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IT was only three years ago that it became possible
to reliably measure[!] the gravitational frequency
shift (to weigh photons), although the effect had been
predicted by Einstein already in 1907. (2] The meas-
urement of the gravitational frequency shift (one talks
more commonly of the red shift, having in mind the
shift of the lines in the spectrum of the sun and of
stars) is usually viewed as one means of testing the
general theory of relativity. In connection with the
experiments of Pound et a,l[u, however, there have
appeared in the literature statements to the effect that
these experiments do not properly introduce anything
new and do not constitute a test of the general theory
of relativity. Precisely such a point of view has been
clearly expressed, for example, in the article by Ya.
A. Smorodinskii, B3 published recently in UFN (it is
indicated in this article that the experiments (1] «cpest
nothing beyond the law of energy conservation’’).

It seems to me that this conclusion is incorrect and
that the experiments of Pound et al do solve a prob-
lem, which is in fact the problem posed by Einstein in
1907, and thereafter in a more complete form in 1911 ;*
moreover, these experiments have a direct bearing on
the general theory of relativity.

The problem was formulated by Einstein with char-
acteristic precision and clarity: [4]

‘“The relativity theory leads to the conclusion that
the inertial mass of a body increases with increasing
energy content; if the energy increment is E then the
increment in the inertial mass is E/ cz, where c¢ is
the velocity of light. Is there an increase in the gravi-
tational mass corresponding to this increase in the in-
ertial mass? If there is not, then a body will fall with
different accelerations in the same gravitational field,
depending on its energy content. The very satisfactory
result of the theory of relativity according to which the
law of conservation of mass is contained in the law of
energy conservation would be false, since in such a
case the law of mass conservation in its old form would
have to be discarded for inertial mass, whereas it
would remain valid for gravitational mass. This con-
clusion should be considered most improbable. On the
other hand the conventional theory of relativity con-
tains no arguments from which one could conclude that

*The Einstein 1911 papet[‘] is not only more detailed and
discusses the question more fully—it is also more accessible (it
is available in Russian translation). We shall therefore cite this
paper and not the earlier one.[]

the weight of a body depends on its energy content. But
we will show that it follows as a necessary conclusion,
from our hypothesis on the equivalence of the systems
K and K’, that energy must have weight.’’

The referred-to system K, which is at rest rela-
tive to an inertial system, contains a uniform gravita-
tional field (acceleration of the gravitational force g),
while the system K’ is uniformly accelerated with re-
spect to inertial systems without gravitational fields
(the acceleration of the K’ system is equal to —g).
The equivalence hypothesis, i.e., the hypothesis of
complete physical equality of the systems K and K’,
is indeed the essence of ‘‘the principle of equivalence’’
(it is known from the general theory of relativity that
this principle is of local character: it applies only to
a sufficiently small region of space-time; see in this
connection [%:6]), ‘

It follows from the principle of equivalence, if use
is also made of the special theory of relativity and the
law of energy conservation in the system K’, that the
increment in the gravitational mass is
AE

Amg=Ami =z

where Amj and AE are respectively the increments
in the inertial mass and the energy of the body. This
is precisely what had been shown by Einstein, who ob-
tained in the same paper[*] the formula for the gravi-
tational frequency shift

by an independent approach (in the sense that no en-
ergy considerations were used). But we are consid-
ering in fact the same effect. If light (say, a wave
packet) of energy E has a gravitational mass E/c?,
then the change in its energy AE on propagation from
the point with gravitational potential ¢; to the point
with gravitational potential ¢, = ¢ —A¢ is equal to

E
AE:? A(p.

It only remains to relate the energy E with the fre-
quency v of the light. If quantum considerations are
resorted to, then E = hy and the indicated formula for
Av follows immediately. In this connection the use of
the quantum picture, as in many other analogous cases
(see, for example, ['J), is convenient also in solving
classical problems (the Planck constant h drops out
from the answer). One may, however, use just as well
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the laws of energy and momentum conservation in their
classical form, but in addition relate E with v by tak-
ing into account that for a slow variation of the param-
eters the ratio E/v = const (adiabatic invariant).

Thus it is sufficient to adopt the principle of equiv-
alence or the relation

. AE
Amg=—02—'

in order to arrive at the formula for the gravitational
frequency shift in the first order approximation in
@/c?. The converse of this assertion is false: the
gravitational mass of light could be equal to zero and
a gravitational frequency shift would appear if, for
example, the inertial mass mj depended on the gravi-
tational potential ¢. This is precisely what is as-
sumed in the Lorentz-invariant (and in that sense fully
consistent ) gravitational theory of Nordstrém. (%3] In
that theory, however, light rays are not deflected in
the gravitational field of the sun, in disagreement with
the general theory of relativity and with observations.

It is clear from the foregoing that it is impossible
to arrive at the correct expression for the gravitational
frequency shift on the basis of the energy conservation
law only, without any assumptions about the relation
between mg and E or the effect of a gravitational field
on mj. This follows also, of course, from Smorodin-
skii’s paper[®] in which the difference in the energies
of two states of a nucleus located at a height H above
the earth is taken to be equal to

Amc? <1—{-~‘g'—;2£

But in this case one has already assumed precisely
the thing that is to be proved by experiments on meas-
urement of the gravitational frequency shift.

If it is assumed that the difference in the energies
(inertial masses ) of states of the system (atom, nu-
cleus, etc) is independent of position and, conse-
quently, of the values of the potential at the given point,
as follows from the existing theory and as is assumed
in [3J, then the experiments of Pound et al prove the
existence of a corresponding gravitational mass

AIng:-Ag

for excited nuclei and photons. This conclusion, it is
true, has to a large extent been clear (%] already from
the E6tvis experiments with masses of different chem-
ical composition (these experiments have been recently
repeated with the result: (111 (mg —mj)/mj < 10710y In
addition, the very fact that it has not been possible to
reliably measure (say accurate at least to < 10%) the
gravitational frequency shift for as long as 53 years
after Einstein’s work, (] leaves one without any doubts
as to the usefulness of the experiments of Pound et al.

In one way or another the meaning of similar ex-
periments has been completely clear even before the
general theory of relativity has been consistently for-
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mulated. [12] It was therefore never proposed that the
measurement of the gravitational frequency shift could
test the equations of the gravitational field in some ap-
proximation lying beyond the limits of direct applica-
tion of the equivalence principle (in particular, it is
not possible to establish the fact that space is curved
by measuring the frequency ). Since this principle lies
at the foundation of the theory it is with full justifica-
tion that its verification may be considered at the same
time as verification of the general theory of relativity
itself. On the other hand, the gravitational frequency
shift is ‘‘noncritical’’ in the sense that it can be ob-
tained (in first approximation in ¢/c?) in various
gravitational theories, or better said speculations,t13:14]
which differ from the general theory of relativity, and
sometimes are not even in agreement with the principle
of equivalence. [8:%] Here, however, we are simply en-
countering the well known ‘‘asymmetry’’ between over-
throwing and confirming of a theory in the natural
sciences (see, in particular, [14$15]). Concretely, the
violation of the formula

My _Ag

v ¢!
would unconditionally disprove the general theory of
relativity, and so already for this reason it is useful
to have it tested. The verification of this formula,
however, as that of other conclusions of the theory
considered by themselves, does not yet prove the va-
lidity of the theory since these conclusions could fol-
low from other theories.*

Let us discuss two more questions touched upon in
the article[®J. It is indicated in the article that ‘“in the
general theory of relativity it is necessary to make use
of quantum clocks—a circumstance that points to the
deep connection between geometry and quanta (cf. Wig-
ner [93)”. It seems to me, however, that exactly the
opposite conclusion follows from Wigner’s 1" paper:
as a result of analyzing the possibilities of measure-
ments in the general theory of relativity Wigner ar-
rives at the conclusion that ‘‘clocks are essentially
nonmicroscopic objects’’ and that ‘‘the essentially
nonmicroscopic nature of the basic representations
of the general theory of relativity seems to us unavoid-
able.’’ The extension of the representations of the gen-
eral theory of relativity to the microscopic (quantum )
domain indeed presents difficulties and unclear mo-
ments, but this is nothing but again a confirmation of
the macroscopic (nonquantum) character of this the-

*According to P. Bergmann[“] Einstein himself thought that
the measurement of the three so called ‘“‘critical effects’’ (grav-
itational frequency shift, bending of light rays in the field of the
sun and the precession of the perihelion of planets) was not as
important as establishing to a higher precision the equality mg
= mj. In this connection any improvement on the results of Eotvos
(seel'']) is of interest, and the corresponding experiments may be
considered with full justification as means of testing the general
theory of relativity.
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ory. In the nonquantum region, on the other hand, there
are no difficulties of principle on the question of the
measurement of an interval or some other quantity, as
- far as is known.* It is only this last circumstance that
makes the general theory of relativity consistent. We
do not even mention the fact that the Planck constant

h does not appear in the general theory of relativity,
which gives one a formal basis for considering the
theory as nonquantum.

The last remark that seems to me appropriate here
has to do with the deviation of light rays in the field of
the sun. The corresponding deviation is given by T
iy

c2R

(k is the gravitation constant, R is the distance of
closest approach of the ray to the center of the sun),
and is an effect of order 1/c?, testifying to the curva-
ture of space. The point is that the indicated result
does not follow from the principle of equivalence com-
bined with the special theory of relativity, but is due
to an integral effect independent of the choice of the
frame of reference (the metric is assumed to be
Galilean at infinity ). This circumstance has been
emphasized by Einstein himself (see [1*], p. 85),

but recently there appeared in the literature the op-
posite assertion, carelessly repeated also in my paper
(4], Aside from the already mentioned general argu-
ment (the integral character of the effect) the impos-
sibility of explaining the deviation of the rays by the
angle o on the basis of the principle of equivalence

is expounded in detail in the papers [6:201,

#In particular the gravitational frequency shift may be meas-
ured with the help of a classical oscillating circuit. If the gravi-
tational frequency shift to be measured is sufficiently large,
which is in principle quite possible, then no difficulties arise in
the use of the circuit connected with the establishing of approxi-
mate identity and calibration in general of circuits lying at dif-
ferent points and serving to measure the frequency.

In the cited 1911 paper Einstein obtained a value smaller by
a factor of two, which can be arrived at (as was already done by
Soldner in 1801) on the basis of classical mechanics and the rela-
tion mg = mj as applied to light corpuscles (the calculation is
given, for example, in[”]); calculations based on classical me-
chanics (where in the end the velocity v of the corpuscles is
set equal to c) agree in this case with relativistic calculations
since one is dealing here with a small deviation in a direction
perpendicular to the velocity of the particle (photon).

V. L. GINZBURG

The agreement between the predictions of the the-
ory and observations as applied to all three ‘‘critical
effects,’’ as well as a number of other circumstances
(for details see [14:15]) present additional reasons for
believing that the general theory of relativity rests on
exceptionally firm foundations.
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