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Experimental investigations in gravitation and relativity theory are reviewed. The state of experiments
that test the equivalence principle, the basis of the relativistic theory of gravitation, is discussed. The
latest results of measurements of the classical effects of general relativity in the solar system are given
and promising programs of similar experiments in the near future are analyzed. The new possibilities for
testing gravitational theories provided by the discovery of the binary pulsar are described. Finally, the
problem of searching for bursts of gravitational radiation using terrestrial Weber type antennas is
discussed.
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INTRODUCTION

In this review, we describe the latest achievements in
the field of experimental investigation of relativistic
gravitational effects and also some promising programs
that may be carried out in the near future. The number
of laboratories devoting attention to this problem has
increased appreciably. To a considerable extent, this
has come about because of the remarkable astrophysieal
discoveries of recent years, since these have demon-
strated the increasing importance of relativity theory in
large-scale phenomena. However, the principal reason
for the increase is the very rapid development of radar
techniques in space, the increase in the number of
satellites for scientific research, the development of
more versatile atomic frequency standards, and so
forth. This rapid extension of the technological basis
has made possible experiments that would have seemed
an impossible dream 10 or 15 years ago. The techno-
logical development has been matched by a development
of the theory of gravitation and relativistic astrophys-
ics; in particular, there has been created the so-called
parametrized post-Newtonian formalism (PPN), which
makes it possible to analyze conveniently the results of
experiments in the framework of different gravitational
theories.

There are two characteristic directions for the con-
temporary gravitational experiments in the nonwave
zone. The first, which is associated with the names of
Eddington and Schiff, is directed toward the measure-
ment of the traditional and new relativistic effects in
order to calculate and make more precise the coeffi-
cients of the post-Newtonian expansion of the metric in
the first, second, and successively higher orders in the
weak-field parameter. This experimental determination
of the geometry of space with increasing accuracy must
make it possible to choose between competing variants
of metric theories of gravitation. The second direction,
which is sometimes known as the Dicke program, con-
sists of devising and carrying out experiments that, a
priori, are not associated with a definite theory but
rather verify the basic postulates on which our notions
about gravitation are based. Such experiments include,
for example, verification of the equivalence principle,
attempts to detect time variations of the gravitational
constant, or local anisotropy of space, etc. The great-
er part of this review is devoted to a survey of the ex-
periments in these directions. A considerable number
of experiments has now been performed, but not even
the smallest deviations from the predictions of general
relativity in favor of the conclusions of any other theory
have been found. Despite this, there still remains an

893 Sov. Phys. Usp. 21(11), Nov. 1978 0038-5670/78/110893-25$01.10 © 1980 American Institute of Physics 893



open choice, at least until precise measurements can
be made in strong gravitational fields. First steps in
this direction have already been made through the ob-
servations of the binary pulsar.

Among gravitational experiments, particular impor-
tance attaches to the search for gravitational waves,
the detection of which would open up a new channel of
astrophysical information about the Universe. How-
ever, the restricted space available in this paper forces
us to restrict attention here to just the most topical
problem, namely, the construction of second-generation
gravitational antennas to replace the antennas operating
in the Weber series of measurements. The reader can
find a discussion of other questions in, for example,
the recent review of Grishchuk.81

1. EXPERIMENTAL VERIFICATION OF THE
EQUIVALENCE PRINCIPLE

Equality of the inertial tn( and gravitational mf mass
of bodies (or rather, a constant value of the ratio mjmi

for different bodies) is the experimentally verified es-
sence of the equivalence principle. In the exposition of
the theoretical basis of general relativity, the pre-
ferred formulation of the equivalence principle consists
of the postulation that there is local equivalence of a
gravitational field to an accelerated frame of reference.
This assertion contains the condition of equivalence of
the masses, so that the equation mt=mt is an empirical
basis of the equivalence principle (see the discussion in
Ref. 82a).

Einstein accorded the equivalence principle very
great importance as the foundation of general relativity:
"In my mind, my theory rests exclusively on this prin-
ciple".1 In a letter to Bergmann, he emphasized that it
is more important to test once more experimentally the
equivalence principle rather than the well-known conse-
quences of general relativity—the advance of Mercury's
perihelion or the deflection of a light ray in the field of
the Sun.

The situation as regards the experimental verification
of the equivalence principle as it stood in 1970 has been
described, for example, in the review of Ref. 2. At
that time, the greatest achievements were the experi-
ments of Dicke et al-,s in which the equivalence princi-
ple was confirmed with an accuracy ~10"u. In recent
years, further successful steps in this direction have
been made.

a) The Eotvds-Dicke experiments and weak interactions

In the first place, we must mention the important
laboratory experiment made by Braginskii and Panov
at the Moscow State University.4 This used Dicke's
method to measure the relative acceleration of platinum
and aluminum masses in the gravitational field g@

= 0.62 cm/sec2 of the Sun.

The masses were fixed on the yoke of a torsion pen-
dulum, and measurements were made of the amplitude
of oscillations of the pendulum with 24-h period; this
amplitude should be nonzero if the two masses have dif-
ferent accelerations toward the Sun. A detailed de-

scription of the experiment is contained in the book of
Ref. 5. Here we only wish to draw attention to the dif-
ference between it and Dicke's experiment.

The increase in sensitivity was achieved by using a
vibrational system (the torsional pendulum) with low
dissipation, which is equivalent to reducing the intensity
of the fluctuation force. The relaxation time was the
very long time T J S 6 χ 107 sec, i.e., more than two
years, and appreciably exceeded the time of the mea-
surements: f ~6 χ 10s sec~7 days (30 complete periods
of the pendulum). With such parameters, the gain in the
sensitivity for the measured variations of the vibration
amplitude is ^ T J / T ~ 1 0 compared with Dicke's appara-
tus.3 The absolute value of the minimal detected differ-
ence in the accelerations of the test masses toward the
Sun was not less than 1 χ 10"13 cm/sec2. The measured
amplitude of the angular vibrations at the 24-h harmonic
was (0.55 ±1.65) χ 10"7 rad, whereas a violation of the
equality of the ratios mjmi for platinum and aluminum
by one unit in the twelfth decimal place would lead to
vibrations with amplitude 1.8 χ 10"7 rad. This result
shows that the "mass ratios" for platinum and alumi-
num are equal to at least 1 χ 10'1 2.

A judgement on the physical significance of this result
entails establishing how completely the equivalence of
the inertial and gravitational properties of the total rest
energy of the investigated bodies has been proved. The
analysis in the well-known papers of Dicke6 and Schiff7

shows that verification of the equivalence principle for
the binding energy of the nucleons of the nuclei requires
an accuracy of the experiment at the level ~10"2 -10" 3 .
The contribution of the electromagnetic forces can be
tested in experiments whose accuracy is ~10"3-10"6.
Thus, both Dicke's results3 (and also the earlier work
of Eotvo's8) and the experiments at Moscow confirm the
validity of the equivalence principle for the energy of
the strong and electromagnetic interactions. As re-
gards the weak interaction, an uncertainty in the theo-
retical estimates persisted until very recently. For
example, it was asserted in the literature5·9·1 0 that to
verify the equivalence principle at the level of the weak
interactions one needs an experimental accuracy ~10"12

-10" 1 4 ; this corresponds approximately to the calcula-
tion in the second order of the corresponding dimen-
sionless coupling constant.

Recently, greater clarity in this question was
achieved. In Ref. 11, it was pointed out that the sec-
ond order of the weak coupling constant does not deter-
mine the magnitude of the weak shift of the nucleon lev-
els of the nucleus. This shift must be of order 10"7 of
the value of the energy of the levels due to the strong
interactions.12 Hence, the estimate of Ref. 11 for the
weak mass defect is 10"9 of the total mass of the nu-
cleus, and this means that the accuracy of the experi-
ments in Refs. 3 and 4 suffices to verify the equivalence
principle at the level of the weak interactions.

A deeper analysis of this question with calculations
made possible at the present level of development of
the theory of weak interactions was made in Ref. 13.
The earlier estimates6·7·9 considered only the parity-
nonconserving part of the correction to the effective
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Hamiltonian due to the weak interactions #^ c , which
does not contribute to the energy of the nucleus in the
ground state in the first order in the weak coupling con-
stant Gw. In fact, the correction to the effective Ham-
iltonian due to the weak interactions can be expressed
as a sum of two parts, one that conserves parity and
one that does not: Ww=&'c+-%e'nc. The structure of the
part ufc is the same as that of the Hamiltonian of the
strong interactions. In calculations, they are usually
combined with a small renormalization of the coupling
constant. An apparent individuality is preserved only
for the part<%^nc, which was subjected to estimates in
the analysis of the equivalence principle. (Note that
such an approach presupposes that the part Sf,. auto-
matically satisfies the equivalence principle, as also
does the energy of the strong interactions. However,
identity of methematical structure in the description of
phenomena does not, in the general case, guarantee
identity of the physical nature.) It is natural to test the
contribution to the gravitational mass of the nucleus of
the part<#"c of the Hamiltonian as well. This radically
changes the estimate of the fraction of the weak-inter-
action energy since the terms of the part j^, are pro-
portional to Gw and are appreciably larger than the
terms of Jfnc. Approximately, one can expect that the
weak-interaction energy Ew per nucleon is proportional
to the product of the number Ζ of protons and the num-
ber Ν of neutrons in the nucleus and inversely propor-
tional to the volume V of the nucleus, i.e., EW~GWNZ/
V. The rigorous calculation13 leads to the following ex-
pression for the ratio of Ew to the nucleon mass m f :

-Η-/[ΐ+ί]; (1-1)

here, A = Z + ^ , and, in addition, we have substituted
the numerical values Gw= 0.896 χ 10"43 MeV· cm3, V
= 5.13xl0"3 9A-cm3,w,.= 0.931xl03A MeV. The func-
tion f{N, Z) depends on the chosen model and the state
of the nucleus. For the free Fermi gas model, / = 1 in
the ground state. For other realistic models, this func-
tion varies only by not more than 1%. The second func-
tion g(N, Z) depends on the form of the theory of neutral
currents in the weak interactions. If neutral currents
are ignored, then g{N,Z) = 0. (Analysis of the variations
of l+g(N,Z) for different known forms of the theory of
weak currents enabled Haugan and Will13 to assert that
changes of not more than a factor ~2 occur.) Then,
forming the difference of the quantities Δ for aluminum
(Z= 13,JV= 14) and platinum (Z=1S,N= 117), we readily
find from Eq. (1)

[(^^.(JiELy^.io-.., (1.2)

which agrees with the estimate in Ref. 11.

Comparing Eq. (2) with the experiment made at Mos-
cow,4 we see that the result of the experiment confirms
the equivalence principle for weak-interaction energy
to 0.5% (and that Dicke's experiment3 confirms it to
5%). The recognition of this circumstance is very im-
portant, but it is still worthwhile repeating the experi-
ments with still greater accuracy in order to be able to
include the remaining p a r t ^ , , of the weak-interaction
energy.

b) Nordtvedt effect

We now consider the contribution of gravitational en-
ergy to the mass of a body. It is virtually impossible to
verify the equivalence of mf and mt at the level of the
energy of gravitational interaction with laboratory bod-
ies. The ratio of the internal gravitational energy to the
total energy of a body of radius a is very small, namely,

= —=-< 10 2S (lcm/a)

for bodies of laboratory sizes. The situation changes
when one considers cosmic objects. Indeed, the rela-
tive contributions of the energies of the nuclear, elec-
tromagnetic, weak, and gravitational interactions can
be arranged approximately in the series
l:10-2:10"12:10"40 per atom of matter.10 Because of the
relatively short-range nature of the nuclear and weak
forces, as well as the electrical neutrality of atoms,
the ratios of the first three energies remain the same
for massive bodies. But the situation is different for
the internal gravitational energy. Its fraction increases
with increasing mass because of the addition of the at-
tractions between different material elements, and its
contribution can move up the sequence of the above ra-
tios.

Such a situation arises, for example, for the planets
of the solar system. The idea of trajectory observa-
tions of the planets (in particular, Jupiter, for which
Δ-10*8) to test the contribution made by the internal
gravitational energy to the mass m is due to Dicke.14

However, the recent realization of this idea is asso-
ciated with the Nordtvedt effect. Because of the impor-
tant part played by this effect in the verification of the
equivalence principle, we shall consider it in more de-
tail.

In 1968, Nordtvedt pointed out that violation of the
equivalence principle for the Earth's gravitational en-
ergy would lead to anomalous oscillations of the lunar
orbit that could, in principle, be measured by laser
ranging.15 The Nordtvedt effect can be understood and
its order of magnitude estimated on the basis of the fol-
lowing very simple analysis.

Figure 1 shows schematically the Sun-Earth-Moon
system. The Earth's internal gravitational energy is
the fraction AE= QMGpRl/c2-4.6 χ 10"10 of the total en-
ergy; for the Moon, ΔΜ = 2 χ 10"11, and in an approxi-
mate calculation this contribution can be ignored. If the
gravitational energy of the Earth is not subject to grav-
itation, the terrestrial (heliocentric) orbit for the Moon
("tied to the Earth") will no longer be the position
where its attraction to the Sun is equal to the centrip-

Orbit of the Moon
around the Earth

Orbit of the Earth
around the Sun

FIG. 1. Calculation of the Nordtvedt effect.
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etal force. Therefore, the Moon will not be in a state
of free fall toward the Sun. In a coordinate system
tied to_the center of the Earth, it will be subject to the
force FN~ n^sSePnu directed along the Sun-Earth line
outward ( 0 < T J < 1 is the Nordtvedt parameter). The
equations of motion of the Moon in the terrestrial coor-
dinate system will have the form

(1.3)
r = rq? JS&- + ηΔ^0 cos (φ — Θ),

Κ = — ηΔ £ £ Θ sin (φ — θ)..

The first of Eqs. (1.3) describes the change in the ra-
dius of the Moon's orbit with respect to the Earth, and
the second gives the change in the angular momentum Κ
of the motion. In the zeroth order approximation, we
consider a circular orbit, r=ro,Ko=r%u)o, u>o=&/ro,
and for the first-order corrections we have

6r = — ω0—
(1.4)

From this, we readily obtain an oscillator equation for
the variations of the radius:

© cos [(ω 0 —ω*) t].

the solution being

(1.5)

Equation (1.5) shows that the radius of the orbit oscil-
lates with approximately the frequency of the Moon's
period around the Earth (since ωΕ

α ωο/ΐ3 and ω0 - ωΒ

» ω0). Effectively, this results in a transformation of
the circular orbit into an elliptic orbit in a constant ex-
ternal force field. The situation here is analogous to
the one that obtains in the classical interpretation of the
Stark effect when interpreted as due to deformation of
the electron orbit when an electric field is applied. In
the case of the Stark effect, a classical calculation
without allowance for damping would be impossible
since it would lead to infinite deformations because of
the coincidence between the frequency of the external
force and the orbital frequency. For the Nordtvedt ef-
fect, however, our calculation is valid because of the
small correction to the frequency associated with the
orbital motion of the Earth. Making the replacement ω*
- ( ω 0 - ω£)2« 2ωοωΕ, we obtain the following estimate
for the amplitude of the oscillations:

-^- ~ 103η (cm). (1.6)

Here, u f f l = l a.u. is the radius of the Earth's orbit. If
the equivalence principle did not extend to gravitational
energy, i.e., η= 1, the effect (1.6) would be -10 m, a
huge value from the point of view of the capabilities of
the measuring technique. Indeed, since the accuracy of
laser ranging to the Moon using the corner reflectors
left on the Moon by the Soviet and American crafts is a
few centimeters, one can readily understand the opti-
mism as regards the outcome of such an experiment.
In practice, however, the measurements are very la-
borious because of various factors leading to similar
variations of the Moon's orbit.

The largest contribution to variations in the Earth-

Moon distance with synodic period arises from the
multipole component PB(cos6) of the Sun's potential.
This component induces an amplitude ~110 km. Fortu-
nately, modern computational techniques and the accu-
racy with which the necessary parameters (such as the
semimajor axes of the orbits, the mass ratios, etc.)
are known are sufficient for calculation of the correc-
tion of this effect and other trajectory anomalies.

The raw experimental data are the time intervals cor-
responding to the travel time of a laser pulse sent from
the Earth, reflected by a corner reflector, and re-
turned to the Earth.

The essence of the experiment is to find the difference
between the calculated trajectory of the Moon, without
allowance for the Nordtvedt effect, and the true trajec-
tory as determined by the laser ranging data. It is pos-
sible to calculate the trajectory to within a few centi-
meters. It is however necessary to take into account
the nonsphericity of the fields of the Sun and the Earth,
the influence of the planets, tidal effects, and general
relativistic effects. When the true trajectory is deter-
mined from the travel times, it is necessary to take
into account the corrections for atmospheric refraction,
interplanetary plasma, relativistic delay of the electro-
magnetic pulse in the gravitational field, the same tidal
deformations of the Earth and the Moon, their rotation,
and so forth. Even this straightforward but by no means
complete list is sufficient to demonstrate the complex-
ity of the experiment. It was realized simultaneously
by two highly qualified research groups in the United
States. The first consisted of scientists from the Jet
Propulsion Laboratory (JPL, Pasadena) and several
universities16; the second group consisted of scientists
from the Massachusets Institute of Technology (MIT,
Boston) and the Air Force Cambridge Research Lab-
oratories, Bedford, Mass.17 The analyzed data were
those obtained in the period 1970-1976 by laser ranging
to the Moon with the corner reflector set up during the
Apollo 11 mission obtained by the MacDonald Observa-
tory (Texas) in the framework of the "planetary ephem-
eris program". There were altogether about 1500
ranging sessions. Frequently, duplicated computer cal-
culations were made, so that the resulting error in the
determination of the Earth-Moon distance did not exceed
~30 cm. No Nordtvedt effect was found: the estimates
of the JPL group give the value JJ= 0.00 ±0.03 for the
Nordtvedt parameter; those of the MIT group, η =
= -0.001 ±0.015. It can therefore be assumed that the
gravitational self-energy of the Earth makes the same
contribution to within 1.5-3% to the inertial mass as to
the gravitational mass. In other words, the ratios m,/
mt for the Earth and the Moon are the same to ~10"11.
(Note that although this suffices for the extension of the
equivalence principle to the energy of gravitational
interaction the laboratory experiment at the Moscow
State University4 remains an order of magnitude more
accurate in the absolute sense.)

The experiments we have described determine the
present level of confidence in the correctness of the
strong equivalence principle (for the distinction between
the "strong" and "weak" equivalence principle, see,
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for example, Refs. 2,7,10). Significant steps have been
made which permit us to verify very thoroughly a fun-
damental property of matter—the equivalence of gravi-
tation and inertia. However, the significance of the
problem is such that any new modification of the mea-
surements with increased accuracy is justified. First,
it is desirable to have a more certain verification of
the contribution of the weak interactions to the gravita-
tional mass (encompassing the parity-nonconserving
terms of the Hamiltonian). Second, we need new and
simpler, and therefore more reliable, tests of the
equivalence principle for gravitational energy. Third,
a more accurate value for the equality of the inertial
and gravitational masses would make it possible to
eliminate a number of scalar-tensor variants of the
theory.

c) Orbital variant of the Eotvos-Dicke experiment

At the present time, there are several plans for both
terrestrial and satellite experiments to test the equiv-
alence principle with greater accuracy (some can be
found in the book of Ref. 5). Below, we briefly describe
a variant that was proposed by Everitt18 and is the one
closest to implementation.

This involves a satellite which preserves its orienta-
tion with respect to distant stars as it revolves in its
orbit (Fig. 2). On board, there are two coaxial cylin-
ders whose axis is directed toward the center of the
Earth. One is made of a light material (aluminum) and
the other of a heavy material (platinum, gold). Both are
in a state of free fall in the Earth's field, but for them
this field is of variable sign, the period being that of the
orbital revolution, ~5 χ 104 sec. In the frame of refer-
ence associated with the satellite, the situation is anal-
ogous to the conditions of the Dicke experiment3 on the
Earth—test bodies are in a periodic gravitational field.
The logic is the same as in Refs. 3 and 4. If the ratios
of the masses m j/m[ of the test bodies are not the
same, there will arise periodic relative displacements
which can be amplified resonantly by adding an elastic
coupling element between them and arranging for the
frequency of the normal vibrations to be equal to the
revolution frequency of the satellite. In the project of
Ref. 18, it is proposed to cover the cylinders with
niobium, go over to the superconducting state, and then
use the Meissner effect to establish a position of stable
equilibrium, and also a quantum magnetometer to mea-
sure small vibrations. What increase in accuracy can

be expected? The amplitude of the forced vibrations
during the observation time f reaches the value Ax
~g(,[(mJmi>i -(mt/mi)2]Tu}'1=ge,ATu>'1 (the damping is
assumed small, τ%»τ). On the average, the fluctua-
tion drift has the amplitude •J Ax'f, ~{kT/mw2)^T/T*.
Hence, for the signal-to-noise ratio, for ideal detecting
apparatus, we obtain

I F · (1.7)

FIG. 2. Arrangement of orbital experiment to test the equiva-
lence principle.

Comparison of this expression with the accuracy of
the Moscow experiment4 shows that a gain in sensitivity
is achieved for two reasons: 1) the main, that the
Earth's field is 3.5 orders of magnitude stronger than
the Sun's field (in the region of the Earth's orbit); 2)
a further two orders of magnitude can be gained through
the factor -fmjkf. The upshot is that the accuracy of
such a determination of the ratio mjm t may be not
worse than ~10"16, and this must bring into considera-
tion the weak-interaction energy without any doubt.

d) Gravitational red shift

Reflecting on the methodological basis of the EStvo's-
Dicke experiment, we note that, essentially, this is a
measurement of the difference in accelerations of free
fall, Ag, simultaneously for bodies with relatively sim-
ple and complicated atomic structure, respectively.
For this reason, we can say that a) it is the most accu-
rate, like every differential measurement of a quantity
compared with measurement of its absolute value; b) it
covers different forms of matter and forms of inter-
action, which makes it possible to regard it as a test of
the strong equivalence principle (for more detail, see
Ref. 2). However, it is also worthwhile to make a di-
rect measurement of g for "pure" forms of matter such
as elementary particles and photons. An analysis of
such experiments can be found in the early review Ref.
2, but many of the described results still remain at the
present level of accuracy. In particular, for neutrons
the acceleration of free fall is equal to the acceleration
(strength) of the Earth's gravitational field to a few
percent; the analogous measurements with electrons
have an accuracy of 10%. A long planned experiment
for positrons has not yet been realized. As a certain
"compensation" for this delay, we do have new experi-
ments with photons, which we shall discuss in more de-
tail. The measurement of g for photons reduces to de-
tecting a change in the frequency of monochromatic
electromagnetic radiation in the Earth's field—the so-
called gravitational red shift of spectral lines. In this
field, laboratory experiments have been made possible
by the Mossbauer effect and were carried out with great
success by Pound and his collaborators at the beginning
of the seventies. The accuracy of the agreement with
theory achieved was 1%.19 Note that the effect has not
always been interpreted theoretically in the same way
in the literature. Some papers treat the gravitational
red shift as a consequence of general relativity (we re-
call that Einstein himself proposed this experiment as
one of the three possible tests of general relativity20);
in other more recent studies, the effect is considered
as one of the experimental bases of general relativity
(for more detail, see Ref. 82a).
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Since one can formally calculate the gravitational red
shift of a photon even in the framework of special rela-
tivity, it does appear more natural to regard it as pre-
ceding general relativity. It is contained in general
relativity as one of the forms of expression of the weak
equivalence principle. This is the point of view adopted
in the text books of Landau and Lifshitz21 and Wein-
berg.22 In the monograph of Misner, Thorne, and
Wheeler23 the red shift serves as experimental evidence
in favor of the weak equivalence principle in a very im-
portant formulation for general relativity: "The paths
of test bodies are geodesies of spacetime".

The latest successes in the measurement of this ef-
fect were achieved recently in two experiments in the
neighborhood of the Earth involving the lifting of fre-
quency standards to relatively great altitudes by means
of aeroplanes and rockets. The first was carried out by
a research group of the Maryland University and oth-
ers. 2 6 The differences between the time readings of
atomic clocks on an aeroplane and in a terrestrial ob-
servatory were measured. The flight time was ~15 h,
the flight altitude ~10 km (this gives Av/v~ 10"12 against
the Au/v~10~15 in Pound's experiments; see Ref. 27).
The aeroplane flew within a given square at constant
altitude and the lowest velocity possible in order to re-
duce the special relativistic time dilatation effect.
The expected gravitational effect in accordance with
general relativity was ~+50 nsec, against the special
relativistic effect ~-7 nsec.

Several cesium and rubidium standards were flown;
in the terrestrial laboratory, hydrogen standards were
also used. The experimental clocks were compared
with the reference clocks by a special system developed
for programs of lunar laser ranging that had an accu-
racy ±0.1 nsec and this was done on board and on the
ground. The flown clocks were compared with the ter-
restrial clocks before and after the experiment and,
very importantly, during the flight.

This last made it possible to follow the dynamic de-
velopment of the effect, i.e., the accumulated lagging of
the terrestrial clocks behind the flown clocks. This was
achieved in a relatively simple manner. A reference
laser on the Earth sent short ~0.1 nsec pulses to the
plane, which were there recorded and reflected and re-
flected back by a corner reflector. Let i t and t2 be the
times of transmitting and receiving of the reflected
pulse according to the terrestrial clocks, and let t'2
correspond to the time of reception of the probe pulse
by the aircraft. Then the required effect is determined
by the difference ί̂  — (1/2)(ί1 + ί2) as a function of the
time of flight. The results of the measurements are
clearly illustrated by the graph in Fig. 3. With an error
of 1.6%, the observations correspond to the theoretical
predictions. This does not better the Pound-Snider ex-
periment, but on the other hand the dynamics of the
time-lag process was observed for the first time.

The accuracy was significantly increased in the sec-
ond of the experiments. A group of physicists at the
Smithsonian Institute led by R. Vessot had long planned
a measurement of the gravitational red shift by atomic
clocks on a satellite28 and on a ballistic rocket.29 In the

- Before flight • During flight > | < After flight

Predicted effect
47.1 ±0.25 nsec

•»№ • ΤΎ**

FIG. 3. Experimental measurement of the gravitational time
dilatation of terrestrial atomic clocks relative to clocks on the
aircraft.

summer of 1976, such measurements were made. A
frequency standard with relative stability 2 χ 10"10 (in
τ -103) sec was flown on a rocket. At the upper part of
of the trajectory, at altitude -160 km, where the veloc-
ity was low, the frequencies were compared. Receivers
were operated at four terrestrial stations. This made
it possible to reduce significantly the error associated
with the Doppler effect, because the position of the
rocket was measured to within a meter and its velocity
to within 6 cm/sec. A preliminary evaluation of the re-
sults gave an error which did not exceed 0.04% of the
theoretical effect.30

Although the accuracy of the latest experiment is al-
most two orders of magnitude better than the results of
the preceding experiments, there are grounds for a
further improvement in the quality of such measure-
ments. These relate to the problem of estimating the
post-Newtonian metric coefficients and will be consid-
ered later in this review. Here we shall merely em-
phasize once more the importance of measurements of
the gravitational red shift by quoting from Weinberg's
monograph22: "Hence even if we suppose that the
Eotvos-Dicke experiments could improve to an unlim-
ited accuracy, and that gravitational mass were found
to equal inertial mass exactly, still there would be
some point in verifying the gravitational red shift of
spectral lines, as an independent test of the Principle
of Equivalence."

2. RELATIVISTIC EFFECTS IN WEAK FIELDS

"For the first half-century of its life, general rela-
tivity was a theorist's paradise, but an experimen-
talist's hell. No theory was thought more beautiful, and
none was more difficult to test." (Ref. 23, Ch. 38). The
reason for this is well known: at present we have ac-
cess to only the space around the Sun, and this is a re-
gion of "weak" gravitational field. The measure of
"weakness" of the field, the quantity φ/c2, reaches only
GMQ/Roc

2~rl/Ro~l0'6 even on the surface of the Sun.
The specific effects that distinguish the relativistic
gravitational theory from the Newtonian theory are so
small that their observation required high experimental
ingenuity and considerable material expenditure.
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Nevertheless, experiments to observe and investi-
gate the relativistic corrections in the gravitational
field of the Sun were initiated already in 1919 (immedi-
ately after the creation of general relativity) and have
continued to the present day with ever increasing accu-
racy. For the first experiments it was sufficient to de-
tect the effects predicted by Einstein, but the task of
modern investigations has become much more compli-
cated. It is necessary to push the accuracy of the mea-
surements to such an extent as to make it possible to
distinguish general relativity from other competing the-
ories of gravitation proposed during the last 10 or 15
years. 2 2 · 2 3 Today, we can regard this problem as
largely settled. It should however, be added that, de-
spite the tremendous progress of technology, relativis-
tic gravitational measurements have not become eas-
ier—they have merely become "performable" at a level
undreamed of in the "first half-century". They still re-
main extremely difficult experiments that can be car-
ried out only by advanced scientific centers with highly
qualitifed personnel and impressive financing.

a) Measurements of the metric parameters

The theoretical analysis of the relativistic corrections
in the field of the Sun is usually based on the idealized
model of the Schwarzschild field: an isolated static
sphere. The most frequently used expression for the
line element in this model,

dS* (l—?4-) c* dp —(I—^-)~ldR*-IP dQ*-R* sin* β di?, (2.1)

is written in special "standard" or "Schwarzschild" co-
ordinates, which is not very convenient for experimen-
tal estimates. A transition to "almost ordinary" spher-
ical coordinates with origin at the center of the Sun (the
so-called "isotropic" coordinates) can be made by
means of the change of variables R = r\i + {rt/ir)]2, (rt

= 2GM@/c2), φ'=φ, θ'=θ ,t'=t. Then the expression for

the interval, expanded in powers of rt Ir, takes the
form

rfS2 as [ l -a -£• + β (-£ )"J c2 dp

(2.2)

Equation (2.2) is known as the Eddington-Robertson ex-
pansion.22 Here, we have introduced the parameters a,
β,γ, which are equal to unity in general relativity. In
other theories of gravitation, β and γ may have differ-
ent values. The metric in formula (2.2) is universally
suitable in a weak field for calculating relativistic ef-
fects that follow from different metric theories. For-
tunately, the perturbations associated with the masses
of the planets can be taken into account with sufficient
accuracy. In a number of theories that presuppose the
existence of a distinguished frame, in which the Uni-
verse as a whole is at rest, one encounters additional
parameters at (i = 1,2,3) in the terms of the metric,
these depending on the velocity of the Sun relative to
the distinguished frame; in addition, certain param-
eters ζt (i= 1, 2,3,4) are introduced under the assump-
tion that the conservation laws are violated. The ex-
pression (2.2) corresponds to the approximate variant

of the generalized theory—"the parametrized post-
Newtonian (PPN) formalism"—whose foundation was
laid by Eddington and Robertson and whose most com-
pleted form was developed by Will and Nordtvedt.31

The coefficient a must in all cases be equal to unity
in order to obtain Newtonian gravitation in the weak
field limit. The qualitative meaning of the remaining
parameters is as follows: y is a "measure of the curv-
ature" of space and β is a "measure of the nonlinearity"
resulting from the addition of fields. By measuring the
effects associated with the corrections to the Newton-
ian metric, the experimentalists can find the actual
values of the post-Newtonian parameters.

For verifying general relativity, experiments asso-
ciated with observing the propagation of electromag-
netic radiation in the solar system have proved to be
the most convenient. The reason for this is that when
an experimentalist investigates the motion of a massive
body he must separate the weak relativistic corrections
to the Newtonian trajectory in the field of the Sun and
the planets. For electromagnetic radiation, which
propagates with the maximal possible velocity, the rel-
ativistic perturbations of the trajectory are comparable
with the Newtonian effects. Indeed, for a test body
moving along a geodesic at velocity υ at distance r from
the center of the Sun, the curvature of the trajectory is
determined by two terms 2 1" 2 3:

P — ^ ( 4 + T). (2-3)

The first term is the ordinary Newtonian curvature of
the trajectory of the material point in the central field
pN= GMQ/r2v2=r'1 (since GMQ/v2=r). The second term
is the post-Newtonian correction to the curvature. It
can be seen that with increasing velocity of the test
body the two terms become equal in order of magnitude.
For an electromagnetic ray ν =c, and since y= 1 in gen-
eral relativity, the relativistic correction for the curv-
ing of the ray is equal to the curvature of its Newtonian
trajectory. (This is the well-known fact that the "de-
flection of light" in general relativity is twice the clas-
sical effect which was calculated as long ago as 1801 by
Soldner33 on the basis of the corpuscular theory of
light)

The theory and details of classical experiments on the
deflection and retardation of electromagnetic radiation
in the field of the Sun can now be found in many re-
views, monographs, and text books (for example, Refs.
2,22,23). Below, we shall merely briefly present the
evolution of the measurement of each of the experi-
ments, give the latest results, and discuss the pros-
pects for increasing the accuracy.

1) Deflection of electromagnetic ray in the Sun's
field (measurement of the parameter y). The old "op-
tical" form of the experiment consisted of determining
the position of a star near the edge of the solar disk
during an eclipse and comparing it with the position of
the same star six months later when the angular dis-
tance a between the Sun and the star is maximal. The
relativistic effect is manifested in a variation of the an-
gular distance by the amount21"23
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GM (2.4)

For a ray passing by the edge of the solar disk, b ~RQ,
so that δ<ί«0.5 (1 + y) x 1.75". Up to 1968, only "opti-
cal" measurements had been made. During this period,
from 1919 onward, about 380 different stars were mea-
sured (one of the most extensive measurements by
Campbell and Trumpler34 was of 15 stars at once within
#~2.5°). The deviation from the general relativity pre-
diction 1.75" was on the average 20%. The value of γ
was estimated to lie in the range 0.9<y<1.3. In 1969,
measurements began in the radio range of the deflection
of the radio position of the quasar 3C 279, by which the
Sun passes in October. The reference point was the
neighboring quasar 3C 273, which is further from the
Sun. As compared with the optical method, there is
here no need for an eclipse of the Sun; radio inter-
ferometry is a more accurate instrument for measur-
ing angular coordinates, and by making measurements
at two frequencies one can eliminate electromagnetic
refraction. In the first experiments during 1969-1972,
interferometers with base 2-20 km working in the range
λ ~ 12-6 cm measured the relativistic deflection with an
accuracy of about 15%.22·23 In 1974, an MIT group35 ob-
tained a positive result of accuracy 6% with a 800-km
base interferometer. Finally, the latest measurements
of Fomalont and Sramek36 were made for three compact
radio sources with angular diameters 0.1". (The
sources 0116+0.8, 0119+11, and 0111 + 02 lie almost
on a straight line subtending 10° and the first of them
approaches to 1.5° of the Sun. The interferometer,
which consisted altogether of seven antennas, operated
at two frequencies, λ~10 cm and 3.7 cm, and had a
maximal baseline of 35 km.) The achieved accuracy of
agreement with the general relativistic prediction (it is
the accuracy with which γ= 1 is satisfied) was ~2% in
this experiment.

In coming years, we can expect an increase in the
resolution by the increase in the baseline of the inter-
ferometers [for example, Goldstone has a ~4000-km
baseline and potential accuracy of measurement of the
angular coordinate ~0.0001"(see Ref. 22)].1}

2) Deceleration of the velocity of electromagnets c ra-
diation in the field of the Sun (measurement of the pa-
rameter γ). Whereas the deflection of light was pre-
dicted by Einstein and has been well known since the
creation of general relativity, the delay of electromag-
netic radiation in a gravitational field, which is similar
in nature, was pointed out by Shapiro only in 1964.37

The first experiments consisted of measuring the delay
of radio pulses sent from the Earth and reflected from
Venus and Mercury.2·2 2·2 3 Calculation of the delay (for
the case when the distance rA from the Earth to the Sun
and the distance rB from the reflecting planet to the Sun
are much greater than the impact parameter b of the
radio ray relative to the Sun) leads to the expres-

s ion 2 2 · 2 3

(2.5)

Substitution of the values rA~rB~ 1013 cm,b~Λ@~7
χ 1010 cm gives Δτ« 200 μββο, while the total travel
time of the signal is το~30 min, i.e., Δτ/το~10"7.
Measurement of the distances rA and rB in (2.5) with
such accuracy is impossible. Fortunately, this is not
necessary. As can be seen from (2.5), the magnitude
of the relativistic time delay varies logarithmically as
the planet passes through superior conjunction (the pa-
rameter b passes through zero). In the experiment, it
is sufficient to measure the differential variations of τ 0.
However, in order to separate the logarithmic effect of
the variation of τ 0 from trajectory variations of the de-
lay, extremely accurate calculation of the trajectory of
the reflector planet is required.

In the first experiments with Venus and Mercury (dur-
ing the period 1966-1970) a tremendous computational
program of trajectory calculations was carried out on
computers (as an illustration, we can point out that
these involved about 300 initial trajectory parameters
and 400 radar and 6 000 optical measurements. The
resolution in the timing was ~10 μββο and the relative
accuracy ~5 χ 10"9). An effect was detected and mea-
sured, giving a 20% agreement with theory.2 Then, the
probes Mariner 6 and Mariner 7 were used as active
reflectors during their flights to Mars.3 8 The accuracy
of the measurements was raised to 4%, of which 3% was
due to the fraction of uncertainty in the estimate of the
trajectory data of the satellite due to drag by the solar
wind. The next step involved measurements with Mars,
whose trajectory was estimated from data of Mariner 9,
which was in orbit around Mars.3 9* The heavy planet is
effectively free of drag by the solar wind, and Mariner
was rigidly tied to its center. Thus, it was possible to
combine the advantages of the planetary and satellite
(active transponding) variants of the experiment. The
accuracy was raised to ~2%. Finally, the latest mea-
surements of the delay effect by means of the orbiting
Viking modules gave the following preliminary results:
The deviation of γ from unity, if it exists, is less than
or of order 1%. If the Viking measurements are contin-
ued for a complete Martian year,39* it may be possible
to reduce the error in the determination of γ to
0.2%.39b 2 ) The restriction on the accuracy at the pres-
ent time is due to the incomplete information on the
properties of the plasma in the neighborhood of the Sun,
it being necessary to make a correction in the experi-
ment for the delay in this plasma. The error can be re-
duced by using two synchronous transponders at differ-
ent frequencies on the satellite.

Measurements at two frequencies must ensure an ac-
curacy of 0.1% and better.

Thus, both "electromagnetic" experiments to test

Ώ Translator's note: It seems that the "Goldstack" (Goldstone/
Haystack) baseline Is meant; Weinberg quotes its potential
accuracy as 0.001".

2 ) Translator's note. This has been achieved, as reported by
C. Will in his talk at the 9th Texas Symposium (Munich,
December 1978).

900 Sov. Phys. Usp. 21(11), Nov. 1978 V. N. Rudenko 900



general relativity have ended in many independent con-
firmations of it. The post-Newtonian value of y really
is equal to unity with an accuracy of ~l-2%. It is cus-
tomary to use γ to estimate the value of the coupling
constant ω of the scalar-tensor theory of gravitation
created by Brans and Dicke: y= (1 + ώ)/(2+ ω). Taking
y>0.98, we readily find ώ>48 at the ~0.7 confidence
level; at the higher confidence level 0.9, we have ώ>35
(see Ref. 36). We recall that the original Brans-Dicke
estimate ώ—6 (to explain the reduced relativistic ad-
vance of Mercury's perihelion in the presence of an ap-
preciable quadrupole moment of the Sun22) is increasing
all the time. Since the Brans-Dicke theory goes over
into general relativity in the limit ώ —°°, the need for
this theory now begins to have only academic interest.
(The absence of the Nordtvedt effect described in Sec. 1
also leads to the estimate ώ>30).

3) Relativistic advance of orbital perihelia (measure-
ment of the parameter β). It is well known that this is
the oldest evidence in favor of general relativity. The
anomalous advance of the perihelion was itself well
known before Einstein's theory explained its origin.

Calculation of the two-body problem on the basis of
the metric (2.2) leads to an advance of the orbital el-
lipse through the angle

2 —β-;-2γ find/·.-,

3 (1(1— e-)c
(2.6)

for each revolution of a test body in its orbit (a and e
are the semimajor axis and the eccentricity and To is
the period of revolution measured in years). It is ob-
vious that planets near the Sun having small a and high
eccentricity e are favorable.

Another feature of the perihelion advance compared
with effects relating to the propagation of electromag-
netic radiation in the gravitational field is its depen-
dence on the post-Newtonian coefficient β. The widely
quoted result for Mercury obtained by Clemence40 by
analyzing astronomical observations over many years
gives the value ~42.5"+0.9", which corresponds to the
theoretical estimate of the advance in a century:

43"·-Οφο —ψ— -'
•Ό

In recent years, the problem of the nonsphericity of the
Sun, which must also lead to an advance of the perihel-
ion, has been raised.23 However, a new estimate of the
nonsphericity (it may be a measure of the Sun's quadru-
pole moment) based on data on the lunar-laser-ranging41

gives J2~ ΔΛο/Λο<6.10"6, which is sufficient for one to
be able to neglect the influence of the quadrupole mo-
ment on the advance of the perihelion.

A modern analysis has been carried out under the di-
rection of Shapiro.42 A large number of systematic radar
measurements of the dynamics of the inner planets of the
solar system has been added to the old astronomical data.
The results are as follows: (2-/3+ 2y)/3= 1 ±0.01.
Taking the value y~2% from the "electromagnetic" ex-
periments, we find that β= 1 to accuracy 7%. Hope of
increasing the resolution in this important experiment
has long been based on the use of artificial satellites
(see, for example, Ref. 82b). Indeed, by putting a sat-

ellite into a heliocentric orbit with small a and large e,
one can formally obtain from (2.6) a very appreciable
value of the relativistic precession of a few or even
tens of arc seconds per year.

The difficulty is however that the small satellite can
readily change the parameters of its orbit under the in-
fluence of nongravitational perturbations (solar wind,
radiation pressure, micrometeorites, etc.), which are
particularly strong near the Sun. Nevertheless, this
plan has not been abandoned. Indeed, it should be real-
ized in the future when the technique of constructing
drag-free satellites is sufficiently developed.

Concluding our brief review of the classical relativis-
tic tests, we note that the problem of determining β—
the measure of nonlinear effects in the gravitational
field has turned out to be more complicated than mea-
surement of the spatial curvature parameter γ. The
single experimental estimate is not obtained directly
from the perihelion displacement but by an indirect cal-
culation using the value of γ. To determine β directly,
it is necessary to be able to make measurements in the
second order in the weak-field parameter (cpo/cz). This
could be done either by means of a close approach to
the Sun or by means of better frequency standards.

Future relativistic experiments in space are connec-
ted with the hope of using drag-free satellites with a
truly geodesic trajectory in the gravitational field. Such
a satellite is based on the idea of screening the proof
mass by a spherical shell from external nongravitation-
al perturbations43·44 (Fig. 4). By tracking the central
position of the proof mass within the shell by sensors
and using jets for correction, one can in principle en-
sure geodesic motion (another way of reconstructing a
geodesic was proposed in Ref. 45). An analysis of the
requirements imposed by gravitational measurements
on such a satellite, in particular its construction, can
be found in Refs. 44,46,47 (there is a detailed review in
Ref. 5).

The first drag-free satellite Triad I was lauched in
the United States in 1972 and operated for a year.48 The
proof mass was made of an alloy of platinum and gold,
i.e., a diamagnet and a paramagnet. This reduced the
total magnetic permeability by two orders of magnitude
compared with ordinary nonferromagnetic materials.
The tests showed that the level of compensation of non-
gravitational accelerations was ~10"8 cm/sec2. The
height of the orbit was ~800 km. The main forces de-
flecting the satellite from a geodesic were compensated
on the average at the level of ~10"3. The position of

Micrometeorites

^, Solar wind

*"~ Radiation pressure

Atmospheric
resistance

Correction jets Displacement
sensors

FIG. 4. Schematic drawing of drag-free satellite.
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Triad I was forecast with an accuracy of 100 m two
weeks in advance, whereas for ordinary satellites the
daily correction is hundreds of meters. In the SOREL
space probe project,49 the attainable level of compensa-
tion would be theoretically even greater, ~1 χ 10"10

cm/sec2. The accuracy of the two-week forecast is
then improved to centimeters.

The actual commissioning of drag free probes will
give the gravitational experimentalists a qualitatively
new instrument, and, if its quality is sufficiently good,
a series of important investigations will become possi-
ble. Below, we discuss three experimental programs
whose fulfillment depends on the practical possibility
of eliminating drag from the geodesic.

b) Solar probe

This program of the European Space Agency (ESA),
which combines the efforts of the scientific centers of
several European countries, embodies the idea, which
has long been the dream of astrophysicists, of ap-
proaching the Sun as close as possible. It undoubtedly
has very great scientific interest but entails consider-
able technical difficulties. In recent years, a group of
specialists in different fields of physics and technology
(Haskell, Bertotti, Balogh, et al.) have worked out a
complete project for a flight to the Sun, which, for rea-
sons of space navigation, could be realized in 1982-
1985. (Part of this plan was presented by Professor
Bertottie at the Fourth Soviet Gravitational Conference
at Minsk (July, 1976). Below, use is also made of the
material of the technical report50 of the ESA.)3)

What gravitational experiments are possible during
the flight of a solar probe?

1) First of all, measurements can be made of the
structure of the solar gravitational field, and these will
make it possible to draw definite conclusions about the
inner structure of the Sun. In particular, a fairly ac-
curate (better than 10"6 of the absolute value) measure-
ment of the solar quadrupole moment is possible only
under the condition that a probe approaches the Sun suf-
ficiently close. In no other way can this be done. It is
well known that the existing model of the Sun is not
completely satisfactory. One of the main parameters
of the relativistic [Transl. note: perhaps misprint for
"a realistic"] model is the quadrupole moment J2,
which is directly related to the angular momentum of
the inner core. If it is assumed that the Sun rotates
rigidly, i.e., the angular velocity of a point does not
depend on the distance to the rotation axis, the quadru-
pole moment can be readily estimated from the ob-
served rotation. One then obtains <72~10"7.

Note that the variable J 2 traditionally used for esti-
mates is not in reality the quadrupole moment in the
literal sense. It is a dimensionless parameter of the

form

3> Translator's note. This project has now been taken up ac-
tively by NASA [see JPL Publication 78-70 ("A Close-up of
the Sun"), produced by JPL and NASA, September, 1978].
It will probably not be undertaken by ESA.

(2.7)

where I t and /_, are the moments of inertia about the
rotation axis and an equatorial axis. The expression
for the gravitational potential of the Sun with allowance
for its quadrupole moment in spherical coordinates
(ρ, Θ) takes the form

- ) ] • (2.8)

There are a number of reasons for thinking J2 is great-
er than 10"7. After the experiments in which Dicke and
Goldenberg51 measured the oblateness of the Sun, it
seemed that J2 was determined at the level ~10"5, which
did not lead to serious astrophysical objections. But
repeat measurements by Hill et al.52 showed that optical
observations of this kind are subject to errors due to
surface thermal effects, so that J2 may deviate from
10"7 in either direction. We have already mentioned
the estimate of Ref. 41 based on the data of lunar-
laser-ranging: J2% 6 χ 10"6. The only reliable way of
determining J2 is to measure the departure of the Sun's
gravitational potential from spherical symmetry [see
(2.8)]. Knowledge of J2 is very important for finding the
geodesic trajectories of planets and satellites. (For ex-
ample, the relativistic advance of the planetary peri-
helia must be recalculated if J2 has an appreciable val-
ue.23)

In addition, knowledge of J2 is important for studying
the behavior of the solar corona. The solar wind, which
carries away hydrogen and helium, must facilitate loss
of angular momentum by the outer layers, and must
therefore change the surface rotation. The depth from
the surface to which this process penetrates can be de-
termined from the value of J2.

In the solar probe program, it is intended that J2

should be determined from the data on the variations of
the probe's acceleration obtained from the ranging pa-
rameters: the range and the range rate. The nongrav-
itational forces must be compensated if the probe is
drag-free or (in the second variant) they can be taken
into account on the basis of accelerometer data taken
on the satellite with the necessary accuracy. The vari-
ations in the acceleration due to the influence of the
quadrupole moment can be calculated in accordance
with the simple formula

Δα = /, ~ = /5

310« (2.9)

where RQ and rt are the ordinary and the gravitational
radius of the Sun, and r is the distance to the center of
the Sun in units of Ro. The accuracy foreseen by the
program50 is 8 ; hence, for distances r = 4 , Eq.
(2.9) gives Δα~1 x 10"e cm/sec2, which is quite capable
of measurement by, for example, a probe of the Triad
I class.

Equation (2.9) demonstrates the strong dependence
of the effect on the distance r to the center of the Sun,
and this explains the need for a close encounter.

2) Such a probe will permit measurement of the basic
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post-Newtonian parameters y and β with much greater
accuracy than has hitherto been achieved. The anoma-
lous acceleration of the probe due to the "curvature"
and "nonlinearity" of the Sun's field must be in order
of magnitude

6-10"2

αο-= — · 5 - 1 0 5 Γ . (2.12)

Υ. β)· : 10"3 cm/sec2 (2.10)

(as above, r~4 in units of Ro). But it follows from
(2.10) that the acceleration in this mission must be
measured with an accuracy not worse than Δα~10"6

cm/sec2. Then the accuracy in the measurement of γ
and β will be 0.1%. The gain is again achieved through
the closeness of the flyby.

3) In its turn, the improved accuracy in the measure-
ment of y and β makes it possible to verify some non-
standard effects (outside the framework of general rel-
ativity). For example, the program of Ref. 50 includes
the task of measuring a putative deviation of the Sun's
field from spherical symmetry resulting from motion
relative to distant masses. (In fact, this conjecture is
in line with Mach's suggestion that the motion of distant
matter influences the local dynamics of particles.) Ac-
cording to the estimates of Will and Nordtvedt,32 such
a deviation would result in corrections to γ and β of
order vie, where ν is the velocity of the Sun's motion
in our Galaxy. Since v~ 300 km/sec, the required cor-
rections would be of order ~10"3, which happens to be
at the accuracy level of the measurements in this ex-
periment.

4) Finally, it is possible to observe the gravitational
frequency red shift with an accuracy sufficient to mea-
sure the effect in the second-order in <po/c2, this being
due to the close approach and, accordingly, increase in
<po/c2. We have mentioned the importance of such of a
measurement for general relativity—it is a pure deter-
mination of the parameter β. From a more general
point of view, this is a test for theories that violate
(partly) a postulate of general relativity such as the
equivalence principle.

That "gravitation does not affect the rate of clocks"
in the sense that in a freely falling frame of reference
the period of the clocks does not depend on g but is de-
termined solely by the values of the atomic constants
is a consequence of the strong equivalence principle
(the laws of nature are universal in any locally Lor-
entzian frame of reference). Theoretically, one can
consider if it is possible to construct theories which
violate the strong equivalence principle but not the weak
equivalence principle (identical law of free fall of test
bodies). Lightman and Lee,53 and also Will54 have
shown that such theories are logically possib le. In
them, frequency standards based on the hyperfine
structure of atomic levels can change their frequency
in a gravitational field in accordance with the law

v = v o [ l - a o ^ + a 1 ( ^ ) 2 + . . . j , (2.11)

where the second coefficient at differs from β.

The accuracy of measurement of the red shift in the
experiments of Vessot30 was ~4 x 10"3. With the solar
probe, one could in principle achieve the accuracy

For Av/vo= 10" 1 3 ,r=4, we already have Δαο~ 2 χ 10"7.
The resolution in the measurement of the second-order
effect is related to the formula Δα1 = Δα0 χ 10e, so that
a departure of aL from 0 can be established at the 20%
level. Under terrestrial conditions, a frequency stan-
dard with stability Δν/ν~5 χ 10"18, which does not yet
exist, would be needed for this purpose.

The method of the experiment must consist in a com-
parison of the frequencies of the standards on the probe
and on the Earth. It follows from this that data must be
transmitted by a system in which one can separate the
Doppler frequency shift from the gravitational shift.

These experiments are unique and possible only be-
cause of the very close encounter with the Sun, right
down to ~4.Ro. HOW could such an encounter be engin-
eered?

The authors of the plan of Ref. 50 found an original
solution using the so-called gravitationally-assisted
trajectory, or swingby. The probe is not sent directly
toward the Sun, but toward Jupiter. The gravitational
field of Jupiter changes the momentum of the probe and
makes it go over into an orbit with a very high eccen-
tricity, and the probe now flies toward the Sun. Three
classes of orbits are possible: an "unaesthetic",
pointed orbit with vanishing perihelion ("Kamikaze or-
bit") and orbits with perihelia of a few solar radii in the
plane of the ecliptic and out of the ecliptic. Optimiza-
tion of the parameters indicates that an orbit in the
plane of the ecliptic with perihelion 4Λ© is to be pre-
ferred. The Kamikaze orbit, although it goes right into
the Sun, is unsatisfactory in that its final section is in-
effective due to technological restrictions. All that hap-
pens is that one loses half the data on the outward part
of the flyby; in addition, the relativistic parameters of
this orbit are strongly correlated.

The principal technical result of the project is the
finding of an orbit for which it is possible to observe the
perihelion from the Earth when the probe passes
through perihelion. For greater clarity, the dates and
mutual configurations are shown in Fig. 5. The flyby of
the probe will of course make it possible to obtain rich
information about the plasma in the neighborhood of the
Sun, which we shall not consider here since it goes be-
yond the scope of the present paper. But even without
this it is clear that the solar probe mission is of excep-
tional importance; under the most modest assumptions
about the accuracy of the instruments, the scientific re-
sults must be unique and must provide fundamental new

Jupiter swingby.
July 14, 1983.
L~ 249.7" 'f

Earth. 1.-100.8°

Launch,
January 1,1982

Earth at the time at ,
which the probe passes /
through perihelion. Earth at time of
L "276.7° the probe's

Jupiter swingby,
1.-291.5°

FIG. 5. Trajectory of the solar probe.
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information on the gravitational field that cannot be ac-
quired by other methods.

c) Lense-Thirring effect

The Lense-Thirring effect is the name given to the
"systematic ("secular") displacement of the orbit of a
particle moving in the field of a central body due to the
rotation of that body" [Teoriya polya (The Classical
Theory of Fields), §104a]. The corresponding problem
was solved by the authors after whom the effect is
named as long ago as 1918.55 The possibility of observ-
ing this effect in practice has since then been investi-
gated frequently.56 However, for the planets and their
satellites it is swamped by the much larger perturba-
tions of Newtonian origin.

Under laboratory conditions, when the Lense-Thirr-
ing effect is frequently understood to be the change in
the attraction of two bodies when one of them rotates,57

the magnitude of the effective perturbation in all the
discussed variants is usually much lower than the fluc-
tuation noise. Recently, an interesting project has been
proposed by Van Patten and Everitt,59 and this really
could be embodied in a space program using drag-free
satellites.

The nature of the perturbation of the orbit of an arti-
ficial satellite by the Earth's rotation can be described
as precession of the vector of the orbital angular mo-
mentum of the satellite about the vector of the intrin-
sic angular momentum of the Earth. In this preces-
sion, the line of the nodes (the line joining the nodes,
the points of intersection of the orbit with the equa-
torial plane) rotates with angular velocity Q,= d<p/dt, so
that the right ascension of the ascending node increases
all the time (the right ascension is the angular distance
from the point of the vernal equinox to the ascending
node, i.e., the node at which the satellite rises above
the equatorial plane). The value of Ω can be calculated
in accordance with the formula22

Ω = Φ = -τπτπ—τζπτ"κ, U-1J;

in which J and ω are the moment of inertia and the an-
gular velocity of the Earth's rotation, α and e are the
semimajor axis and the eccentricity of the satellite's
orbit, and nE is the unit vector in the direction of the
Earth's angular momentum.

A numerical calculation in accordance with (2.13) for
a satellite at a distance of a few hundred kilometers
above the surface of the Earth gives the value 0 s 0.1-
0.2 arcsec/year. At this rate of precession, the dis-
placement of the node of the orbit along the arc of the
equator is 10-20 m in two or three years. For compar-
ison with the relativistic precession of a gyroscope due
to the rotation of the Earth, we note that in identical
polar orbits the Lense-Thirring precession rate is ap-
proximately four times greater than the rate of spin-
orbit precession of a Schiff gyroscope with spin normal
to the plane of the orbit (See Sec. 2d below). Could this
effect be observed with a satellite of the Triad I class?
We have already mentioned the experimental drag of
Triad I, which was approximately 102 m in two weeks,
or several tens of kilometers in a year. However, this

drag rate is characteristic for the direction along the
orbital trajectory. But even this can be appreciably re-
duced if the satellite is forced to rotate about an axis of
its own—then the vector of the residual acceleration will
be averaged by the rotation.5 In the transverse direc-
tion, the drag is appreciably less. The satellite, as a
giant gyroscope, manifests stability against perturba-
tion of the orbital plane.

According to the estimates of Ref. 58, the transverse
drag for a satellite of the type of Triad I must be less
than 10 cm in a year. Against this background, the
Lense-Thirringprecession is a very large and readily
measurable effect.

In reality, drag is not the main difficulty with the ob-
servation; there is an analogous precession of the sat-
ellite's orbit due to geophysical factors, namely, a
nonvanishing quadrupole moment J2e> of the Earth. The
angular velocity of this geophysical precession is de-
scribed by the expression

(2.14)

where ω0 is the mean orbital angular velocity of the
satellite, ββ is the radius of the Earth, and θ is the
inclination of the plane of the orbit to the equator. It is
easy to see that this precession is much greater than
the relativistic precession (2.13), since it does not con-
tain the small factor G/c2.

It would seem that the situation here is largely the
same as in many already performed relativistic experi-
ments such as observations of the advance of Mercury's
perihelion, time delay of the radar echo from planets
and satellites, and, finally, measurements of the
Nordtvedt effect. In all cases, a small relativistic
shift could be distinguished as the uncompensated re-
mainder from a large but exactly calculable background.
Unfortunately, in the present case such a method does
not apply. It is impossible to make an exact calculation
of iloh and its evolution because of the large error in
the determination of the angle Θ, which, at the present
technological level of measurements of satellite trajec-
tories, leads to an uncertainty that is 6-7 times greater
than the Lense-Thirring effect. An ingenious way out
of this dilemma is that one can find a method of contin-
uous experimental checking of the geophysical preces-
sion. This exploits the difference between (2.13) and
(2.14) associated with the dependence of the geophysical
precession on the inclination of the orbit. Considering
two satellites in symmetric orbits that are close to an
exact polar orbit but one on each side of such an orbit,
one can readily see that the sum of the absolute magni-
tudes of the geophysical precessions is equal to

(Ωιgph-H Q2tPi^= const · J2s (cos Θ, + cos θ2)

« const - Ji δ (θ; + θ;) = const • / 2 s · 2α; (2.15)

where θ' = (ιτ/2) -Θ, and 2α= θ[+θ'2 is the angle between
the planes of the orbits of the satellites. For the total
displacement of the orbits due to the geophysical pre-
cession in time t, we obtain

const-2/2s \adt. (2.16)
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Equation (2.15) shows that one can exactly calculate the
geophysical relative rotation of the orbits if the function
2α(ί) is available (the errors in our values of J2i, ωο,ΛΛ

are fairly small). This can be done by measuring the
distance between the two satellites by radar or laser
ranging in each orbit. The experiment can be arranged
as follows. The satellites revolve in slightly different
orbits in opposite directions, so that they meet each
time above the poles; this can be achieved by correcting
the initial flight parameters. The point of closest ap-
proach is determined by the time at which the Doppler
frequency shift passes through zero in the satellite—
satellite communications link. At this instant, laser
ranging is used to measure the mutual separation ~2aa
to an accuracy of a few centimeters. The result is
transmitted to the Earth. Stations tracking the satel-
lites on the equator measure the right ascension (longi-
tude) of the orbits. On the basis of their data, the rela-
tive angle of rotation of the ascending nodes during the
time of observation, {(py + <P2)meaa> is determined. The
geophysical rotation (2.15) is calculated from the data
on the time evolution of the angle 2ot{t). Finally, the
Lense-Thirring relativistic displacement must be the
difference between the measured and calculated shifts:

Acp L T = ( φ ! + e p a ) m e ! l s - (<Pi + <p 2 ) g P n.

The satellites must orbit in opposite directions so that
one can eliminate displacement of the nodes of the orbit
due to gradients of the gravitational field produced by
the influence of the planets, the Moon, tidal effects,
and so forth. These Newtonian perturbations give rise
to displacements of the two orbits that are equal in mag-
magnitude but opposite in sign, and therefore the total
angular shift φί+ ψ2 is not changed.56

Following the evolution of the angle 2α(ί) is a conven-
ient and practical method for obtaining information about
about the figure of the Earth and its mass distribution.
Therefore, the overall value of such an experiment is
not restricted to merely measurement of relativistic
corrections.

Analysis of the sources of error (under the condition
that the nongravitational accelerations are compensated
at the same level as for Triad I) indicates that an accu-
racy at the 1-2% level could be achieved in the mea-
surement of the Lense-Thirring effect.59 In the case of
success, this would be a new verification of general
relativity.

d) Relativistic gyroscope

In Newtonian mechanics, an ideal gyroscope ( a ro-
tating sphere) does not precess whatever motion it
makes in a gravitational field. Its spin is conserved in
time. Einstein's theory predicts a relativistic preces-
sion of the spin. Almost immediately after the creation
of general relativity, the possibility was considered of
observing this precession with "natural gyroscopes":
De Sitter60 considered the gyroscope formed by the
Earth-Moon system, and Eddington61 considered the
precession of the Earth in the field of the Sun. In these
cases, the relativistic perturbation was found to be
minute (for the Earth, it is 10"2 arcsec/year, which is
much less than the accuracy with which the total pre-

cession, which is ~50 arcsec/year, can be measured).
Shortly after the launching of the first artificial satel-
lites of the Earth, Schiff621 in 1960 proposed an experi-
ment with an artificial gyroscope in a terrestrial orbit
and calculated the rate of precession.

The effect consists of two parts, which can be well
distinguished in a polar orbit. A gyroscope with spin in
the plane of the orbit undergoes a relatively large geo-
detic (or Thomas4') precession, which is 7 arcsec/year
for an orbit at altitude ~500 km. (The spin of the gyro-
scope rotates around the vector of the normal to the or-
bit. ) A gyroscope whose spin is normal to the plane of
the orbit precesses around the Earth's axis; this is
"spin-spin precession"5' at the rate ~0.05 arcsec/year.
The first effect does not depend on the rotation of the
Earth, while the second is due to it. A detailed theory
of the relativistic gyroscope is given in the monographs
of Refs. 21-23; The experimental situation has been de-
scribed, for example, in Ref. 2.

Although the idea of the experiment is very old, it
has not yet been implemented. For many years, a
group at Stanford (in the United States) has been work-
ing on such a project.2·63 The group is made up of
members of the W. W. Hansen Laboratories of Physics
and the Faculty of Aeronautics and Astronavigation, and
its members include Fairbank, Everitt, De Bra, Van
Patten, Anderson, Lipa, and others. Deadlines for
the completion of the work keep on being postponed.
The reason for this is the extreme complexity of the
experiment, which is a combination of many difficult
technological and constructional problems that must all
be solved simultaneously if the mission is to be a suc-
cess. Below, we briefly describe the main details of
the project and its present state of preparation.

The general scheme of the satellite, which is drag
free and carries gyroscopes, is shown in Fig. 6.1 8·6 3

The orientation telescope, four gyroscopes, and the
proof mass of the drag-free tracking system are placed
in a single superconducting dewar. The dewar is de-
signed to take 800 liters of liquid helium and function
for two years. An individual gyroscope is a ball (4-cm
diameter) of pure quartz (uniformity ~10"6, sphericity
accurate to Ar/r~10"7). There is an outer covering of
niobium. The gyroscope is kept in position by electro-
static suspension with three mutually perpendicular sets
of condenser plates (accuracy of centering 10"5 cm,
voltage required for suspension under space conditions
~0.5 V). The gyroscope is spun up by a helium vapor
jet to 200 Hz in 30 min with vacuum ~10"9 torr.

Each gyroscope is surrounded by a superconducting
magnetic screen. The proof mass of the tracking sys-
tem, which is also made of quartz, is placed together
with the gyroscopes in a quartz jacket, to which the

4)An analogous effect, calculated on the basis of the special
theory of relativity, exists for the spin of an electron in orbit
around a nucleus (see Ref. 62b).

5>The analogy here is the interaction between the orbital angu-
lar momentum of an electron with the spin of the nucleus,
which is responsible for the hyperfine structure of the spec-
tral lines.

905 Sov. Phys. Usp. 21(11), Nov. 1978 V. N. Rudenko 905



Proof mass of drag
control system

Electronics Gyroscopes ,

Telescope

Correction jets

FIG. 6. Design of the satellite for the relativistic gyroscope
experiment.

quartz telescope is rigidly fixed. All joints are made
without the use of glue with optical contact. Further
magnetic screening is achieved by a superconducting
dewar filled with a nonmagnetic material; the residual
field is at a level less than ~10"7 G.

All these measures have but one aim—to make a
gyroscope with residual drift not greater than ~10"16

rad/sec (6 χ 10"4 arcsec/year). Then the accuracy with
which the geodetic precession can be measured is
0.01%, while the spin-spin precession can be measured
to 30%. (Transl. note: 1% according to Ref. 18). The
positions of the spins of the gyroscopes are measured
by observing the London magnetic moment which the
rotating superconducting sphere must have. Three mu-
tually perpendicular pickup loops surround each gyro-
scope and send a signal to quantum magnetometers of
the Josephson junction type. The accuracy with which
the angular position of the spin can be measured by this
method reaches ~10"3 arcsec in a time of 104 sec.

The design requirements on the extent to which the
satellite must be drag free do not exceed the level
achieved by Triad I. The motors for correcting the
drag use the main store of liquid.helium. The overall
control of the craft derives from the error signal ob-
tained from the telescope.

The telescope locks onto the guide star, and the two
reference gyroscopes align their axes along this direc-
tion. The two remaining gyroscopes are used for the
measurements; one has its spin oriented approximately
along the direction of the Earth's axis, while the other
is perpendicular to it. Both lie in the plane of the nor-
mal optic axis of the telescope; the first measures
mainly the geodetic precision, the second the spin-spin
precession. The reference gyroscopes also measure a
precession, but a mixed one, and their signal will be
periodic as the satellite rolls about the axis of the tele-
scope. The rolling is helpful since it also makes it pos-
sible to eliminate drift effects; a convenient period is
~20-30 min. Naturally, the telescope cannot be contin-
uously corrected because of the orbital motion. The
correction is done on each orbit during a time interval
when the star is in the telescope. (A convenient refer-
ence star could be, for example, Procyon or Rig el.)

At the time of writing of the present review, all the

separate details are ready and bench tests have been
made of the gyroscopes, the suspension system, the
gyroscope spinup system, and the signal reception sys-
tem.1 8 A trial flight to test the complete system as a
whole is foreseen for the program on the Shuttle 10 in
1980.

Let us consider briefly the importance of the last two
experiments described in Sees. 2c and 2d. Both pro-
jects are rather expensive and labor consuming, and it
is therefore worth considering once more what new
knowledge they can give us about the nature of gravita-
tion as compared with other tests. From the point of
view of the determination of the metric coefficients the
answer is not particularly much. The geodesic preces-
sion of the gyroscope is related to the same "curva-
ture" coefficient y, though it is true that this could be
measured with accuracy 0.01% if the planned resolution
is achieved. Observation of the Lense-Thirring effect
and spin-spin precession (the nature of which is approx-
imately the same) admits in principle an estimate of
one of the parameters associated with the hypothesis of
a privileged frame of reference, alt but the estimate
is poor, with an accuracy of not more than 50%. It is
however important to emphasize a new feature of these
experiments. Namely, they will be the first measure-
ments of relativistic features of gravitational systems
with rotation of the distortion of the Newtonian field of
a rotating mass, and of the behavior of the angular mo-
mentum vector in a gravitational field.

In the evolution of ideas about space and matter, ex-
periments involving rotation played an important role.
We recall that (thought) experiments with a rotating
frame of reference served for Newton as a proof for the
existence of absolute space. Mach saw in these same
experiments a confirmation of his principle that the in-
ertia of bodies is due to the attraction of distant masses
of the Universe.6' In general relativity, these ideas are
replaced by the equivalence principle, which states that
in an inertial frame of reference (which is locally
Lorentzian) all fields, both those of the distant and the
nearby matter, are compensated. A freely falling gyro-
scope does not precess in an inertial frame of refer-
ence (i.e., in its own).

The precession is observed in a system tied to the
stars. The inertial system (the axis of the gyroscope)
is displaced with respect to the star because of the in-
fluence of the Earth's field, which changes because of
the rotation. For this reason, the experiment with the
relativistic gyroscope is sometimes called a measure-
ment of the dragging of the inertial frame of refer-
ence.23 Note that the use of the gyroscope spin is mere-
ly a practicable method of specifying an inertial frame;
any other free vector must be subject to precession,
the rate of which does not depend on the absolute mag-
nitude of the spin.

Laboratory projects and estimates for measurements
of the effects described in the two last sections can be
found in Refs. 57,67,68.

''Experiments that measure the anisotropy of inertial mass88·66

are a direct refutation of Mach's principle.
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3. OBSERVATION OF RELATIVISTIC EFFECTS IN
STRONG FIELDS (BINARY PULSAR)

Objects that must have strong gravitational fields
have been discovered during the last ten years. They
are neutron stars (pulsars) and x-ray binaries with a
compact invisible component, which may be a black
hole. It is natural that attempts were immediately made
to establish relativistic gravitational features on the
basis of observational parameters of these objects.
Unfortunately, this could not be done because of the
strong background of hydrodynamic and plasma proces-
ses in the surrounding medium, which distort the pic-
ture and rule out an unambiguous specification of the
causes of any particular effect. However, recently,
the situation has changed.

At the end of 1974, a pulsar in a binary system was
discovered. The pulsar is a neutron star with a mass
of the order of the solar mass and radius ~10 km, so
that is has cp/c2~0.1, which is five orders of magni-
tude greater than the corresponding quantity for the Sun.
Whatever the nature of the second component, it is in
the relatively strong field of the pulsar, so that the dy-
namics of the system must have an appreciably rela-
tivistic nature. The most remarkable thing, and it dis-
tinguishes this object among all other compact binaries,
is the presence of an extremely stable radio source—
the pulsar—in orbit in the binary system. Nature has
presented to us a "relativistic laboratory" with a
ready-made tool for its investigation.

Having discovered this pulsar, PSR 1913+ 16, Taylor
and Hulse estimated the parameters of the system by
the usual methods employed for double stars. They
found that the period of the orbital motion is T= 27907
±30 sec-7.5 h; the maximal repetition period of the
pulsar pulses is Pmtx= 59.045 sec and the minimal is
Pmln= 58.967 sec (the change in ρ is a consequence of
the Doppler effect and other more subtle factors); the
distance from the Earth to the pulsar is of order 5 kpc.
It has not proved possible to observe the second compo-
nent either optically or by radio methods.7'

An analysis of tests which this unique object makes
possible can be made from the following points of view.
How well does this system confirm the classical effects
of general relativity? To what extent can the general
relativistic effects be used to determine the character-
istics of the binary itself and its physics? What new
tests of gravitation can be made with such a system?

a) Traditional relativistic tests

Naturally, one first considers the relativistic preces-
sion of the orbit, or the advance of the periastron (for
the Sun, perihelion). Ji M1 = M2~MO, then an estimate
in accordance with the well-known formula for the an-

gular advance of the periastron in one orbit gives

= 6 π
<*a\T-J) c*(i-e*)T*»

^'Translator's note. Optical Identification of an object close to
the position of the binary pulsar was reported at the Ninth
Texas Symposium (Munich, December, 1978). A spectrum
was not yet available, and the object could be merely a pro-
jected star.

* 5 ' * «Evolution,

(3.1)
which means a shift of order ~3 arc degrees in a year.
This is a huge effect compared with the advance ~0.43
arc second per year for Mercury. Experimentally,
Taylor and Hulse have found ~3.6 ± 1.6° for the advance
of the periastron, which agrees well with theory.

In principle, gravitational red shift of the pulsar fre-
quency could be observed by using the variations in the
distance between the components during the orbital mo-
tion, but this is difficult to separate from the second-
order relativistic Doppler effect. The two can be ob-
served together and, as will be shown below, such an
observation plays an important role in the investigation
of this binary system.

In principle, the delay of the pulsar pulses in the field
of the second component can also be measured. How-
ever, since the inclination of the orbit is not equal to
the angle i = π/2 most favorable for this experiment,
the effect of the delay will show up in the repetition
frequency of the pulses only in terms of order (v/c)3,
and an improvement of the instrumental technique will
be needed for its measurement.70·71

In Refs. 72 and 73, the possibility of observing the
Schiff effect, i.e., the precession of a gyroscope in a
Keplerian orbit, was discussed. The gryoscope is the
pulsar itself. If its rotation axis is not perpendicular
to the plane of the orbit, it will undergo geodetic pre-
cision, i.e., it will rotate around the vector of the or-
bital angular momentum of the pulsar. (The spin-spin,
or hyperfine precession can hardly be observed because
of its smallness.) The integrated precession of the pul-
sar axis over a revolution, averaged over the period
of revolution, is

βπ GM, (ZM,

2 u(i —e
a
)c

!
-3

(3.2)

In the limit when the mass of the second component
greatly exceeds the mass of the pulsar, M2»Mlt the
value of Aq>f is half the relativistic advance Δφρ of the
periastron. IiM1~M2, we obtain &<pe

a (7/24)Δ<^.
Since the experimental result for the advance of the
periastron is Δφρ~4° year ' 1 , one must expect a geodet-
ic precession A<pf~2c year"1 of the pulsar axis. (We
recall that a Schiff gyroscope would precess by only ~7"
year"1.)

How could one observe precession of the pulsar axis
from the Earth? The answer depends on the model of
the radiation mechanism. In the pulsar model of a ro-
tating lighthouse, radiation leaves the star within a
cone of opening angle 2 a whose axis makes an angle ξ
with the axis of rotation. An observer on the Earth de-
tects radiation if the line of sight falls within the angle
2 a. The rotation of the pulsar modulates the radiation,
which then comes in the form of pulses of given dura-
tion. The polarization of the radiation is scanned in a
definite interval. Precession of the axis changes the
angle at which the line of sight pierces the radiation
cone. As a result, the pulses received at the Earth
change their duration and interval of polarization scan-
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ning. In principle, these changes could enable one to
observe and measure the relativistic geodetic preces-
sion of the pulsar gyroscope.72·73 For a definite geom-
etry, the radiation may disappear from the field of
view and return after a time equal to the precession
period. However, this is the too long interval of 180
years for PSR 1913-16, so that actually all that is sen-
sible is to look for small variations in the width and
polarization of the pulses. At the precession period
-180 years, the changes in the polarization are a few
percent in a year. Of course, the width of the pulses
can be measured with greater accuracy than the polar-
ization. However, in practice both these parameters
vary randomly from pulse to pulse because of pertur-
bations by various interstellar processes. All that one
can hope for is a procedure of averaging over a large
number of pulses, which could separate the secular
variations in the duration and polarization.

We see that the measurements here are very com-
plicated and labor consuming and require many years
of observation and detailed analysis of the signal-to-
noise ratio. However, such an experiment is far
cheaper than the terrestrial project of a relativistic
gyroscope (see Sec. 2d). It is also very important that,
besides observations of the relativistic effect, this ex-
periment can give valuable information on pulsar pa-
rameters such as the width of the radiation cone, the
inclination of the cone to the rotation axis, and the in-
clination of the rotation axis itself to the orbital angular
momentum, all of which will make it possible to esti-
mate the validity of the theoretical models.

b) Determination of the parameters of astrophysical
objects by means of general relativity

In the preceding subsection, we have considered a
second aspect of the relationship between general rela-
tivity and this unique binary. Namely, general rela-
tivity appears here, not as a hypothesis requiring con-
firmation, but as a theory which makes it possible to
find critical tests of astrophysical models of the pulsar.
Indeed, the general relativistic effects are sufficiently
well assured for one to be able to use them to find un-
known parameters of relativistic objects and therefore
sharpen hypotheses about their structure.

This new feature of gravitational experimental inves-
tigations is already well demonstrated by the results of
observation of the periastron precession. The agree-
ment between the measured value of the precession and
the relativistic estimate makes it possible to draw a
conclusion about the compactness of the pulsar's com-
panion; for if the companion were a main sequence
star, tidal effects alone would cause the periastron pre-
cession to be 50 times greater than the observed pre-
cession.70

If a successful measurement can be made of the geo-
detic precession of the pulsar, a possibility is provided
for determining the masses of both components from
(3.1) and (3.2). A less sophisticated experiment, in-
volving measurement of the relativistic frequency shift
of the pulsar's radio emission, also makes it possible
to find the masses of the components and the inclination

Line of sight

FIG. 7. Geometry of the orbit of the binary pulsar for a ter-
restrial observer.

of the orbit.70·74

In view of the importance of the question, we shall
consider it in more detail, following Ref. 74.

Figure 7 shows schematically some very simple geo-
metrical constructions that provide a picture of the
binary system for a terrestrial observer. The line of
sight from the observer to the binary system is per-
pendicular to the plane of the figure, in which the ap-
parent projection of the orbit lies. The orbital plane is
inclined to the plane of the figure at angle i. The point
π is the periastron of the orbit, p is the instantaneous
position of the pulsar, the point Ο is the center of mass
of the binary system, and NN' is the line of the nodes.
The angle <N'Oir is the longitude of the periastron, irO
is the line of the apsides, and the angle <πΟΡ is the
true anomaly of the pulsar.

As the pulsar moves in its orbit, the repetition peri-
od of the radio pulses changes in accordance with the
law

(it is assumed that the center of mass is at rest rela-
tive to the observer), Μ is the mass of the companion,
r is the distance between it and the pulsar, and υ cos θ
is the projection of the pulsar velocity onto the line of
sight.

Equation (3.3) takes into account the ordinary and the
relativistic Doppler effect, and also the gravitational
frequency red shift. Using the laws of a Keplerian orbit
and introducing the mean value Ρ over an orbital period
Τ [when ν cos θ is to be regarded as the radial rate of
change of the segment PP'- OP sin i χ sin((p+ φ)], we can
readily obtain from (3.3) an equation for the variation
of the period:

Δρ = ρ — p = p Γ (— cos φ 4-—j-) (cos φ + e ) sin φ sin ψ]. (3.4)

The constants Κ and A are determined by the expres-
sions

(2nG)1/' Μ sin i (3.5)

The position of the periastron, the angle φ, can be as-
sumed fixed during one or a few revolutions. Making a
Fourier analysis of the variations of the period at the
revolution frequency 2π/Τ= ψ, an observer is in a posi-
tion to determine the quantities

Κ . eA
= — cos φ Η j- (3.6)
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The constants includes both relativistic effects, i.e.,
the second-order Doppler effect and the gravitational
red shift. It can be seen from (3.6) that if the longitude
of the periastron remains constant, it is impossible to
separate the relativistic term. But, as we know, φ
varies slowly because of the general relativistic gravi-
tational precession, the angular velocity of which has
already been measured. It then becomes possible to
determine A. For example, using (3.4) to form the
combination

AP^PIMX-Pmln = 2P(^+J±cos<?), (3.7)

we can readily see that by measuring the difference be-
tween the AP/P values at φ= Ο and <p= 180° we can sep-
ara te cleanly the relativistic term 2eA/c2. In practice,
this is inconvenient because a half-period of the p r e -
cession lasts ~90 years . A real ist ic method could con-
sis t of measuring the ra te of change of the quantities
a and ~β. F r o m (3.6), we then obtain

For estimating A, the most favorable position of the
orbit is the one at which da/dt is maximal, i.e., the
position when the longitude of the periastron is φ=ν/2
or φ= 3π/2. At the present time, the observations of
Taylor and Hulse69 give <p= 179°. In this situation, the
linear Doppler effect is maximal, and it is hard to sep-
arate the relativistic correction A against the back-
ground of the linear effect (by the indicated method or
in other ways). We shall have to wait for a more favor-
able position. However, we want to emphasize the
fundamental importance of such a measurement. De-
termination of A gives the value of the independent com-
bination B=M(2M + m)/(M+ mf13 of the masses, and
this, in conjunction with the known precession Δφρ (3.1)
of the periastron and the classical mass function f(M)
= (Msini)3/(M+m)2, makes possible separate estimates
of the masses of the components and the inclination of
the orbit. Thus, general relativistic effects appear
here in the role of an experimentum cruets in the in-
vestigation of a new object in the Universe.

c) Gravitational radiation and non-Einstein effects

The idea of observing the decrease in the period of a
binary to obtain an indirect proof of the existence of
gravitational radiation has long been known.75 Its real-
ization in practice has always been prevented by the low
accuracy with which the orbital period is measured.
The binary pulsar makes possible an appreciable in-
crease in the accuracy of measurements of relative
variations of the period by means of the Doppler shift of
the frequency.

Energy losses through gravitational radiation must
lead to a reduction of the period and of the eccentricity
of the orbit at the rate64

- ^ = 0.342, χ - i . . (3.8)

The second of these equations does not require know-
ledge of the masses of the components or the angle of
inclination of the orbit, but, unfortunately, we are not

able to measure the eccentricity with sufficient accu-
racy. The first equation in (3.8) for χ = 1 and is, 60°
gives 6 9 the estimate (T/T)z 10" 9 y e a r ' 1 (Refs. 74 and
76), and this could be readily measured with existing
frequency standards. In reality, measurement of such
a slowing down of the period would not result in an
unambiguous argument in favor of gravitational radia-
tion since there exist other causes of a reduction in the
period with time. The most important of these is a pos-
sible acceleration of the center of mass of the binary,
which could, for example, result from its motion re la-
tive to the center of the Galaxy. Such acceleration
could also be due to a third invisible component. If this
has mass ~MO, it is sufficient to place this component
at distance ~100 astronomical units from the center of
the binary. 7 1 We should emphasize that precisely the
monotonic nature of the variation of the period due to
gravitational radiation prevents one as yet from sepa-
rating it with confidence from the background of other
perturbations.

In pract ice, the experimentally measured slowing
down of the orbital period of the pulsar has been found
to be Τ / Γ έ 5 x 10" 8 year" 1 (Ref. 77), which is some-
what greater than the estimate in (3.8) and, therefore,
favors the hypothesis that the center of mass is accel-
erated. 8 '

The majority of theories of gravitation which a r e
competitors of general relativity, beginning with the
Brans-Dicke theory, predict the existence of dipole
gravitational radiation. In several variants, the post-
Newtonian effects associated with the parameters y and
β a r e almost identical with the effects predicted by gen-
eral relativity and they cannot be eliminated by ordinary
tests . Dipole gravitational waves provide one of the few
ways in which an experimental distinction can be made.

The intensity of dipole radiation in the various theo-
r ies—Brans-Dicke, Lightman-Lee, Rosen, Eardley—
can be characterized in a uniform manner by a certain
dimensionless parameter ξ with a particular velue in
each theory. 7 8 It is a general rule that dipole radiation
is important if A>(v/c)2, where Δ is the ratio ( intro-
duced in Sec. 1) of the gravitational energy of the sys-
tem to its total energy. For a neutron s ta r Δ ~ 0.1
» ( y / c ) 2 ~ 1 0 " 6 , so that the binary pulsar is of interest
in this respect. An estimate of the ra te of change of the
orbital period due to dipole radiation was made by
Will.7 8 The effect must be of order

y e a r

(3.9)

8 ) Translator's note. At the Ninth Texas Symposium (Munich,
December 1978), J . H. Taylor reported that the most natural
Interpretation of the latest measurements of the slowing down
of the period is that the binary pulsar is losing energy through
gravitational radiation as predicted by general relativity.
The rate of slowing down is currently measured to be some-
what larger than is expected in accordance with Einstein's
quadrupole formula. (It was also pointed out at the Sympo-
sium, especially by Ehlers, that there is as yet no really
sound theoretical derivation of Einstein's quadrupole form-
ula.)
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where μ=Μτη/(ηι + Μ) is the reduced mass. If ξ is
large, dipole radiation must give an effect appreciably
larger than other reasonable mechanisms for variation
of the period. In general relativity, ξ = 0; in the Brans-
Dicke theory, ξ= 2/(2+ ω)£ 2/30-0.07; in the remain-
ing theories, ξ » 1 .

Experimental measurement of the slowing down gives
an upper limit for ξ. Arguments in favor of a particular
theory can be made if the masses of the components are
known.

Acceleration of the center of mass of the binary hind-
ers observation of energy losses through gravitational
radiation. However, it can be used to test nonconser-
vative metric theories, in which the conservation laws,
in particular the momentum conservation law, are
violated. Calculations show79 that in this case the cen-
ter of mass is accelerated, but in a distinguished di-
rection, namely, the direction of the periastron of the
orbit.

As was pointed out in Sec. 2a, nonconservative theo-
ries contain in the post-Newtonian expansion of the in-
terval the additional constants a, and £,, and it is these
that determine the required acceleration toward the
periastron:

_ nMm{U-m)e (3.10)

Here, np is a unit vector in the direction of the peri-
astron (we have used the notation of the monograph of
Ref. 23 for the post-Newtonian coefficients). Without
going into detail, we mention that in general relativity
and the Brans-Dieke theory a3 = £2 = ζψ = 0; according to
Lightman and Lee, and also from experiments in the
solar system, limits on a3 and ζν are known23: | α31
< 2 χ 105, |ζν| < 10"2. Hence, an estimate of the accel-
eration of the center of mass of the binary toward the
periastron gives a possibility for setting a limit on £2,
which, roughly speaking, is a measure of the contribu-
tion of the gravitational energy of the body to the active
gravitational mass (see the review of Ref. 2 for a dis-
cussion of the ratio of the active and passive gravita-
tional masses).

The acceleration (3.10) can again be determined from
the change in the frequency of the radio emission of the
pulsar. A feature is that the relativistic motion of the
periastron must code the effect harmonically. This
will make it possible to distinguish the effect, though
only over an appreciable length of time. On the basis
of (3.10), Will79 gives an estimate for the variation of
the orbital period due to the acceleration toward the
periastron:

-1 = 2.5-10-· i£=£ (!^®)V>»in9(as + E,-Cw) year',

where φ is the angle of the periastron (see Fig. 7).
Since we have noted above that at the present time φ
~ 180°, this measurement is currently impossible; but
after a few years, because of the displacement ~4° of
the periastron per year, such an experiment will be-
come meaningful. It was pointed out in Ref. 80 that
anisotropy of the gravitational mass can be tested by
means of this binary system.

4. SEARCHES FOR GRAVITATIONAL WAVES

Setting aside the problems of subtle distinction be-
tween relativistic gravitational effects, we must say
that general relativity has been well established by
many measurements in weak fields and by the first ob-
servations in a strong field. There is no single case in
which the predictions of general relativity have been
violated. With the advent of drag-free satellites, al-
lowance for relativistic trajectory corrections will be-
come an ordinary navigational operation in space. This
will mean that general relativity will have passed from
the status of "pure" science to that of an applied disci-
pline.

Unfortunately, one of the most important predictions
of Einstein's theory—gravitational waves—still re-
mains beyond the bounds of experiment. If general rel-
ativity is confirmed, there is no doubt in the existence
of gravitational radiation or its physical reality. For
the majority of theoreticians, its discovery is only a
matter of time.82 Seen in this light, the detection of
gravitational waves has much greater significance than
a further ordinary confirmation of general relativity.
It is necessary to discover gravitational waves and
learn to "work" with them in order to have access to a
new channel of astrophysical information that cannot be
obtained in any other way.

Even in the case of failure, we can be consoled by a
remark of Weinberg: " . . . gravitational radiation would
be interesting even if there were no chance of ever de-
tecting any, for the theory of gravitational radiation
provides a crucial link between general relativity and
the microscopic frontier of physics." (Ref. 22, p. 251)
For the experimentalist, this same motive is one furth-
er stimulus to action—the value of the effect depends
strongly on whether we have mastered it or not.

After the promising results obtained by Weber with
the first gravitational antennas, it seemed that "gravi-
tational-wave astronomy" had begun.83·85 Theoretical
analysis and subsequent checking of the data dispersed
the initial optimism.

Today, the experimentalists are involved in the ardu-
ous pursuit of quality of gravitational detectors, their
aim being to achieve a theoretically reasonable sensi-
tivity level.

The nature of gravitational waves, calculations of
various sources of radiation, and the first experimental
attempts at detection have been frequently discussed in
the literature.2·21'23·81·83 In the present review, we
shall consider only one aspect—the fundamentals and
potentialities of Weber-type gravitational antennas.

a) Bursts of radiation from the cosmos

The pioneer in the search for extraterrestrial pulsed
gravitational waves was J. Weber, Professor at the
Maryland University (USA), who in 1968-1971 made a
series of measurements with his gravitational anten-
nas84 and observed coincident bursts recorded by inde-
pendent instruments separated by a thousand kilometers
(details are given in the reviews of Refs. 2 and 85).
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Theoretical analysis of Weber's results immediately
revealed serious difficulties with the gravitational-wave
interpretation of the coincidences.86·87·101 At the anten-
na sensitivity /~(106-107)erg.sec"1.cm"2, the energy
flux and the frequency of events (more than five per
month) imply an energy loss by the source in the center
of the Galaxy exceeding lO3MQc2 per year, which is
anomalously high considering the age of the Galaxy.

In 1972, experiments were made at the Moscow State
University in collaboration with the Institute of Cosmic
Research, USSR Academy of Sciences.88·89 Antennas
with parameters close to the Weber values had an im-
proved detection system and were separated by ~20 km.
During 20 days of pure observation time, no coincident
bursts exceeding the noise level were detected.

In 1973-1974, similar experiments were repeated at
Rochester University by the Bell Telephone90 and IBM91

Laboratories (USA), by a collaboration between centers
at Frascati, Munich, and Meudon92 (Italy, German
Federal Republic, France), by the University of Glos-
gow93 (Scotland), and by other groups. In no case was
the sensitivity of the instrument worse than Weber's,
but the Weber effect was not found.

On the basis of theoretical arguments that powerful
bursts of gravitational waves should be accompanied
by radiation of other kinds, attempts were made to ob-
serve radio94 and neutrino95 bursts correlated with
Weber's events. The outcome was negative. At the
same time, a correlation between the Weber events and
solar and geomagnetic activity and cosmic-ray bursts
was noted.96·97

Obviously, new measurements are necessary. How-
ever, the second-generation antennas can no longer be
designed for a fortuitous case. They must correspond
to sound theoretical predictions.

The prognostication of extraterrestrial pulsed sources
proved a difficult task. Some clarity has been achieved
recently. A complete analysis can be made for a model
cluster of black holes,9 8"1 0 0 with all the characteristics
of the bursts of gravitational waves, including their
profile, predicted.1 0 0·1 0 2 However, the experimentalist
will prefer to rely on data which may be less exhaustive
but in compensation are free of the conjectural model.
The estimates given below satisfy this requirement to a
considerable extent.

Powerful bursts of gravitational-wave radiation can
arise only if superdense stars with r~rt participate.
Normal stars are capable of producing only an extreme-
ly weak flux of radiation at the Earth with very low fre-
quency ω<10"4. The existence of black holes is still to
some extent conjectural, but relativistic objects such
as neutron stars have been observed and their existence
is in no doubt.

We note that solid-state antennas of the Weber type
can cover the frequency range u~102 - 104 Hz. Such
frequencies must be emitted during a supernova explo-
sion from its dense core. This is a fairly reliable
event, and, moreover, one can very reasonably expect
an asymmetric collapse and collision of dense stars.

The statistics of star masses in our Galaxy permits
us to consider objects with masses 3M@ -30ΛίΘ. More
massive stars are encountered very rarely. Without
making a large error, one can assume that the fraction
ε of gravitational radiation is 10"1 to 10"3 of the rest
energy of the object. On the basis of the observed
supernova explosions in our Galaxy, the probability of
an event is approximately p~ 10"2 - 10"3 event/year per
galaxy. However, one must also take into account the
possibility of unobserved events (explosion hidden by
dust clouds, star clusters, etc.). Then the predicted
frequency is p ~ 5 χ 10"2 event/year per galaxy.

The size of the part of the Universe that must be con-
sidered is dictated in practice by a reasonable inte-
grated frequency s 10 bursts per year. At mean density
w~3 galaxies/Mpc3, the distance to the most distant
source will then be R ~%3Ν0/Ίιτηρ ~3 - 10 Mpc. From
this, the universal estimate of the expected energy den-
sity of gravitational-wave radiation per pulse on the
Earth, W= C{MC2/4LKR2) , must lie in the range from the
maximal ~104 erg/cm2 to the minimal ~1 erg/cm2. The
burst duration is f~(2-3)r/e~(10" 3 -10"4) sec.

These consideration are fairly general and almost
certainly reflect reality correctly. More concretely,
one usually refers to the Virgo cluster of galaxies,
which is ~10 Mpc from us1 0 3 and contains between 2.5
and 3 thousand members. In this cluster, between three
and four supernovae are observed on the average in a
year, so that the total number of supernovae, bearing in
mind invisible explosions, is probably not less than 10
per year (we recall that the number of galaxies in a
sphere of radius 10 Mpc is of order 104, which in-
creases the integrated number of events by a further
factor 3). Making estimates like those above, we find
that gravitational-wave bursts with [ f~10 3 -l erg/cm2

can be expected from the Virgo cluster.

b) Sensitivity of the second-generation antennas

In the first series of gravitational-wave experiments,
the sensitivity of the antennas was characterized on the
average by /m l n~106 erg/sec"1.cm"2 and band Δ/~0.5
Hz. The tasks for the second-generation antennas dic-
tated by estimates of the previous subsection are much
more complicated and are at the limit of technical fea-
sibility. Nevertheless, we can certainly reckon with
an appreciable increase in the sensitivity as compared
with Weber antennas.

The interaction of radiation with a cylindrical gravi-
tational detector can be calculated rigorously. How-
ever, all practically important consequences can al-
ready be obtained by analyzing the simplest model of a
gravitational detector in the form of a quadrupole os-
cillator with equivalent point masses m at distance I
from each other. For the forced vibrations of the grav-
itational detector, one obtains an equation of Weber
type:

o (0 2P + / η (0- (4.1)

The first term on the right-hand side is the perturbing
or "signal" acceleration, equivalent to the action of
gravitational waves with the components of the curva-
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ture tensor R%gjit). The second term is the fluctuation
acceleration produced by various noises; in the case of
ideal insulation, ffl=Fn/m is_the Nyquist fluctuation
force with spectral intensity Fl=4tkTH, where H= 2m/
6U is the coefficient of friction of the material of the
gravitational detector. For an experimentalist, it is
more convenient to go over from the "magnitude of the
curvature" R^ to energy-density units W, for which
the substitution must be made in accordance with

(4.2)

In (4.2), we substitute the following parameters: fre-
quency averaged over the range ωμ= 3 χ 104 rad/sec and
"laboratory length" 1 = 50 cm. Then for the two extreme
predictions a) W~ 104 erg/sec, f ~10"3 sec and b) Wa 1
erg/sec, f ~ 10"4 sec, we find estimates for the ampli-
tudes of the "signal" accelerations which excite vibra-
tions in the gravitational detector:

(-£) » 10-· cm/sec2, (^-)b)« 3-ICC» cm/sec2. (4.3)

If the frequency of mechanical vibrations of the gravi-
tational detector is equal to the fundamental harmonic
of the gravitational burst, the change in the amplitude
of the vibrations due to the burst still remains negli-
gibly small (we assume f « δ^1 = τ*, so that Axa FOT/
2»ηωμ):

Αχ,-,αί 2· 10-" cm, Ax b ) « M O " 1 9 cm. (4.4)

These estimates show how sensitive the new gravita-
tional antennas have to be. The intrinsic thermal noise
of the gravitational detector, the fluctuations due to ex-
ternal perturbations, and the (very complicated) noise
of the detection system of the vibrations must be re-
duced to such an extent that the small perturbations
(4.3) and (4.4) can be measured.

Programs to develop a second generation of gravita-
tional antennas of the Weber type are currently under '
way in a number of foreign scientific centers, namely,
at the Universities of Maryland, Stanford, Louisiana,
and Rochester in the United States, and at the Univer-
sity of Rome and the Marconi Institute in Italy. A
Soviet group is based on the Institute of Physics of the
Earth (USSR Academy of Sciences), the Moscow State
University, and other Institutes. A number of new
methods and new technical solutions are to be used in
order to achieve the required sensitivity. Let us con-
sider the main aspects of these programs.

Suppose that we can eliminate seismic and acoustic
noise by using good mechanical insulation. There re-
mains the thermal noise of the gravitational detector.
Under the condition of optimal separation of the signal
from the noise of the gravitational detector, the signal
can be detected if the condition

(4.5)

is satisfied. In practice, the condition (4.5) can be
satisfied by the choice of the parameters »ι,<?μ, Τ μ .
Two variants are known. The first reflects the ideas
of the program of Ref. 88 and consists of using mod-
erate m and Γμ and large values of Qu achieved by
making the body of the detector out of single-crystal

blocks of sapphire or ruby. If in Eq. (4.5) we set ωμ

= 3 xlO4 rad/sec, f =2x 10"* sec, »n=2xlO4^, Τμ

= 2°K, and Qu= 1010, then we can satisfy (4.3) even in
the most difficult case b); indeed, the substitution gives
F / m = 3 x l O " u cm/sec2.

In the second variant, the same aim is achieved by
supercooling of very large masses: m=2xl06g, Tu

~2 χ 10'2 oK with moderate Qu~ 10e. This program has
been favored by Stanford University.

The practical realization of the technical parameters
of the gravitational detectors that we have just men-
tioned is perfectly possible at the present level of ex-
periments. However, this will mean that only the first
step has been made toward realization of the antennas;
namely, it is possible to reduce the thermal noise of
the detector to the required level (4.5). It has been
found, however, that the main difficulties are asso-
ciated with constructing the detection system, i.e., the
electromechanical transducer, or simply, sensor, by
means of which small variations in the vibrations of the
gravitational detector are measured. In Weber's an-
tennas (see Ref. 85) and the majority of other anten-
nas90"93 the sensors were piezoelectric transducers
covering the central part of the cylindrical body of the
detector or clamped between the ends of two identical
cylinders.93 This type of sensor (which belongs to the
class of passive transducers that do not require an ex-
ternal source of energy) is not suitable for antennas of
the second generation.104·105 This can be seen by simple
considerations.

The condition of detection requires at the least that
the power of the signal deposited in the detector during
the time f be equal to the power of the electrical fluc-
tuations of the sensor in the frequency band Δ/~ 2/f oc-
cupied by the spectrum of the signal (under the assump-
tion that the Brownian thermal noise of the detector is
reduced by one of the methods discussed above). We
have

(4.6)
2mx

here, Te is the temperature of the sensor and β is a
very important parameter of the sensor, the coefficient
of electromechanical conversion of energy, and it is
equal to the ratio of the electrical energy of the signal
at the output of the sensor to the mechanical energy of
the antenna vibrations. The maximal value of β ob-
tained in practice9 3 for piezoelectric transducers is
close to 0.1 (theoretically, β cannot exceed 0.5, which
corresponds to the condition that the electrical and me-
chanical degrees of freedom of the antenna be matched).
Thus, the minimal detectable value of Fjm is

J^^i/S. (4.7)

Substituting parameters characteristic of the variant of
the Stanford program, m=lxl0eg, Γβ=0.02°Κ, 0*0.1,
and f = 10"3, we find F/m'z 10"8 cm/sec, which is ob-
viously inadequate in the face of the estimates (4.3)
(the smallest detectable displacement is then Δχ~3
x 10"16 cm).

Of much greater promise are transducers with an ad-
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ditional energy source; these are free of the restric-

tion β<, Ο.5. The best instrument is a parametric

transducer (fed from a pump generator) in which the

mechanical vibrations of the gravitational detector

modulate the capacitance or inductance of the electrical

resonator. The natural frequency ωβ of the resonator

is much greater than the frequency ωΗ of the gravita-

tional detector. Under the influence of the "signal",

there arise new electromagnetic harmonics at ωβ±ω ι ι,

and these must be detected by means of a sensitive

amplifier. A sensor of this type with variable capaci-

tance and pumping frequency ωε~107 was used success-

fully on the antenna of Ref. 88.

The maximal value of β for a parametric sensor

under the condition of matching is equal to the ratio β

= ωβ/ωμ of the electrical and the mechanical frequen-

cies. Hence, the formula for the sensitivity that fol-

lows from (4.6) (it is valid to within a small numerical

factor) takes the form

The matching condition under which (4.8) is satisfied
consists of the requirement that the pumping voltage
have a definite value Uo. Note that the condition of
matching (maximum of the signal at the transducer out-
put) and the condition of high sensitivity (minimum of
the detectable value of F0/m) require, in general, dif-
ferent values of the pumping voltage U. It was shown
in Ref. 106 that in the case of optimal filtration of the
sensor signal an excess U> Uo leads to reduction of the
right-hand side of (4.8) by Uo/U times. However, this
process is accompanied by a decrease of β by (U0/U)2

times, and therefore higher requirements are imposed
on the noise of the subsequent amplifier. The physical
reason for the decrease in the signal response of the
antenna is simple—the increase in the coupling between
the gravitational detector and the sensor brought about
by increasing U lowers the frequency ωμ, moving it
away from the frequency ω0 of the gravitational wave.
For U> Uo, the shift Δω exceeds the width ~2/r of the
spectrum of the signal, and then the reaction of the
gravitational detector to nonresonance excitation begins
to fall appreciably. If one artificially tunes the frequen-
cy of the gravitational detector by some third method
keeping ωμ within the spectral band of the signal, the
sensitivity still remains frozen at the level (4.8) be-
cause of the effective amplification of the noise in the
strongly coupled parametric system (the so-called
feed-back effect).107 Let us substitute in (4.8) param-
eter values characteristic for the variant of the pro-
gram with high Q gravitational detector, i.e., m= 2
x 104 g, Te= 2°K, ww = 3 x 10". It is advantageous to take
the pumping frequency as high as possible, though tech-
nical restrictions associated with the absence of high-
frequency generators of a harmonic signal with suffi-
cient frequency stability permit the choice of pumping
with only u>es, 2 x 1010 rad/sec (microwave range).107

Then for f ~10'3 sec, we find that Fo/mz 3 χ 10'10 cm/
sec2, i.e., we achieve the sensitivity ~102 erg/cm2,
which is below the upper limit of the optimistic predic-
tion for the energy density of a burst.

How can one approach the lower limit ~1 erg/cm2

with f ~ 2 x ΙΟ"4 sec? In the framework of a classical

parametric sensor, the only possibility that remains is

to use the reserves for increasing the sensitivity asso-

ciated with sacrificing the magnitude of the useful sig-

nal. Suppose that the experimentalist has at his dis-

posal a low-noise amplifier which is such that one can

lower the amplitude of the signal by a factor 50 com-

pared with the maximal "matched" value. Then, multi-

plying (4.8) by the factor U/Uo= 30 and substituting f

~ 2 x 10"4 sec, we obtain F0/m ζ 3 χ 10'1 1 cm/sec2.

Thus, a parametric sensor does in principle make it

possible to reach the lower limit of the predicted burst

intensity. We now formulate more concretely the re-

quirements on the noise temperature Tn of the ampli-

fier which receives the signal from the sensor. If the

sensor operates in the matched regime, the noise tem-

peratures of the amplifier and the sensor must be equal

(we assume that the pump generator has no noise). In

the regime U> UQ, the noise temperature of the ampli-

fier must be appreciably lower. We find the condition

on Tn from the condition that the power of the signal be

equal to the power of the noise in the band Δ/= 2/f

(Refs. 105 and 106):

Remembering that the signal pulse contains approxi-
mately one period of the frequency wu, i.e., f ~2ir/wu,
and using (4.2), we obtain from (4.9) (172 Uo)

^^^^•{%-)2w. (4.10)

If we substitute here m = 2 χ 104 g, ωβ= 2 χ 1010, and I

= 50, for U= Uo, then we find that Tn<, 10°K for W= 104

erg/cm2 and Tn% 10"3°K for W= 1 erg/cm2. Modern

maser amplifiers have a noise temperature in this fre-

quency range of order l-10°K. This means that in the

case of a low-mass detector one can only hope for a

sensitivity level W~103 erg/cm2. For more massive

detectors, the requirements on the noise temperature

are reduced and the detectable values of F/m and W

are lowered. However, there is a simultaneous in-

crease U0~m1/2 and it is difficult to adjust the antenna

even to the matched regime, so that an excessive in-

crease of m does not save the situation.

These estimates demonstrate the complexity of ex-
ploiting the sensitivity reserve in the regime U> Uo.
The situation is such that further progress in measure-
ment technique is necessary. This will involve either
the development of amplifiers with very low noise tem-
perature or the finding of new low-noise sensors with
high conversion coefficient.

c) Quantum magnetometers and gravitational antennas

Attempts to overcome the difficulties noted above
have been associated in a number of studies108"111 with
the idea of using quantum magnetometers based on the
Josephson effect, the so-called squids. Squids have
made it possible to achieve record sensitivity in mea-
surements of magnetic fields and magnetic flux with a
relatively simple construction. It seemed that the ad-
vantageous combination of a gravitational detector with
a sensitive magnetometer would give good results.
However, the theoretical analysis in Ref. 112 showed
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that single-junction squids with high-frequency exter-
nal pumping are parametric transducers and that in the
best case the sensitivity of the antenna would be subject
to Eq. (4.7). In particular, for the most widespread
squid—the Zimmerman-Silver magnetometer in the
hysteresis regime—we have the following formula for
the minimal detectable acceleration112:

fV- (4.11)

where the parameter γ= 2irkTs/$0I0«l is the relative
measure of the thermal energy and the energy of the
quantum transition in the sensor, Ts is the temperature
of the squid, and Io and Φο are the critical current of
the Josephson junction and the magnetic flux quantum.
Comparison of (4.8) and (4.11) illustrates what we have
said above.

The situation is changed on the transition to a quan-
tum interferometer—a maghetrometer with a constant
feed current containing two Josephson junctions. A
gravitational detector with such a sensor is shown
schematically in Fig. 8. It was pointed out in Ref. 113
that such an antenna can in principle achieve the sen-
sitivity level determined by formulas (4.3) and (4.4).

The quantum interferometer can be regarded as a
sensor of parametric type with self-pumping and self-
detection. Once the constant feed current exceeds the
critical value Jo at which the superconductivity is de-
stroyed, in at least one of the junctions, a high-fre-
quency current arises in the loop because of a Joseph-
son effect of the second kind (i.e., an intrinsic rf
"pumping" generator is switched on). The external
magnetic flux, which varies slowly in step with the vi-
brations of the gravitational detector, penetrates the
loop and modulates the variable Josephson current in
amplitude and phase. Because of the nonlinear proper-
ties of the junctions, a detection operation is realized,
and a "slow" voltage appears on the terminals of the
loop. The resonance circuit, tuned to the frequency
ωμ, filters this slow voltage. It is remarkable that
since all three elements of the parametric sensor—the
pumping generator, the rf resonance circuit, and the
detector—are combined, the only source of noise is the
normal resistance R of the junction (the flicker noise
of the displacement current lies in the range of fre-
quencies below 1 kHz). The frequency of the Josephson
generation depends on this resistance and the critical
current: ωο= 2ΙΓΛ/ 0 /Φ 0 ; by a choice of parameters it
can in principle be raised to ω0 ~ 1012. It is precisely
the increase in the effective pumping frequency by two
orders of magnitude compared with the we~1010 in
(4.7)-(4.10) that makes it possible to reckon with at-
tainment of the lower limit F/m~3x 10" u cm/sec2

(for m ~10e, Te~ 2°K) of the theoretical prediction.

Fttr

Here, it is true, one must draw conclusions carefully
and bear in mind quantum restrictions on the sensitiv-
ity, which begin to play a role as ωβ — °° (or Γβ —0). In
this limit, the detectable acceleration no longer de-
pends on the pumping parameters, but satisfies the
formula

FIG. 8. Gravitational wave detector with quantum interferom-
eter.

This last limit is due to the fact that quantum fluctua-
tions become decisive as compared with thermal fluc-
tuations. It is important to estimate the critical pump-
ing frequency at which the relation (4.8) still holds.
This critical frequency depends on the efficiency of
conversion of the high-frequency quantum fluctuations
into the region of low frequencies (to the frequency ωμ

of the measurements). An analysis for the quantum
interferometer made in Ref. 113 shows that (o>0)cr

> WkT/H-lO12, Te~2-4°K, i.e., one can reckon with a
pumping frequency ωβ= ω,,-ΙΟ12 even when quantum re-
strictions on the sensitivity are taken into account.

CONCLUSIONS

To summarize this review, we should like to empha-
size that gravitational experiments are now being con-
centrated more and more on the wave zone rather than
the nonwave zone. This is because there are now vir-
tually no doubts about the validity of the conclusions of
general relativity for the nonwave zone—they have been
frequently verified with an accuracy of about 1%. A
deeper verification in the second order in the small pa-
rameter (φ/c2)2 in weak fields will require long prepa-
ration. In addition, the practical value of high-preci-
sion measurements of the post-Newtonian coefficients
is obviously less than that of steps which could lead to
the discovery of gravitational waves and their subse-
quent exploitation. There is no doubt that searches for
bursts of gravitational radiation from space using sec-
ond-generation antennas will be made, and this will re-
quire not less than five years. However, the situation
will become much more complicated if waves are not
detected at this new level. Then further searches with
terrestrial antennas will have to be postponed because
of the restrictions of the existing measuring techniques.
It is possible that new progress here will be associated
with the development of the idea of quantum nondemoli-
tion measurements.114

If negative results are obtained with the terrestrial
second-generation antennas, the center of gravity will
evidently be displaced to experiments with space an-
tennas with a very long baseline of several astronomi-
cal units (the feasibility of space gravitational antennas
is discussed in Ref. 115).

Radio interferometers with very long baseline in
space promise to provide the basis for the development
of one further (nonwave) direction in relativistic gravi-
tational experiments. We are here referring to the
possibility discussed in Ref. 116 of a direct measure-
ment of the mean density of matter in the Universe and
its variations on the basis of the relativistic parallaxes
of distant objects at cosmic distances.

However, it is at present difficult to say how soon the
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experimentalists will attack the development of this
new direction.

In conclusion, let us point out a further circumstance.
Today, the activity of the gravitational experimenta-
lists is usually regarded as "pure science" or, "fun-
damental research". One can hardly speak of the ap-
plied importance of relativistic gravitational measure-
ments, although, with the advent of drag-free satel-
lites, relativistic effects will become "navigational
corrections to the trajectories of space probes" in
flights in space. Nevertheless, the efforts expended
even now on experiments in relativistic gravitational
physics have significant practical fruits. Indeed, the
pursuit of sensitivity in the investigation of minute ef-
fects on the Earth and in space has stimulated an ap-
preciable development of technology and experimental
techniques; new instruments suitable for investigations
in various scientific and technical problems have been
developed. As an example, we can mention the drag-
free satellites that were born out of the idea of geodesic
motion and have become sensitive accelerometers
which are irreplaceable in studies of the density of the
atmosphere and the figure of the Earth.

It would seem that the as yet fruitless work on gravi-
tational antennas has already led to the creation of a
new large-scale cryogenic technique, which operates
with masses of several tons at temperatures of thous-
andths of a degree. Here we should also include the
development of secondary microwave frequency stan-
dards with stability unavailable to modern masers.
And not only experimental techniques but numerous
fundamental questions of applied and basic physics have
been partly developed during gravitational experiments;
for example, the experimental investigation of the dis-
sipative properties of various alloys and single-crystal
materials and the development of the technology for ob-
taining mechanical and electromagnetic resonators with
record Q values. Finally, there is the measurements
of extremely small forces and deformations. Here, the
experimental exigencies have given rise to many new
problems relating to the determination of the classical
and quantum limits of the accuracy of measurement.
We have here a newly developing field—the theory and
methods of ultimate measurements in physics—and this
is of undoubted fundamental and practical importance.

Thus, even now the work of the gravitational experi-
mentalists must be recognized to be very furitful, al-
though, of course, the discovery of gravitational waves
would place this evaluation beyond doubt and provide
the stimulus for new efforts in this difficult sphere of
activity.

I should like to take this opportunity of expressing my
sincere gratitude to V. B. Braginskri, collaboration
with whom has largely determined my standpoint in the
writing of this paper.
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