -

s i o n o f e n e r g y b e t w e e n o r d i n a r y m a t t e r a n d g r a v i t a -

t i o n ( D . D . I v a n e n k o a n d A . A . S o k o l o v ^ 1 4 ^ ) o n e c a n

e s t i m a t e t h e r e a c t i o n c r o s s s e c t i o n f o r t h e g r a v i t a -

t i o n a l t r a n s m u t a t i o n o f f e r m i o n s ' - 1 5 " 2 1 - ' . H o w e v e r , t h e

c r o s s s e c t i o n s f o r s u c h r e a c t i o n s a r e o f a n e x t r e m e l y

s m a l l m a g n i t u d e : a c c o r d i n g t o a n e s t i m a t e b y G . M .

G a n d e l ' m a n a n d V . S . P i n a e v ^ 4 8 ^ , t h e g r a v i t a t i o n a l

r a d i a t i o n i n t h e C o u l o m b s c a t t e r i n g o f e l e c t r o n s i s b y

t e n o r d e r s o f m a g n i t u d e l e s s t h a n t h e n e u t r i n o e m i s -
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sion. Naturally, therefore, no real experiments
based on this kind of transmutation have so far been
discussed.

We should mention one more mechanism which
could lead to gravitational radiation of high frequency.
In the propagation of electromagnetic waves through
a constant electric or magnetic field, the components
of the energy momentum tensor will vary with the
frequency of the electromagnetic wave, and should,
according to Eq. (1), give rise to gravitational radia-
tion of the same frequency.'-22^' Moreover, since the
velocity of propagation of the two waves is the same,
there should be a resonance between the electromag-
netic and gravitational waves. In the absence of the
constant field no gravitational waves should be
emitted. The conversion efficiency can be charac-
terized by the ratio of the amplitude a (x) of the
gravitational wave to that of the electromagnetic wave
b ( x ) . If one assumes plane waves traveling in the x
direction and interacting during a time T, one finds'-22-'
that

TTTffi- a*-£«-(F0)x> (8)
6 (0) Jt(> \°t

where F° is the intensity of the constant field. As-
suming F° = 10"5 Oe and T = 3 x 108 sec, and taking
the total transit time of the electromagnetic radiation
from its distant cosmic source to be 107 years, we
find

«(*)
6(0)

10"".

It is essential that this does not represent a " red
shift" of all photons in the electromagnetic wave,
but a conversion of photons into gravitons.15^

(d) Possible Terrestr ial Sources of
Gravitational Radiation.

In terrestr ial conditions it seems very difficult to
make sources of gravitational radiation which could
give fluxes comparable with those expected from the
relatively low-frequency sources described above
(transient processes in the collapse of stars and
radiation from double s ta r s ) . For example, if we
rotate a 104-gram mass with a speed at which the
centrifugal tension approaches the short-term
strength of high-quality steel, the greatest power of
gravitational radiation obtainable at optimum rotor
shape is about 10"30 erg/sec (about 10 gravitons a
year) .

Mechanical vibrations in solid bodies also produce
gravitational radiation. The sustained vibration of a
specimen in its fundamental mode produces gravita-
tional radiation of a power which can be calculated
from the expression

formations ( cf. L 2 3 J ) . In (9) /z is the density of matter
in the specimen, S its cross section, | the amplitude
of the relative elongation, and v the velocity of the
longitudinal waves in the specimen. According to
estimates by Weber'-23^ one could, with the optimum
choice of y., S and £, expect gravitational radiation of
a power of 10~13 erg/sec, but the excitation of such vi-
brations would require a power of ~ 108 watt.

In explosions one may also expect a pulse of grav-
itational radiation. Schiicking ( cf. the table in
Wheeler's book'-24-') estimated that in the explosion
of a uranium bomb (17 kilotons) the radiated power
amounts to ~ 10~4 erg/sec over T ~ 10"8 sec.

The conclusion from these estimates for various
kinds of sources of gravitational radiation would seem
to be that one should give preference to experiments
with extra-terrestrial sources. However, as will be
shown below, there is no obstacle of principle against
experiments with terrestr ial sources.

3. DETECTORS FOR GRAVITATIONAL RADIATION

(a) Conditions for the Design of a Detector.

As was pointed out earlier, detectors for gravita-
tional radiation, like the sources, must be of the
quadrupole type. In other words, the design of an ex-
periment to detect gravitational radiation requires at
least two test masses. Since they have identical spec"
ific gravitational charges (identical ratios of gravita-
tional to inertial mass) a relative motion of the
masses will result only from the gradient of the field.
The difference of the forces acting on the two masses
in the field of a gravitational wave is

t23)46^

Fe£v^-mcW%aOla, (10)

if the distance la between the masses is small com-
pared to the wavelength and their velocities are not
too high (v « c) . In Eq. (10) m is the mass of each
test body, and R^ a 0 a component of the Riemann cur-
vature tensor. In electrodynamics the difference be-
tween the forces acting on two equal electric charges
q, placed at a distance I from each other, is

(11)

dx 15c5 '
which can be obtained from (2) by elementary t rans-

The expressions (10) and (11) are similar; the quan-
tity R^ a 0 is the equivalent of the gradient of the field
intensity.

If we could carry out a measurement of an electro-
magnetic wave E = Eo sin (UQT - kx) by means of
two similar electric charges (with the same ratio
q /mi n ) , using the difference in the forces F e ; acting
on the two charges, then from the knowledge of the
frequency wo, the charge q, and the distance I, we
could easily compute the flux of electromagnetic r a -
diation to which these charges are exposed. For this
purpose we must insert the value for Fe from (11) in
the expression for the Poynting vector
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S = c ( 4 i t r ' E x H , using the fact that
E = Eo sin( CJOT - kx). We then find for the energy
flux in the sinusoidal electromagnetic wave

(12)

which applies if I « A. and the charges are moving
with small velocity.

By extending the same argument to the case of a
gravitational wave of energy flux t, we arrive at the
analogous expression

t >=» o , . . . „ , „ . . o • ( 1 3 )

E q u a t i o n ( 1 3 ) , l i k e ( 1 2 ) , w a s d e r i v e d f o r a s i n u s o i d a l

w a v e . B y c o m p a r i n g ( 1 2 ) a n d ( 1 3 ) w e s e e t h a t ( a p a r t

f r o m a n u m e r i c a l f a c t o r ) t h e y c o i n c i d e i f w e r e p l a c e

k 1 / / 2 m b y q , a s i n t h e c a s e o f e m i s s i o n .

T h u s a n y p a i r o f t e s t m a s s e s c a n " r e c e i v e " g r a v i -

t a t i o n a l r a d i a t i o n i f t h e r e i s s o m e d e v i c e f o r d e t e c t i n g

t h e s m a l l d i f f e r e n c e b e t w e e n t h e f o r c e s a c t i n g o n

t h e s e m a s s e s w h e n t h e y a r e e x p o s e d t o t h e f i e l d o f a

g r a v i t a t i o n a l w a v e . S u c h a p a i r m a y c o n s i s t o f t h e

e a r t h a n d a s a t e l l i t e , t h e e a r t h a n d a s t a r , t w o p l a n e t s ,

t w o t e s t m a s s e s i n t h e l a b o r a t o r y , a n d a n e x t e n d e d

r i g i d b o d y i n w h i c h t h e g r a v i t a t i o n a l w a v e e x c i t e s

m e c h a n i c a l v i b r a t i o n s . S u c h a r e c e i v e r , l i k e a n e l e c -

t r i c q u a d r u p o l e , h a s a d i r e c t i v i t y p a t t e r n ( c f . ^ 2 5 ^ ) .

T h e d e s i g n o f a n e x p e r i m e n t t o d e t e c t g r a v i t a t i o n a l

r a d i a t i o n m u s t e v i d e n t l y b e d i s c u s s e d f r o m t w o p o i n t s

o f v i e w . F i r s t l y o n e m u s t d i s c u s s t h e a r r a n g e m e n t o f

t h e t e s t m a s s e s f o r a n e x p e r i m e n t i n l a b o r a t o r y c o n -

d i t i o n s . S e c o n d l y o n e h a s t o f i n d o u t b y w h a t m e t h o d

t o m e a s u r e t h e s m a l l r e l a t i v e d i s p l a c e m e n t o f t h e

m a s s p r o b e s c a u s e d b y F ^ r a v ( " i n s t r u m e n t a l "

l i m i t a t i o n s ) .

C o n s i d e r t h e f i r s t q u e s t i o n . I f w e h a v e a t o u r d i s -

p o s a l a n o s c i l l a t o r c o n s i s t i n g o f t w o e q u a l p o i n t

m a s s e s m , c o n n e c t e d w i t h e a c h o t h e r b y a n e l e m e n t

o f s t i f f n e s s K a n d a n e l e m e n t w i t h d a m p i n g c o n s t a n t

H , t h e e q u a t i o n o f m o t i o n f o r t h e r e l a t i v e d i s p l a c e m e n t

o f t h e m a s s e s u n d e r t h e i n f l u e n c e o f g r a v i t a t i o n a l r a -

d i a t i o n h a s t h e f o r m

~ — T i l C jtlQaQl ~f- t ft ,\i-^)
dx* ^ dX ' b g r

w h e r e F ^ i s t h e r e s u l t a n t o f a l l f l u c t u a t i n g f o r c e s

a c t i n g o n t h e t e s t m a s s e s . T h e c o n d i t i o n f o r F & r a v

t o b e o b s e r v a b l e a g a i n s t t h e b a c k g r o u n d o f F ^ i s

k n o w n i n t h e c a s e o f e q u i l i b r i u m t h e r m a l f l u c t u a t i o n s :

i t i s n e c e s s a r y t h a t

F * r a v > B ~Y~F\x = B y i v T H l S j . ( 1 5 )

I n E q . ( 1 5 ) B i s a n u m e r i c a l f a c t o r o f t h e o r d e r o f a

f e w u n i t s , w h i c h d e p e n d s o n t h e c h o s e n c o n f i d e n c e

l e v e l f o r t h e d e t e c t i o n , K i s B o l t z m a n n ' s c o n s t a n t , T

t h e t e m p e r a t u r e , a n d A f t h e f r e q u e n c y i n t e r v a l t o

w h i c h o n e c a n r e s t r i c t t h e o b s e r v a t i o n o f t h e r e l a t i v e

m o t i o n o f t h e m a s s e s . F o r t h i s r e a s o n t h e a v a i l a b i l i t y

o f a d v a n c e i n f o r m a t i o n a b o u t t h e f r e q u e n c y s p e c t r u m

plays an important part. For example, in carrying
out the coherent detection of a " p u r e " sinusoidal
wave Af = 1/T, where T is the duration of the meas-
urement; in this case T may amount to several days,
( cf. e.g. the conditions of the experiment in1-26^ ) so
that Af may be as small as 1CT5 - 10~6 cps. In cases
in which Af « fav» the experiment may be continued
for a considerable time T, and then Af in (15) has to
be replaced by (Af/f )x/2. In this case one also has to
change the factor B slightly (for details cf.̂ 27^ ).

Thus, prior information about the spectrum of the
gravitational radiation which is to be detected plays
an important part in determining the magnitude of the
lower limits on F ^ r a v and t, but evidently the value
of Af in (15) (of the order of 10~5 - 10"* cps) is a
limiting factor for a real experiment. In a t e r r e s -
trial laboratory experiment it would seem unrealistic
to think of an experiment with relatively large macro-
scopic masses at temperatures below 4°K. Therefore
any substantial gain in the theoretically attainable
sensitivity of a quadrupole detector of gravitational
radiation can come only from a reduction in H, the
damping in the connection between the two trial
masses. We note an important point: reducing H
means reducing the fluctuating forces of other than
gravitational origin; therefore the limiting sensitivity
of possible detectors depends on the standard of ex-
perimental skill which, for the present problem,
amounts to the extent to which one succeeds in r e -
ducing the quantity H in the conditions of the
experiment.

In order to give an idea what fluxes of gravitational
radiation can in principle be detected in terms of
specific experiments, we list a few values of t on the
assumption that the fluctuating forces acting on the
test masses are caused only by exposure to hydrogen
vapor at helium temperatures (p = 10"10 mm, T = 4°K)*.

According to Eq. (13), the smallest detectable t
depends on the mass m of the test bodies, the distance
I between them, and the frequency of the gravitational
radiation which is to be detected. We have therefore
listed in Table II a number of values of t for different
m, I, u>, and Af. In calculating these values, it was
assumed that F ^ r a y = ( F^) 1 / 2 (for details see [29'30] ).

We see from the table that for a frequency
CJ = 2.5 x 10~3 radians/sec (corresponding approxi-
mately to the frequency of emission from WZ Sagittae),
under the conditions indicated in the table, the flux t
which could in principle be observed is less than the
predicted value of t for a star of type WU Ma
(t ~ 10"9 erg/cm2 sec, see above). For a frequency
oj of 2TT x 102 radians/sec the estimate for the ideal
lower limit of detection is t = 2 x 1(T15 erg/cm2 sec,
fairly close to the power level (N ~ 10"13 erg/sec)
of the emitter proposed by Weber[23^. Thus, at least

*Data on hydrogen at such temperatures and pressures may be
found in[28].
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in pr inc ip le , the proposed combination of expe r imen-
tal " t r a n s m i t t e r " and " r e c e i v e r " is feas ible .

Conditions in which the fluctuating forces which
act on the two tes t m a s s e s would be due only to the
p r e s s u r e of a dilute gas could be mos t easi ly achieved
in f ree fall. Such an exper iment could be designed
even in t e r r e s t r i a l conditions by using so-ca l led m a g -
net ic suspensions, '-3 1 '3 2^ which have a l ready been used
to " s u s p e n d " m a s s e s of 25 kg in vacuo without m e c h -
anical contact . For a ro ta ry motion of the suspended
m a s s e s such a sys t em introduces only an ex t remely
weak damping.'-32-'

The es t ima tes of the quantity t w e r e based on the
assumpt ion that the only forces acting on the t e s t
m a s s e s were mechanical fluctuating forces . It is
easy to e s t ima te fluctuating in teract ions of o ther kinds,
in p a r t i c u l a r fluctuations of the e lec t romagnet ic field
and forces due to fluctuations of the gravi ta t ional p o -
tent ia l . The l a t t e r de t e rmine a lower bound for the
values of F ^ r a v and t which a r e in pr inc ip le o b s e r v -
able . Es t ima tes show, however, that these two kinds
of fluctuations produce forces which a r e substantial ly
less than those due to fluctuations in gas p r e s s u r e ,
even for p = 1(T10 m m and T = 4°K ( Fo r deta i ls s e e
[29,30] ^ j n ^ n e t e r r n i n o i o g y used for e lec t romagnet ic
de tec to r s , the noise f igure of a gravi ta t ional r e c e i v e r
will be much g r e a t e r than unity, even in the conditions
we have descr ibed . We note one in teres t ing point. If
one d e c r e a s e s the damping constant H, the t ime con-
s tant T* = m / H of the osc i l l a to r becomes l a r g e r *
than the t ime f that can reasonably be used for the
exper iment ( f ~ 105 - 106 s e c ) . This s i tuat ion r e -
q u i r e s a somewhat unusual s ta t i s t ica l method for
separa t ing a weak signal from the noise'-3 3^, s ince
usually f » T*. It then t u rn s out that if the t e s t
m a s s e s a r e subject to a very weak damping force H,
then the l e s s H (or the longer T * ) , the sma l l e r the
minimum power N t which can be ext rac ted from, or
added to, the energy of the probes'-3 3- ' :

, , CxT

Table II

Vi
if T*»T. (16)

The factor C in Eq. (16) has the s a m e meaning as B
in (15). This express ion for Nj differs from the w e l l -
known express ion for the s m a l l e s t observable power
in the coherent recept ion of a s inusoidal signal against
a background of t he rma l noise in equil ibr ium,

N2 = c ~ , (17)
T

which applies if f » r * . If the damping of the sys tem
is so sma l l that T* » T, one can c lear ly , for given f,
de tec t with cer ta in ty a much weaker signal [ according
to Eq. (16) ] than is usually believed. The express ion
(16) cease s to apply when Rw « Njf = C K T ( T /T*).

tf erg/cm2sec

m, grams

(o, radians/sec

/, cm
Af, cps

F£rav dy"es

hi, cm

2-10-s

10*

2H-10+2

102
1

2-10-n
5-10-24

1.5-10-1°

2-105

2.5-10-3

10̂
10-6

1.4-10-1'

1.2-10-1'

2-10-15

10*

2rt-102

103
10-5

6-10-1'
1,5-10-26

These considerat ions about the weakest forces and
powers that can, in pr inciple , be observed in e x p e r i -
ments with t e s t m a s s e s , may, in our point of view,
a lso be of in t e res t for non-gravi ta t ional exper iments
with t e s t bodies.

(e) " I n s t r u m e n t a l " Limita t ions .

In the preceding sect ion we formulated the condi-
tions in which we have to a r r a n g e two tes t m a s s e s if
we want to detect gravi tat ional radiat ion by means of
the i r re la t ive motion. However, the implementat ion
of these conditions r equ i r e s appara tus for the m e a s -
u remen t of ext remely smal l mechanical d i sp lacements .
Table II l i s t s the amplitude of l inear d isp lacement of
the tes t m a s s e s for th ree cases of de tec to r s* . At
p re sen t t he r e exist radio -frequency'-26^' and optical'-34-'
methods for measur ing the ampli tude of mechanical
vibrat ions in a nar row frequency band to Al ( T)
~ 10"11 - 10~12 cm. However, this e s t ima te should
not be r ega rded a s the at tainable l imit .

It is easy to show that the l imiting sensi t ivi ty of
the usual capaci tance gauges depends on the natural
line width of the radio-frequency gene ra to r used.

A capaci tance gauge for measur ing mechanical d i s -
p lacements cons is t s of an e lec t r i c c i rcui t in which a
radio-frequency genera to r exci tes e l ec t r i c osc i l la t ions .
A change in the spacing d between the p la tes of a
capaci tor which forms p a r t of the c i rcu i t causes a
change in the resonance frequency of the circui t , and
consequently in the voltage ampli tude of the c i rcui t ,
which can be measured with the aid of a p rec i s ion
amplif ier . In o r d e r for the change AI(T) in the s p a c -
ing of the p la tes to be measurab le , it is n e c e s s a r y
that the resu l t ing frequency shift <5f of the c i rcu i t be
g r e a t e r than the effect of fluctuations on the frequency
of the genera to r :

(18)

In this express ion W(f ) is the spec t r a l density of the
frequency deviations of the genera to r , №,36] ̂  a n c j ^
the width of the frequency band for AZ ( T ) . Assuming

*In the magnetic suspension of Beams[32] a rotor of 13 kg mass
lost only 10 rpm per day, at an angular velocity of -%. 25,000 rpm;
this corresponds to r* -%, 10s sec.

*The values of A/(r) ~ 10"17 cm or less quoted in Table II re-
present the Fourier components of the center of mass of the test
bodies, over a narrow frequency interval, caused by thermal
fluctuations in the cases listed in the table (F"grav =
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that the line width of the generator is determined
purely by the shot effect, and using the well-known
analytic expression for W(f)'-3e^, one can estimate
the smallest detectable AZ ( r ) :

M (t) = (19)

In Eq. (19) e is the electron charge, Io the mean cur-
rent in the generator tube, r the effective resistance
in the generator resonant circuit, N the power, and
P a compensation coefficient, which may be of the
order of IO"3 - 10~4. If we take in (19) Io = 10"4 A,
r = IO"3 £2 ( achievable in superconducting circuits at
helium temperatures), and N = IO"4 W, then AZ ( r)
= (IO"16 - IO"17) (Af)1/2 cm. Apparatus capable of
detecting such mechanical displacements has not yet
been made. The estimate of the observable AZ ( r)
which we have obtained shows that there still exists
a large " r e s e r v e " of sensitivity for the radio-
frequency measurements of small mechanical vibra-
tions. Obviously it would not be right to express in
advance preference for capacitance gauges for ob-
serving the small relative displacement of the test
masses. It may well be that an improvement in inter-
ferometric measuring techniques for small displace-
ments could give comparable results.'-38-'

As noted in the preceding section, we could use as
test masses the earth and a satellite, two satellites,
two planets, or the earth and a star. This would prob-
ably be particularly appropriate for detecting gravita-
tional radiation of extra-terrestr ial origin and of ex-
tremely low frequency (one may then select an Z ~ \
whereas on the earth Z « A.). Such " t e s t " bodies are
in a very suitable state for the reception of gravita-
tional waves (from the point of view of the considera-
tions set out above). However, the radio-frequency
and optical techniques available at present for meas-
uring displacements are in this case much worse than
those available in terrestr ial laboratory conditions.
Equation (13), which gives the energy flux t in a grav-
itational wave resulting from the difference between
the forces F ^ r a y acting on two test masses, gives

for two " f r e e " masses the result

(20)

where AZ is the amplitude the variation in the distance
between the masses caused by the forces F ^ r a y . The

estimates given in this section show that in terrestr ial
conditions we can at present count on reaching AZ/Z
~ 10"15 - 10"16 ( assuming I = IO3 cm) and one can
consider experiments based on
AZ/Z ~ ( 10"19 - 10"20) (Af)1/2. By means of optical
measurements of the relative motion of stars we
might, on the other hand, obtain AZ/Z > 10"8 ^39^.
Radar methods for measuring the distances of planets
would give about the same relative accuracy.'-37-' The
use of radio interference techniques for this purpose
has not yet been discussed. For the present, there-

fore, one should probably give preference to t e r r e s -
trial detectors for gravitational radiation.

(c) Radiation Detectors with Extended Masses.

In the preceding two sections we have discussed
the conditions for the detection of weak fluxes of
gravitational radiation by means of localized test
masses, and the difficulties in the way of measuring
small displacements of such masses. These difficul-
ties are greatly reduced if one uses extended masses.

As we remarked in Sec. (a), we can use as a de-
tector for gravitational radiation an extended solid
body, in which a gravitational wave excites mechanical
vibrations according to Eq. (10). We can then use the
piezoelectric effect to detect F ^ r a y . Weber[23'40^

estimates that such observations of the mechanical
s t resses near the lowest mechanical mode ( about
103 cps) of a duraluminum rod 1.5 m long and with a
mass of 1 ton, at a temperature of 4°K and f = 1 sec,
should permit the detection of gravitational radiation
at a flux of t ~ 102 - 103 erg/cm2 sec. With coherent
reception and an excitation time r = 107 sec the cor-
responding limit is t = 10"3 — 10"4 erg/cm2 sec. A
full description of an experiment of this kind, which is
at present being set up in the University of Maryland,
can be found in ^25^. Such receiving equipment will be
capable of detecting gravitational radiation of extra-
terrestr ial origin from hypothetical sources of sev-
eral of the types listed in Ch. 1 above. In the event of
a negative result one can set a limit to the rate of
occurrence of powerful pulses of gravitational radia-
tion (processes occurring in the collapse of stars , or
radiation from nearby neutron stars). The limiting
sensitivity in an experiment using this principle is
determined by the large value of the internal friction
H of the material of the rod; an increased sensitivity
can apparently be achieved only through an increase
in the scale of the experiment. If it is intended to de-
tect high-frequency gravitational radiation by means
of extended test bodies, it would seem appropriate to
make use of phonon counters'-41"43-'. It is important
that for bodies of small dimensions one can reach
temperatures below 4°K. According to estimates^42^
of the performance of such receivers one can expect
to measure AZ/Z ~ IO"25. We should note that no est i-
mate has yet been made of the intensity of gravitational
waves which could be detected with the aid of phonon
counters.

4. UPPER BOUND TO THE DENSITY OF GRAVI-
TATIONAL RADIATION OF EXTRA-
TERRESTRIAL ORIGIN

One can obtain an upper bound on the density of
gravitational radiation of extra-terrestrial origin
from the known experimental data on the rate of ex-
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pansion of the universe. This quantity may
of the order of 103 - 102 erg/cm2 sec.

Dirac ( cf. -̂23^ ) has suggested that certain as t ro-
nomical anomalies may be caused by gravitational
radiation. Weber'-23-' estimates that the known anom-
alies in the rotation of the earth could be caused by a
flux of gravitational radiation of t ~ 5
x 10~8 erg/cm2 sec. If one follows this suggestion one
can deduce from the known data on the relative veloc-
ities of stars (allowing for the known accuracy in the
astronomical observations of the radial and tangential
velocities of s tars) an upper bound on the energy
flux of gravitational radiation of very low frequency.
Such estimates, which are derived easily from Eq. (20),
give for w = 2 x 10~7 and 2 x 10"8 radians/sec,
8 x 107 and 8 x 105 erg/cm2 sec, respectively. The
earth may be regarded as an extended body and as
such can also serve as a receiver for gravitational
radiation. If the low-frequency seismic oscillations
in a "quiescent" state of the earth are due to gravi-
tational radiation1-47^ this would require a spectral
density of the energy flux of gravitational radiation
near the resonance frequencies of about
108 erg/cm2 sec/radians • sec"1.

Since the lowest-frequency modes of the earth
which could be excited by gravitational radiation have
periods of about 54 minutes, and the q value for these
modes is about 400, the flux of gravitational radiation
which could excite the observed vibrations of the earth
with period of about 54 minutes should amount to about
t ~ 102 erg/cm2 sec.

CONCLUSION

In summarizing the considerations presented in
this article about the possible sources of gravitational
radiation and the requirements for making detectors,
we have to remark that the art of experimentation in
this field has not yet reached a sufficiently high level.
In the region of low frequencies there seems to be no
fundamental limitation which would prevent the detec-
tion of gravitational radiation from known sources. In
terrestr ial conditions it is much more difficult to con-
struct a system of transmitter and receiver, than to
detect gravitational radiation of extra-terrestrial
origin.

The relations and estimates used in this review
follow from the theory of gravitation which is found
in most monographs and textbooks and which in e s -
sence is generally accepted, at least for low-frequency
("class ica l") processes. There exists, however, a
point of view according to which gravitational waves
could not carry energy. The problem of quantization
of the gravitational field and the related question of
the possibility of observing gravitational quanta, or
gravitons, are often regarded as controversial.
Therefore it would be highly desirable to see such
experiments performed successfully both for low and
for high frequencies. We note that the discovery of

the existence of gravitational radiation would con-
stitute yet another confirmation of Einstein's general
theory of relativity. The discovery and study of
gravitational radiation of extra-terrestrial origin
would probably provide a new channel for astro-
physical information.
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